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“We know only too well that what we are doing is nothing more than a drop in the ocean.  

But if the drop were not there, the ocean would be missing something.” 
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Preface 
 

This thesis presents the work I have done during my PhD as an early stage researcher at 

Laboratoire des Sciences du Climat et de l’Environnement (LSCE). 

The project aims to improve the Comparative Reactivity Method (CRM) and deploy it for total 

OH reactivity measurements in various ecosystems: forest and agricultural land. It also 

concerns the set-up, optimization and deployment of a Fast Gas Chromatography/ Proton-

Transfer- Reaction Mass Spectrometer (GC/PTR-MS) system for monoterpenes rapid 

separation in a forest ecosystem. 

The results presented herein include findings from laboratory tests as well as from three field 

campaigns: COV3ER (Biogenic volatile organic compounds (BVOC) emissions by managed 

ecosystems)-Grignon during April 2017, LANDEX (study of Secondary Organic Aerosols 

(SOAs) generated by the Landes forest) in June- July 2017 and COV3ER- Puéchabon in July 

2018. 

The project is part of the European Marie Sklodowska-Curie Innovative Training Network 

‘IMPACT” (Ion-Molecule Processes for Analytical Chemistry Technologies), which aims at 

developing molecular mass spectrometry techniques in different field in sciences, including 

environmental, food, medical sciences and homeland security. As part of the project, I had the 

opportunity to improve my technical skills on the PTR-MS (Ionicon, Kore), and to collaborate 

with other early stage researchers working on different topics (OH reactivity, VOCs 

measurements with PTR-MS, ammonia analysis, etc).  

This thesis consists of five chapters. The first chapter is a general overview about VOCs, their 

sources, chemical diversity, and fate in the atmosphere. More particularly, their reaction with 

the hydroxyl radical making them an important sink of this powerful oxidant in the atmosphere. 

Total OH reactivity is defined, with a brief summary about the instruments used and a review 

on the studies performed since 2004 in forest and rural environments. The second chapter 

presents the main systems used during my PhD; the CRM and the FastGC with the PTR-MS as 

detector coupled to both of them. Tests and optimization results are also presented with an 

overview of the performance of both instruments on the field. A third chapter presents the 

findings on total OH reactivity in a maritime pine forest in the south of France, as part of the 

LANDEX project. These results are the subject of an accepted paper in ACP. The fourth chapter 

concerns findings on BVOCs and OH reactivity in the incoming and the outgoing air samples 

of a rapeseed crop, during the blooming season. This work, performed in the frame of the 

COV3ER- 2017 experiment is presented in the form of an article, submitted to a special issue 

on Atmospheric Volatile Organic Compounds in Atmosphere journal. Chapter 5 is a 

preliminary draft of an article describing results from the optimization and deployment of a 

FastGC/PTR-MS in a green oak forest, south of France, for monoterpenes chemical speciation 

with a fine time resolution, from different branch enclosures. Finally, chapter 6 is a summary 

of conclusions made of this PhD work, including suggestions for future research.    
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Caractérisation des composés organiques volatils biogéniques (COVBs)  

et leur réactivité OH dans divers agro-écosystèmes 

 

Résumé 
 

Le radical hydroxyle OH est le principal oxydant dans la troposphère, mais ses puits restent 

encore difficiles à quantifier. L’un de ses principaux puits, est l’oxydation des Composés 

Organiques Volatils (COVs), composés provenant principalement de sources naturelles, à 

l’échelle du globe. Ils comprennent une grande variété d’espèces chimiques avec des réactivités 

très variables vis-à-vis des radicaux OH. Mesurer la réactivité OH totale, permet d’évaluer la 

charge en espèces réactives et d’estimer l’importance des espèces non mesurées/ non connues. 

Dans ce contexte, ce travail de thèse a d’abord visé d’optimiser la CRM ou « Comparative 

Reactivity Method », pour la mesure de la réactivité OH. Une fois les performances vérifiées, 

la CRM a été déployée dans deux écosystèmes : forestier et agricole.  Les mesures de réactivité 

OH dans une forêt de pins maritimes ont montré des maximas de nuit arrivant jusqu’à 99 s-1 

dans la canopée ; des niveaux se situant dans la limite supérieure de ce qui a été précédemment 

vu en sites forestiers. Des réactivités plus faibles, ne dépassant pas les 20- 30 s-1 en milieu de 

journée, ont été observées dans un champ agricole, en sortie d’une chambre dynamique de 

colza, en milieu de floraison. Dans ces deux écosystèmes, une différence a été trouvée entre la 

réactivité mesurée et celle calculée à partir des composés gazeux mesurés individuellement. 

Elle indique la présence d’une fraction manquante de composés primaires et/ ou secondaires 

non mesurés/ non identifiés. Ces travaux ont également mis en évidence l’importance de 

déterminer la spéciation des monoterpènes. Ceci nous a motivé à optimiser et déployer un 

système de FastGC/ PTR-MS dans une forêt de chênes verts, ce qui nous a permis de suivre, 

avec une haute résolution temporelle, le cycle diurne des principaux monoterpènes, dont 

l’émission dépend du type de chêne ainsi que de la lumière. 

 

Mots-clés : COVBs, Monoterpènes, Réactivité OH, FastGC/PTR-MS, Forêt, Agriculture 
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Characterization of biogenic volatile organic compounds (BVOCs) 

and their OH reactivity in various agro-ecosystems 

 

Abstract 
 

The hydroxyl radical OH is the most powerful oxidant in the troposphere, however, 

characterizing its sinks remains a challenge. One important OH sink, is the oxidation of volatile 

organic compounds (VOCs), mainly released from biogenic sources, on the global scale. VOCs 

include a wide variety of chemical species with different lifetimes towards OH. Measuring OH 

reactivity is a useful tool to evaluate the loading in reactive species and to estimate the 

amplitude of unmeasured/unidentified compounds. In this context, this PhD work aimed to 

build and optimize a CRM or Comparative Reactivity Method instrument for OH reactivity 

measurements. Afterwards, the CRM was deployed in a forest and an agricultural ecosystem. 

OH reactivity in a maritime pine forest showed maxima during night, reaching 99 s-1 inside the 

canopy, among the highest in forest environments. Relatively lower levels (max 20-30 s-1 at 

mid-day), were recorded from a dynamic chamber, during the blooming season of a rapeseed 

field. In these ecosystems, a difference was obtained between measured and calculated OH 

reactivity from measured compounds. It highlights the presence of a missing fraction of 

unmeasured primary and/ or secondary compounds. These experiments demonstrate the 

importance of monoterpenes chemical speciation. In this perspective, a FastGC/PTR-MS 

system was optimized and deployed in a green oak forest. It allowed to monitor, with a fine 

time resolution, diurnal cycles of the main monoterpenes, which emissions are dependent on 

the tree type and on solar radiation. 

 

Keywords : BVOCs, Monoterpenes, OH reactivity, FastGC/PTR-MS, Forest, Agriculture 
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Introduction Chapitre 1 
 

La troposphère représente la couche la plus basse de l’atmosphère terrestre. Elle comprend 85 

- 90% de la masse atmosphérique avec les principaux constituants : N2 (78%), O2 (21%), Ar 

(0.9%), et une fraction inférieure à 1% comprenant le reste des composés, ce qui inclut les 

composés organiques volatils (COVs). Bien que présents à l’état de traces dans l’atmosphère 

(rapports de mélange de quelques ppbv au plus), les COVs jouent un rôle important dans les 

processus troposphériques, en particulier via leur implication dans les réactions d’oxydation. 

En effet, leur oxydation peut conduire à la formation d’ozone troposphérique, important gaz à 

effet de serre avec également des effets néfastes sur la santé et l’environnement. Les COVs sont 

également reconnus comme précurseurs d’aérosols organiques secondaires (AOS ou encore 

SOA en anglais), à impact radiatif direct par absorption et dispersion des rayonnements solaires 

et terrestres et à impact radiatif indirect en jouant le rôle de noyau de condensation induisant la 

formation des nuages. 

Ces composés sont émis ou formés au niveau de la couche limite atmosphérique (1-2 km de la 

surface terrestre), dont l’état, dépendant de l’heure de la journée, peut induire leur dispersion 

ou leur accumulation dans la couche résiduelle. Caractérisés par une grande diversité chimique, 

les COVs sont émis par différentes sources anthropogéniques et biogéniques. Cependant, les 

COV biogéniques (COVBs) restent dominants à l’échelle du globe, avec une émission globale 

estimée à 760 – 1150 TgC / an (Guenther et al., 1995; Sindelarova et al., 2014). Les forêts 

tropicales ont été reportées comme principales sources de COVBs à l’échelle de la planète (≈ 

50%), tandis que les surfaces agricoles et les bois contribuent à 10- 20% chacun. De même, une 

étude réalisée à l’échelle de l’Europe, montre des contributions de 55% et 27% au COVBs, par 

les forêts et l’agriculture, respectivement (Karl et al., 2009). Cependant, des changements au 

niveau des sols et de leurs couvertures végétales peuvent induire des changements dans les flux 

et la composition des COVBs.  

Les COVBs peuvent être classés en différents groupes : Le groupe des terpénoids, 

comprenant, parmi d’autres, l’isoprène, les monoterpènes et les sesquiterpènes. L’isoprène reste 

le COVB le plus émis à l’échelle du globe et ainsi le plus étudié. Les monoterpènes constituent 

une grande famille de composés et représentent ≈ 11% des émissions globales de COVBs. Un 

intérêt de plus en plus important est accordé à l’étude de cette famille en terme d’émissions et 

de réactivité. D’une part, les monoterpènes sont émis par certains types de végétation et ces 

émissions sont dépendantes soit principalement de la température, soit à la fois de la lumière et 
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la température (similairement à l’isoprène). D’autre part, ils contribuent à la formation 

d’aérosols organiques secondaires avec des rendements pouvant être différents d’un 

monoterpène à l’autre. Les composés oxygénés forment un autre groupe, comprenant, parmi 

d’autres, le méthanol et l’acétone, parmi les plus abondants à l’échelle du globe. On trouve 

aussi les alcanes et les alcènes, les composés halogénés, les composés soufrés, ainsi que les 

composés benzéniques.   

Les émissions de COVBs sont sujets à des variations dépendantes de plusieurs facteurs 

internes et externes. Pour les facteurs internes, il s’agit principalement de la génétique et des 

processus biochimiques. Pour les facteurs externes, on peut différencier les facteurs biotiques 

comme l’interaction avec d’autres plantes, microorganismes et insectes et les facteurs 

abiotiques, comme la température, la lumière et la disponibilité en eau. Des variations à plus 

grande échelle, comme le changement des niveaux en CO2 et en O3 dans l’atmosphère peuvent 

favoriser ou freiner les émissions de COVBs. Ceci reste lié à plusieurs facteurs comme le type 

de la plante, la saison, la nature chimique du COVB, etc. Des variations à plus long terme, 

comme le réchauffement climatique et le changement dans la couverture terrestre sont estimées 

influencer le niveau et la composition des COVBs dans l’atmosphère.  

Une fois émis dans l’atmosphère, les COVs sont sujets à des processus physiques 

(dépôts sec et humide) et photochimiques (oxydation par OH, O3 et radicaux nitrates), dominés 

par la photo-oxydation par le radical OH. Même si les sources de radicaux OH sont relativement 

bien connues, la quantification des puits reste associée à d’importantes incertitudes. Dans ce 

contexte, la réactivité OH, se présente comme un paramètre global, mesurable, permettant 

d’évaluer la charge en espèces réactives dans la troposphère et d’estimer la présence de 

composés inconnus/non mesurés, participant à la chimie de l’atmosphère. Elle est définie 

comme l’inverse du temps de vie du radical OH, exprimé en s-1.  

Plusieurs méthodes ont été adoptées pour la mesure des COVs en général et ceux des 

plantes en particulier. La chromatographie en phase gazeuse (GC) et la spectrométrie de masse 

par réaction de transfert de proton (PTR-MS) sont parmi les plus utilisées. La première est 

connue pour sa bonne sélectivité, bonne sensibilité et sa précision. Cependant, elle est limitée 

par sa résolution temporelle relativement faible (≥30 min). Le PTR-MS est apparu plus 

récemment. Il est largement déployé pour sa sélectivité et sa sensibilité élevées, ainsi que pour 

son temps de réponse très court (1- 10 s). Mais, vu qu’il mesure les concentrations des composés 

en fonction de la masse moléculaire, il ne permet pas une analyse détaillée des isomères.  Des 
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premiers travaux ont été faits récemment pour combiner les avantages de ces deux instruments 

analytiques. Le résultat, connu comme FastGC/PTR-MS, s’est avéré prometteur pour la 

caractérisation des isomères en général et des monoterpènes en particulier, avec une résolution 

temporelle fine mais montrant encore certaines limitations. Pour les mesures de réactivité, deux 

approches existent : la mesure directe du taux de perte des radicaux OH suite à leur réaction 

avec les espèces réactives présentes dans l’échantillon, et une mesure indirecte appelée CRM 

pour « Comparative Reactivity Method », basée sur le suivi de la concentration d’une molécule 

de référence en absence et en présence d’espèces réactives. 

Depuis une dizaine d’années, la réactivité OH a été mesurée dans divers environnements. Dans 

cette thèse, l’accent est mis sur les écosystèmes ruraux et forestiers. D’une façon générale, la 

réactivité OH a été largement étudiée dans des écosystèmes forestiers, où des niveaux 

relativement élevés ont été reportés. Parmi les plus importantes, les valeurs obtenues en forêts 

tropicales, avec des maximums arrivant jusqu’à 72 et 85 s-1 durant la saison sèche (Nolscher et 

al., 2016; Sinha et al., 2008). Cependant des niveaux beaucoup moins élevés ont été mesurés 

sur le même site (Noslcher et al., 2016) pour la saison humide (6 -13 s-1). Ces observations 

montrent clairement la variabilité saisonnière de la réactivité OH. Des mesures en forêt 

méditerranéenne (Zannoni et al., 2016) ont montré des niveaux aussi élevés (jusqu’à 70 s-1) de 

réactivité OH, avec des moyennes similaires dans et au-dessus de la canopée. Alors qu’une 

autre étude (Hansen et al., 2014) a reporté des différences plus importantes entre les différents 

niveaux de mesures, ce qui met l’accent sur l’importance de caractériser la réactivité OH à 

différentes hauteurs de la canopée. Quant aux forêts boréales, des moyennes plus faibles ont été 

trouvées (Praplan et al., 2019) mais toujours avec une variabilité saisonnière marquée. Les 

forêts de conifères, ont été aussi étudiées montrant des niveaux relativement faibles (6 s-1). Pour 

les sites ruraux, des niveaux faibles de réactivité ont été trouvées avec une variabilité diurne 

plus ou moins prononcée. Par contre, il n’existe pas de mesures de réactivité OH sur les cultures 

agricoles. 

Toutes ces études ont mis en évidence la variabilité de la réactivité OH en fonction du site, de 

la végétation, de la proximité ou non des sources anthropogéniques, de la hauteur de mesure et 

des conditions météorologiques (incluant température, lumière, hauteur de la couche limite, la 

turbulence, …). De plus, la mesure de la réactivité OH totale permet la comparaison avec la 

réactivité OH calculée à partir des espèces individuelles (à partir de leurs concentrations 

pondérées de leurs constantes cinétiques). Si la réactivité mesurée est significativement plus 

grande que la réactivité calculée, la différence est appelée réactivité manquante, ce qui a souvent 
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été le cas dans les études existantes. Cette fraction manquante est due à la présence de composés 

primaires ou produits d’oxydation secondaires non mesurés ou non identifiés.  

Dans ce contexte, les objectifs de la thèse sont les suivants :  

- Caractérisation des COVs biogéniques et leur réactivité OH dans et au-dessus de la 

canopée d’une forêt de pins maritimes, utilisant la CRM.  

- Caractérisation des COVBs et leur réactivité OH en entrée et en sortie d’une chambre 

dynamique de colza, durant la saison de floraison, utilisant la CRM.  

- Caractérisation des monoterpènes spéciés avec une résolution temporelle fine, dans une 

forêt de chênes verts, utilisant un système FastGC-PTRMS testé et optimisé au 

laboratoire.  
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1.1. The troposphere 
 

The troposphere is the lowest layer of Earth’s atmosphere and the layer to which 

changes can greatly influence the floral and faunal environments. It extends from Earth's surface 

to an average height of approximately 12 km, although this altitude actually varies depending 

on the latitude and time of the year (Speight, 2016). This layer contains approximately 85–90% 

of the atmospheric mass and almost all of the atmosphere’s water vapor, which brings it to the 

central stage of all weather related phenomena, earth’s climate controlling processes and 

atmospheric chemistry. The main constituents of the gas phase are N2 (78%), O2 (21%), Ar (0.9 

%) and a fraction of less than 1% which contains all the remaining species, usually regarded as 

trace components. Trace gases include CO2 (∼379 ppmv), CH4 (∼1700 ppbv), O3 (10- 100 

ppbv), N2O (∼310 ppbv), halogenated compounds (3.8 ppbv), and non-methane volatile 

organic compounds VOCs (5- 20 ppbv) (Wallace and Hobbs, 2006). Although they form less 

than 1% by volume of the total atmospheric constituents, VOCs play a major role in 

tropospheric processes since they can alter significantly the air quality, the weather and the 

climate. There are also many small particles - solids and liquids – in suspension in the 

atmosphere. These particles, called "aerosols", include dust, spores and pollen, salt from sea 

spray, volcanic ash, and particles of anthropogenic origins.  

The lowest part of the troposphere is known as the atmospheric boundary layer (ABL), 

that is directly influenced by the roughness (friction) and energy balance (heating or cooling) 

of the surface (Finnigan, 2014). The ABL is therefore generally characterized by turbulence and 

a diurnal cycle of temperature, wind, specific humidity, and other tracers in particular over land 

(Holtslag, 2015). Although the overland ABL is evolving continuously in response to the 

heating and cooling of the earth’s surface, it does have distinct states (Figure 1.1), that can be 

described in simple terms. During daytime, due to the surface heating from shortwave 

radiation, turbulence is generated in the lower 1–2 km above the ground, which is called the 

mixed or the convective layer. A stable layer at the top of the mixed layer restrains the vertical 

extent of turbulence. This layer is called the entrainment zone because entrainment into the 

mixed layer occurs at this layer. After sunset, turbulence decays in the formerly mixed layer. 

The lower portion of the formerly mixed layer is transformed into a stable boundary layer, 

which is characterized by statically stable air with weaker, sporadic turbulence. After sunrise 

of the following day, the mixed layer starts to grow again (Hu, 2015; Stull, 1988).  

https://www.sciencedirect.com/topics/chemistry/turbulence
https://www.sciencedirect.com/topics/physics-and-astronomy/ocean-tides
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/daytime
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/short-wave-radiation
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/short-wave-radiation
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/turbulence
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It is important to note that, most chemical species are emitted or formed in the boundary 

layer. Therefore, the variation of the ABL plays a critical role for dictating their dispersion. 

Indeed, during day-time, the turbulence tends to mix heat, momentum, moisture and chemical 

compounds uniformly in the mixed layer, whereas, after sunset, the state variables and 

concentrations of chemical compounds remain mostly invariant in the residual layer.   

 

 

Figure 1.1: Idealized diurnal evolution of the atmospheric boundary layer over land in fair weather 

(after Stull, 1988). 

Figure 1.2: Schematic summarizing anthropogenic and biogenic sources of volatile organic 

compounds (VOCs) (de Gouw, 2006). 
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1.2. Volatile Organic Compounds 
 

1.2.1. Context 
 

Up to 104-105 of different organic species have been identified so far in the Earth’s 

atmosphere. That may be only a small fraction of the number actually present (Goldstein and 

Galbally, 2007). Volatile organic compounds (VOCs), defined as organic species which have 

high vapor pressure in the earth’s atmosphere (>10–5 atm at ambient temperature), represent a 

key class of chemical species involved in global tropospheric chemistry and the global carbon 

cycle. Primarily, atmospheric VOCs arise from both biogenic and anthropogenic emissions 

(Figure 1.2). Anthropogenic sources, including motor-vehicle evaporative and exhaust 

emission, industries, biomass and biofuel burning and the use of chemical solvents, contribute 

with 60– 140 TgC year–1 to global emissions of VOCs. Biogenic VOCs (BVOCs), released by 

living organisms or biological processes necessary for the maintenance of life cycles, represent 

the largest contributor to global VOCs. With an estimated global emission of about 760- 1150 

TgC year–1, they exceed those of their anthropogenic counterparts by about a factor of 10 

(Guenther et al., 1995; Sahu, 2012; Sindelarova et al., 2014). These BVOCs are produced by a 

variety of sources in terrestrial ecosystems, including flowers, stems, trunks, roots, leaf litter, 

soil microbes, insects, and animals, but most of the global total emission is from foliage 

(Guenther, 2013). In terms of land cover, tropical woodlands (rain forest, seasonal, drought-

deciduous, and savanna) contribute about half of all global natural VOC emissions, while 

croplands, shrub lands and other woodlands contribute 10-20% apiece (Guenther et al., 1995). 

More recently, similar contributions were reported by Karl et al. (2009) on the Pan-Europe 

scale, with 55% and 27% contribution to total BVOCs from forests and crops, respectively.  

However, changes in land cover/land use, can alter BVOCs emissions as well as their 

composition, that is detailed next.  

 

1.2.2. BVOCs chemical diversity 
 

As mentioned before, an enormously wide range of BVOCs are synthesized and emitted 

into the atmosphere. They are involved in plant growth, development, reproduction and defense. 

They also function as communication media within plant communities, between plants and 
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between plants and insects. They can be classified in several groups, as reported in the reviews 

of Fuentes et al. (2002); Guenther (2013) and Kesselmeier and Staudt (1999), including: 

Terpenoid Compounds: Terpenoid compounds are considered to be the dominant BVOC on 

the global scale. This incredibly diverse group includes thousands of chemical species that can 

be classified as hemiterpenoids (C5, e.g., isoprene), monoterpenoids (C10, e.g., α-pinene), 

sesquiterpenoides (C15, e.g., β-caryophyllene), homoterpenes (C11 and C16), diterpenoids 

(C20, e.g., tocopherole and retinol), and larger compounds with low volatility that it is unlikely 

that they are emitted into the atmosphere in a gaseous form. Terpenoids also include oxygenated 

terpenes such as the hemiterpenoid methylbutenol (MBO), the monoterpenoid linalool, and the 

sesquiterpenoid cedrol. These oxygenated terpenoids represent a small fraction of the global 

total terpenoid emission but may be important in some regions. 

 Isoprene: Isoprene is recognized as the dominant global biogenic compound emitted into 

the atmosphere, roughly equal to global emission of methane from all sources (Guenther et 

al., 2006). Guenther et al. (1995), reported a contribution of 44%, about half of the total 

global BVOC flux, when Sindelarova et al. (2014), estimated a higher contribution of about 

70%. So it is not surprising that isoprene emission has been investigated more extensively 

than any other atmospheric BVOC. Isoprene is known to be rapidly lost by volatilization 

and is never stored in plants. The taxonomic distribution of isoprene emission is broad, with 

isoprene-emitting species being particularly common in the families Salicaceae, Fagaceae, 

and Palmae as well as in the genus Picea (spruces) and diverse ferns (Sharkey et al., 2007). 

However, isoprene emissions are less common among herbaceous and crop plants.  

 

 Monoterpenes (MTs): The group of monoterpenes is the second largest contributor to 

global BVOCs emissions, after isoprene. This group, characterized by a wide variety of 

compounds (Table 1.1), represents around 11% of the estimated mean annual total BVOC 

emission based on MEGAN and MEGAN-MACC models (Guenther et al., 1995; 

Sindelarova et al., 2014).  MTs include acyclic, and mono-, bi-, and tricyclic structures; they 

may exist with or without the inclusion of oxygen in compounds such as menthol, camphor, 

linalool and geraniol. They are known to constitute the main fraction of essential oils that 

are produced and stored in plant secretory organs like glandular trichomes and resin ducts.  

Their production has been found in 46 families of flowering plants and all conifers. The 

presence or absence of monoterpenes in plant tissues appears to vary at the familial level. 

Some families, such as Pinaceae (e.g., pine, fir, spruce) or Lamiaceae (e.g., mint, basil), 
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have high levels of monoterpenes in most of their members. Others such as Fagaceae (e.g., 

oak, beech, chestnut) have only a few species that show any significant levels of 

monoterpene emission. Indeed, this is the case of Quercus ilex which is characterized by 

high amounts of monoterpenes, but do not store them (Bertin et al., 1997).  

 

 Sesquiterpenes (SQTs): SQTs include a broad range of biogenic volatile organic 

compounds made up of three isoprene units and having the general molecular formula 

C15H24. They are emitted from numerous plant species including conifer and broadleaf trees, 

shrubs, and agricultural crops. One of the largest uncertainties regarding SQTs is their 

emission rate from vegetation. They were reported to represent around 2.5% to the 

estimated mean annual total BVOC emission by Sindelarova et al. (2014) (Baker and 

Sinnott, 2009; Guenther, 2013). 

Table 1.1: Chemical formulas, molecular weights, boiling points and chemical structures of 

selected biogenic VOCs (Fuentes et al., 2002). 
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Oxygenated compounds: Several oxygenated volatile organic compounds (OVOCs) are 

emitted by plants. Methanol and acetone are among the most abundant VOCs in the global 

atmosphere, representing 6% and 3 %, respectively, of the annual global emission of BVOCs. 

High rates of methanol emissions were reported from vegetation foliage, especially young 

expanding leaves. Terrestrial ecosystems are estimated to be responsible of 42- 78% of the 

global annual production of methanol (Jacob et al., 2005; Stavrakou et al., 2011). Whereas, 

acetone from vegetation was reported to contribute between 22 and 35% to the global annual 

acetone emission (Fischer et al., 2012; Jacob et al., 2005). Other OVOCs, include carbonyl 

compounds and organic acids. A high number of carbonyl compounds can be produced by 

plants, including formaldehyde, acetaldehyde, propanal, acetone, butanal, i-butanal, butenal, i-

butenal, 2-butanone, crotonaldehyde, 2-pentanone, 2-methyl-2-pentenal, hexanal, (E)-2-

hexenal, (Z)-3-hexenal, benzaldehyde and methyl-vinyl-ketone (MVK). Direct emissions of 

carbonyl compounds were reported from forests, whereas for agricultural crops only, a small 

number of data exists. Regarding organic acids, the most prominent volatile organic acids 

emitted by the vegetation are formic and acetic acids. These compounds can be directly emitted 

by forest trees, whereas crops were found to act as a significant sink. It should be noted that, 

OVOCs, can have both natural and anthropogenic sources; they can be primarily emitted by 

plants or formed by secondary oxidation, and vegetation is both a source and a sink of these 

compounds.  

Alkanes and Alkenes (including Oxygenated Alkanes and Alkenes):  A variety of alkanes 

emission was reported from trees, crops, and grass- and marshland. Lichens, mosses and heather 

were also discussed as potentially relevant sources. However, according to Guenther et al. 

(1994), the global contribution of terrestrial vegetation to the atmospheric budget is low. 

Regarding alkenes, significant terrestrial biogenic sources are known for ethene, propene and 

butene from a forest. However, agriculturally used crops show a higher percentage of ethene 

and propene emissions than forest trees with emission of a large amount of isoprenoids.  

Organic halides: Organic halides including methyl bromide, methyl chloride and methyl 

iodide, can be produced by vegetation. Even though methyl halide fluxes are small compared 

to terpenoid emissions, they represent an important source of halogens in the stratosphere where 

they play a role in stratospheric ozone depletion. Terrestrial ecosystems are both a source and 

a sink of these compounds. 
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Organic Sulfur Compounds: Biogenic organic sulfur emissions from marine and terrestrial 

ecosystems represent an important source of atmospheric sulfur compounds in clean 

environments. Soil microbes and plants are both sources of compounds that include methyl 

mercaptan, ethyl sulfide and dimethyl disulfide. A study done by Watts (2000), estimated the 

contribution of terrestrial ecosystems to be about 15% of the global dimethyl sulfide flux, with 

the remainder coming from oceans.  

Benzenoid Compounds: It is widely recognized that there are several benzenoid compounds 

emitted as floral scents, such as benzaldehyde, anisole and benzyl alcohol, etc. These floral 

benzenoid emissions are thought to make a small contribution to annual regional BVOC 

emissions but can be a major emission at specific locations. 

 

 

 

 

Table 1.2 : Annual global total averaged over the period of 1980–2010 for selected BVOC species (with 

standard deviation σ), their relative contribution to the global total of all BVOCs expressed as emission 

of carbon, maximal and minimal value within the modelled period. Note that the sum of monoterpenes 

already includes emissions of α-pinene and β-pinene (in italics). (Adopted from Sindelarova et al., 

2014).  
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Among the biogenic compounds, isoprene and monoterpenes are the most studied, with 

a number of publications covering their synthesis and emission factors (Laothawornkitkul et 

al., 2009), canopy fluxes (Karl et al., 2007), atmospheric mixing ratios (De Gouw and Warneke, 

2007) and atmospheric role (Fuentes et al., 2002). This was confirmed by Guenther (2013), 

whose review showed that most studies worldwide focused on forests ecosystems, rich in 

isoprene and monoterpenes, and that there was little interest in BVOCs from agriculture, seen 

their low terpenoids emissions (Figure 1.3). However, 1990s investigations, highlighted the 

emission of substantial amounts of oxygenated VOCs from crops (König et al., 1995). 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.3. Factors affecting BVOCs emissions 
 

Emissions essentially result from the diffusion of VOCs along a vapor pressure gradient 

from cellular compartments of relatively high concentrations to the air surrounding the leaf, 

where they are relatively found in low concentrations as a consequence of the short lifetime of 

most VOCs in the atmosphere. Emissions will thus be controlled by VOCs volatilities and those 

internal (genetic and biochemical) and external (biotic and abiotic) factors. Reviews by 

Kesselmeier and Staudt (1999); Laothawornkitkul et al. (2009) and Penuelas and Llusia (2001), 

summarize the main factors affecting BVOCs emissions.  

 

Figure 1.3: Comparison of the number of BVOCs emissions diversity studies 

(1957- 2011) for major biome types and compound categories (Guenther, 2013).  
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 Internal factors 

There is evidence to suggest that BVOC biosynthesis is largely controlled at the level of 

gene expression. Studies showed that changes in expression of the genes involved in BVOC 

synthesis positively correlate with their emission rates, and this control leads to spatial and 

temporal emission variabilities. Another internal factor is the enzymatic activity that regulates 

protein levels. Indeed, emissions of many BVOCs showed to be strongly correlated with 

enzyme activities. The availability of substrate for the final reaction leading to BVOC synthesis 

is also a crucial rate-limiting factor. In addition, the circadian regulation of substrate 

availability, transcription or enzyme activity can also influence the distinct diurnal and 

nocturnal patterns of some BVOCs emissions (Laothawornkitkul et al., 2009).  

 

 External factors 

Besides the genetically predetermined biodiversity in vegetation emissions, the release of 

VOCs by a given plant species exhibits important temporal and spatial variations, resulting 

from complex interactions between the organism and its environment.  

- Abiotic factors 

Temperature and light: Temperature exponentially increases the emission rates of most VOC, 

up to an optimum (Figure 1.4) by enhancing the synthesis enzymatic activities, raising the VOC 

vapor pressure and decreasing the resistance of emission pathway (Penuelas and Llusia, 2001). 

All studies on the emission of the major BVOCs (isoprene and monoterpenes) showed a clear 

temperature dependence, especially for monoterpenes that are generally stored in special 

organs. This exponential increase of emissions with temperature is usually described using the 

formula by Tingey et al. (1980): 

 E = ES ∗ exp(β ∗ (T − TS))                                                                                                     (1.1) 

where E is the emission at temperature T, β is the slope dlnE dT−1 and ES is the emission at a 

standard temperature. Slopes found in the literature range between 0.057 and 0.144 ◦C−1. As a 

generally accepted mean value, 0.09 ◦C−1 is used (Guenther et al., 1993). 

Additionally, isoprene emissions have shown to be triggered by light (Figure 1.4), as a result 

of the link between isoprene emission and synthesis from photosynthetic products. Thus, solar 

radiation can influence on a short time scale of minutes and hours, the emissions of non-stored 
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VOCs such as isoprene. As no large pool exists, synthesis and hence isoprene emission will 

cease within minutes under dark conditions. Similarly, monoterpenes emissions respond to light 

from the leaves of the evergreen Mediterranean oak species that do not possess storage pools 

(Loreto et al., 1996; Staudt and Seufert, 1995). Indeed, all monoterpenes are synthesized from 

carbon, recently fixed by photosynthesis immediately prior to emission. 

 

 

Atmospheric relative humidity: It seems that relative humidity has a minor importance in 

controlling isoprene or monoterpene release by leaves. While some studies concluded that 

relative humidity does not affect monoterpene emissions like the one by Juuti (1990) on pine, 

others reported a slight or significant increase in monoterpene emissions (diverse conifers and 

aromatic shrubs) (Schade, 1999), although the exact mechanisms by which the apparent 

emission increase is triggered are not known. 

CO2 fluctuations in the atmosphere: The CO2 concentration during growth may influence 

VOC emission rates. Experiments showed that elevated CO2 concentrations can lead to an 

increase or a decrease in BVOC production and emission at the whole plant, shoot or leaf levels. 

Other studies suggested no significant effects. The mechanisms of these contrasting effects are 

unknown but of importance in the face of rising global atmospheric CO2 concentration. 

O3 concentrations: Experimental evidence on the direct effects of O3 on BVOC emissions is, 

as for other abiotic stresses, not clear cut, showing that elevated O3 can increase, decrease or 

have no effect on BVOC emission rates. These differences depend on the plant species, the 

season and the BVOC species. 

Figure 1.4: Generalized relative emission of isoprene and monoterpenes in relation to light (PAR) under 

constant temperature, and temperature under constant light as described by potential algorithms 

(Kesselmeier and Staudt, 1999).   
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Drought and soil moisture: Soil moisture is the principal source of water for plants. Studies 

indicate that moderate drought can decrease, enhance or have no effect on isoprene and 

monoterpene emissions. However, severe, long-lasting water stress, can significantly reduce 

BVOC emissions.  

Mechanical stresses: Mechanical stress, including injuries as well as herbivore and pathogen 

attacks can induce multiple impacts on VOC emissions from vegetation, on the short- and the 

long-term. Monoterpenes emission bursts were reported after slight mechanical stress, in plant 

storing monoterpenes (Staudt et al., 1997). Whereas, isoprene emission appeared to be either 

unaffected or inhibited by plant damages (Monson et al., 1994).  

 

- Biotic factors: 

BVOCs production and emission were also reported as a result of plant interactions with 

animals and other organisms. Many compounds act as chemical weapon presenting a defense 

capacity, whereas others are released to attract pollinators.  

 

 Long term factors 

Global warming: Various attempts have been made to estimate how an increase in temperature 

will enhance BVOC emission rates, since these emissions are strongly temperature dependent. 

Studies suggested that an increase in mean global temperatures by 2–3°C could enhance global 

BVOC emissions by 25–45%. Whereas, at a regional scale, very high temperatures (≈40°C), 

could lead to a dramatic decline in isoprene emissions.  

Land use changes: Because urbanization, agriculture and agro-industrialization, the Earth is 

experiencing massive land use and land cover changes. These pressures are altering plant 

species distributions and characteristics, and may dramatically influence BVOC emissions. A 

global increase in crop area of 455% was reported for the past 300 yr (1700–1990). Even tough, 

grasses and cereals are not generally major isoprene emitters, they do emit oxygenated BVOCs, 

particularly during harvesting. 

All different factors governing BVOCs emissions from terrestrial vegetation, are summarized 

in Figure 1.5. 
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1.3. Reactivity and impacts in the atmosphere 
 

When BVOCs are released into the atmosphere, they are subject to physical and 

photochemical processes, including wet and dry deposition, photolysis, reaction with the 

hydroxyl radical (OH), reaction with the nitrate radical (NO3) and reaction with ozone (O3). For 

most BVOCs, dry and wet deposition is probably of minor importance, though these physical 

removal processes could be important for the chemically long-lived methanol and for certain 

BVOC reaction products. Photolysis is expected to be potentially important for carbonyls and 

organic nitrates, and hence for many of the BVOC reaction products, since short-wavelength 

solar radiation is absorbed by O2 and O3 in the stratosphere, and the radiation reaching the 

troposphere is the one with wavelengths ≥ 290 nm. Regarding oxidation reactions, they are 

dominated by reactions with OH during day-time. These reactions potentially lead to the 

ultimate products of CO2 and water. Sources of O3, NO3 radicals and OH radicals as well as 

their reaction mechanisms are discussed below. 

 

 

Figure 1.5: Factors controlling VOCs emissions (adopted from Penuelas & Llusia, 2001).   
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1.3.1. Atmospheric oxidants: sources, levels and reaction mechanisms with 

VOCs 

 

1.3.1.1. NO3 radical reactivity 

 

NO3 radicals result from the oxidation of NO released in the troposphere from soils, 

natural fires and combustion processes, or formed in situ from lightening. Reactions are 

presented in equations (R1.1) and (R1.2), where NO is oxidized into NO2, followed by the 

oxidation of NO2 into NO3: 

 

NO + O3 → NO2 + O2 (R1.1) 

NO2 + O3 → NO3 + O2 (R1.2) 

NO3 + NO3 → NO2 + NO2 + O2 (R1.3) 

NO3 + M → NO + O2 + M (R1.4) 

NO3 + NO → NO2 + NO2 (R1.5) 

NO + O3 → NO2 + O2 (R1.6) 

NO3 + NO2 + M  → N2O5 + M (R1.7) 

N2O5 + M  → NO3 + NO2 + M (R1.8) 

N2O5 + H2O → HNO3 + HNO3 (R1.9) 

 

Due to its rapid reaction with NO and its short lifetime (∼5 s) in sunlight as a result of 

photolysis, NO3 radical concentrations remain low during day-time. Its concentration increases 

substantially at night, making it important for nocturnal chemistry. Measurements showed that 

night-time NO3 radical concentrations at or near ground level over continental areas can reach 

1x 1010 molecule cm-3, corresponding to a mixing ratio of 430 pptv. Therefore, at night, when 

OH concentrations are effectively zero, VOC oxidation may be driven by reaction with the 

nitrate radical.  

NO3 reactions with alkanes and aldehydes proceeds via H-abstraction: 

NO3 + RH → R + HNO3 (R1.10) 
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The alkyl radicals produced in reaction (R1.10) are transformed to peroxy radicals (RO2) by 

reaction with O2. 

With alkenes, including isoprene and terpenes, NO3 reacts by addition to a C = C double bond, 

with the abstraction of a hydrogen atom. Molecular oxygen adds to the resulting radical leading 

to a peroxy radical (RO2). During night-time, RO2 will isomerize or react with another RO2, 

NO3 or HO2. Laboratory experiments showed that the NO3 plus BVOC (NO3+BVOC) reaction 

can be a source of night-time HO2 and OH radicals (Monks et al., 2009; Ng et al., 2017). 

 

1.3.1.2. O3 reactivity  

 

Stratosphere-to-troposphere transport is an important natural source of tropospheric 

ozone, which can occasionally influence ground-level ozone concentrations (Akritidis et al., 

2016). Nevertheless, the dominant source of tropospheric O3 is its photochemical formation 

from interactions of VOCs with nitrogen oxides (NOx= NO+ NO2), in the presence of light, as 

shown in equations (R1.11)- (R1.14). Organic peroxy (RO2) radicals and HO2 radicals formed 

during VOCs photo-oxidation, react with NO to form NO2, whose photolysis leads to net O3 

formation through reactions (R1.11) and (R1.12). 

NO2 + hν → NO + O3(P) (R1.11) 

O3(P) + O2 + M → O3 + M (M = air, inert particle) (R1.12) 

RO2 + NO → RO + NO2 (R1.13) 

HO2 + NO → OH + NO2 (R1.14) 

 

Thus, tropospheric ozone is formed, as a result of these processes, with mixing ratios ranging 

between 10- 40 ppbv at ground level, in “clean” remote sites and levels often exceeding 100 

ppbv in polluted peri-urban areas. 

Ozone reacts with VOCs only by addition to C = C bonds. This reaction pathway consists of an 

initial O3 addition to the C=C bond, to form a primary unstable ozonide which rapidly 

decomposes via two pathways leading to a carbonyl plus a ‘‘Criegee intermediate’’. The 

initially energy-rich Criegee intermediates can further react, following a number of routes, with 

a potential formation of OH and RO2 (Pinto et al., 2010).  
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1.3.1.3. OH radical’s reactivity 

 

The hydroxyl radical (OH) is the major chemical scavenger in the troposphere. It 

controls the atmospheric lifetime of most trace species of biogenic and anthropogenic origin. 

In the clean troposphere, the photolysis of ozone followed by the subsequent reaction of O(1D) 

with water vapor is the main OH source during day-time (Stone et al., 2012).  

 

In more polluted environments, the photo-dissociation of nitrous acid (HONO), the photo-

oxidation of formaldehyde (CH2O) and acetone (CH3C(O)CH3) can also be important OH 

sources. Besides these photolytic sources, other non-photolytic OH sources have been 

discovered. O3 reactions with alkenes can produce a significant amount of OH. OH radicals 

could also result from night-time ozonolysis of alkenes, NO3-facilitated decomposition of 

peroxylacyl nitrates (RC(O)O2NO2) and NO3-initiated oxidation of alkenes (Ren et al., 2006). 

  Since OH is an extremely reactive radical, it reacts as soon as it is formed. It has a 

lifetime of less than a second. Therefore, OH radical concentration is extremely low, ranging 

between 1x10
5 

to 2x10
7 

molecules cm
-3

. Since OH formation depends on water vapor, the 

concentration of OH tends to decrease with altitude as the air becomes cooler and drier.  

On a global scale, OH reacts primarily with carbon monoxide (40%) to form carbon dioxide. 

Around 30% of the OH produced is removed from the atmosphere in reactions with 

hydrocarbons (RH) and 15% reacts with methane (CH
4
). The remaining 15% reacts with ozone 

(O
3
), hydroperoxy radicals (HO

2
) and hydrogen gas (H

2
).  

There are two general reaction mechanisms of OH with BVOCs: (1) addition to C = C bonds 

by OH radicals, that dominates (2) H-atom abstraction from C–H bonds by OH radicals, leading 

to the formation of hydroxy-  substituted alkyl radicals.  

The oxidation of a hydrocarbon (RH) proceeds via the following mechanism (Figure 1.6): 

 

OH + RH → R + H2O (R1.17) 

R + O2 + M → RO2 + M (R1.18) 

RO2 + NO → RO + NO2 (R1.19) 

O3 + hν (λ< 340 nm) → O(1D) + O2 (R1.15) 

O(1D) + H2O → 2OH  (R1.16) 

https://www.sciencedirect.com/topics/chemistry/hydroxyl
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/troposphere
https://www.sciencedirect.com/topics/physics-and-astronomy/atmospherics
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/nitrous-acid
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/photooxidation
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/photooxidation
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/formaldehyde
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RO + O2 → HO2 + Carbonyl (R1.20) 

HO2 + NO → OH + NO2 (R1.21) 

 

where R is an organic group and M is a third body reactant (O2 or N2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Even though the main primary source for OH in the lower troposphere is the photolysis 

of ozone at short wavelengths, the OH production and loss processes are numerous and difficult 

to quantify. Such losses involve several hundreds of chemical species and as many reactions to 

consider. In this respect, a direct measurement of total OH reactivity (ROH) is of great interest 

as it provides a robust measure of the reactive species “loading” of an air mass, allowing a better 

understanding of the chemistry in the atmosphere and a better investigation of the budget of 

OH sinks in a particular environment. ROH is defined as the pseudo first-order loss rate (in s-1) 

of OH radicals, equivalent to the inverse of the OH lifetime. It is the sum of the reaction 

frequencies of all chemical species reacting with OH, as shown in equation (1.2):   

 

ROH = Σ𝑘i-OH.𝑋𝑖                                                                                                                    (1.2)  

 

In this equation, a chemical reaction frequency for a species “i” with OH is the product of its 

rate-coefficient ki-OH with its concentration Xi. The measured total OH reactivity can be 

compared with calculated values based on the sum of reaction frequencies as shown in equation 

(1.2) and for which the concentration of “i” has been measured at the same location. Any 

significant discrepancy between measured and calculated OH reactivity explicitly demonstrates 

Figure 1.6: Scheme of VOCs oxidation with the hydroxyl radical OH. 
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missing OH sinks, commonly called missing OH reactivity, and points out that potentially 

important unmeasured reactive species and chemical processes associated with these species 

may affect our understanding of OH atmospheric chemistry. 

 

1.3.2. BVOCs lifetimes 

 

As mentioned before, the processes of removal of VOCs from the atmosphere include 

chemical and physical processes. The rate of efficiency of each process depends on the physico-

chemical properties of the specific chemical compound. Hence, an organic compound can be 

simultaneously affected by the following removal processes: (i) oxidation reaction with any of 

the atmospheric major oxidants, (ii) photolysis by solar radiation, (iii) transport to the 

stratosphere, (iv) deposition onto surfaces, (v) partitioning into the particle phase, leading to a 

lifetime or a residence time (τ) expressed as shown in the following equation: 

𝜏 =  
1

𝑘𝑐+𝑘𝑝ℎ+ 𝑘𝑡+𝑘𝑑+𝑘𝑝𝑎
                                                                               (1.3) 

With kc, kph, kt, kd, kpa being the first order loss rate of the chemical compound due to chemical 

reactions, photolysis, transport, deposition and partitioning into the particle phase. Many factors 

influence the importance of one removal process compared to one another, including the 

physico-chemical properties of the considered species, such as its rate constant of reaction with 

one oxidant, its vapor pressure, its absorbance of UV and visible light as well as the 

environmental conditions (such as temperature, pressure, …). Generally, oxidation reactions 

constitute the most important sink for VOCs, with well-established rate coefficients for the 

reaction of a wide variety of species with atmospheric oxidants. When combined with assumed 

ambient tropospheric concentrations of OH radicals, NO3 radicals and O3, these rate constants 

can be used to estimate a BVOC lifetime due to oxidation.  

Atkinson and Arey (2003), calculated the lifetime of many BVOCs with all three atmospheric 

oxidants, assuming OH radical concentration to be around 2 x 106 molecules cm-3 (12-h day-

time average), O3 concentration to be around 7 x 1011 molecules cm-3 (24h average) and NO3 

radical concentration around 2.5 x 108 molecules cm-3 (12-h nigh-time average). Photolysis was 

also considered, with a calculated photolysis lifetime of ≈ 60 days in the lower troposphere.  

The reported lifetimes (Table 1.3) are only indicative, in order to show a ranking of reactivity 

of the different BVOCs, hence, it is important to note that the instantaneous lifetimes of BVOCs 
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are function of the time of day, season, latitude, cloud cover and the chemical composition of 

the air mass containing the BVOC.  

 

Table 1.3: Calculated atmospheric lifetimes of biogenic volatile organic compounds (Atkinson and 

Arey, 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Biogenic VOC Lifetime for reaction with 

  OH O3 NO3 

Isoprene 1.4 h 1.3 days 1.6 h 

  

Monoterpenes       

Camphene 2.6 h 18 days 1.7 h 

2-Carene 1.7 h 1.7 h 4 min 

3-Carene 1.6 h 11h 7 min 

Limonene 49 min 2.0 h 5 min 

Myrcene 39 min 50 min 6 min 

cis-/trans-Ocimene 33 min 44 min 3 min 

α-Phellandrene 27 min 8 min 0.9 min 

β- Phellandrene 50 min 8.4 h 8 min 

α-Pinene 2.6 h 4.6 h 11 min 

β-Pinene 1.8h 1.1 day 27 min 

Sabinene 1.2 h 4.8 h 7 min 

α-Terpinene 23 min 1 min 0.5 min 

γ-Terpinene 47 min 2.8 h 2 min 

Terpinolene 37 min 13 min 0.7 min 

  

Sesquiterpenes       

β-Caryophyllene 42 min 2 min 3 min 

α-Cedrene 2.1 h 14 h 8 min 

α-Copaene 1.5 h 2.5 h 4 min 

α-Humulene 28 min 2 min 2 min 

Longifolene 2.9 h > 33 days 1.6 h 

  

Oxygenated       

Acetone 61 days > 4.5 years > 8 years 

Camphore 2.5 days > 235 days > 300 days 

1,8-Cineole 1.0 day >110 day 1.5 year 

cis-3-Hexen-1-ol 1.3 h 6.2 h 4.1 h 

cis-3-Hexenyl acetate 1.8 h 7.3 h 4.5 h 

Linalool 52 min 55 min 6 min 

Methanol 12 days > 4.5 years 2.0 years 

2-Methyl-3-buten-2-ol 2.4 h 1.7 day 7.7 days 

6-Methyl-5-hepten-2-one 53 min 1.0 h 9 min 



24 
 

As shown in (Table 1.3), terpenoids compounds are generally more reactive than most 

oxygenated species towards all three oxidants. While, for example, isoprene’s lifetime towards 

OH is estimated to be around 1.4 hours only, that of methanol is much higher and is estimated 

to be around 12 days. Regarding monoterpenes, they represent a group of a large variety of 

chemical compounds, with variable lifetimes ranging between 0.5 min for α-terpinene lifetime 

towards NO3 to 18 days for the lifetime of camphene towards O3. In terms of their reactivity 

with the hydroxyl radical, during day-time, α-terpinene is the most reactive with a lifetime of 

23 min, whereas, the most abundant monoterpenes (α and β-pinene), have higher lifetime in the 

order of hours. α and β-pinene are less reactive towards O3 and more reactive towards NO3, 

during the night, whereas, α-terpinene is more reactive with O3 and even more reactive with 

NO3 during dark hours. Hence, how strong is the reaction towards one specific oxidant 

compared to one other is again strictly species dependent, even for compounds belonging to the 

same family.  

 

1.3.3. Impact of BVOCs transformation in the atmosphere 
 

BVOCs play an important role in the chemistry of the planetary boundary layer. Once 

emitted in the atmosphere, VOCs compete for the OH radicals, which are the primary 

atmospheric sink of methane. This could result in a significant prolongation of CH4 atmospheric 

lifetime, a very significant greenhouse gas. In high NOx environments, VOCs contribute to the 

formation of tropospheric ozone. Ozone is known as a powerful greenhouse gas. It induces an 

extra radiative forcing of 0.35 W m-2, about 20–25% of the human activity induced radiative 

forcing due to greenhouse gas changes. It is also at the center of tropospheric gas phase 

photochemistry, since it is the main source of hydroxyl radical, altering the oxidizing capacity 

of the atmosphere. Furthermore, tropospheric ozone was reported to have serious impact on 

human health and the environment. Due to its oxidative potential, O3 can induce respiratory 

problems and is associated with premature human mortality. In addition, it produces tree 

damage, reduces photosynthesis and growth, and therefore crop yields (Ashmore, 2005; Felzer 

et al., 2007). 

BVOCS were also reported to yield relatively non-volatile secondary oxidation products 

that form aerosols (Griffin et al., 1999; Hoffmann et al., 1997). The importance of BVOCs in 

tropospheric secondary organic aerosols (SOA) formation has shown to be variable depending 

on climate, the amount and nature of vegetation, the amount and chemical nature of emitted 
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compounds (as shown in Figure 1.7 (Lee et al., 2006)), as well as on other environmental 

factors such as local meteorological parameters (Kammer et al., 2018). Bottom-up estimates 

give total biogenic SOA (BSOA) fluxes of 12–70 Tg yr-1 (Kanakidou et al., 2005). This estimate 

has been revised by Hallquist et al. (2009) with a new best estimate for SOA of 88 Tg C yr-1 

(range 0–180), higher than the estimates (13- 24 Tg yr-1) presented previously for biogenically 

derived SOA by Griffin et al. (1999). Organic aerosols can exert a direct radiative effect by 

scattering and absorbing solar and terrestrial radiation but also indirect radiative effects, through 

their role as cloud condensation nuclei (CCN).   

 

Figure 1.7: Carbon mass balance of SOA (assuming aerosol is 60% carbon) and gas-phase oxidation 

products resulting from the photooxidation of isoprene, eight monoterpenes, three oxygenated 

monoterpenes, and four sesquiterpenes, conducted individually at the Caltech Indoor Chamber Facility 

(Lee et al., 2006). The ‘‘other 1’’ category represents the calibrated products nopinone and MACR + 

MVK from b-pinene and isoprene, respectively, and the uncalibrated products limononaldehyde, 

caronaldehyde, pinonaldehyde, g- terpinaldehyde, and a-terpinaldehyde, from limonene, 3-carene, a-

pinene, g-terpinene, and a-terpinene, respectively. The ‘‘other 2’’ category represents limonaketone 

from limonene and 3-methyl furan from isoprene. Aerosol molar yields (mg aerosol m-3/mg terpene m-

3) were calculated assuming an aerosol density of 1.25 g cm-3. 

 

The ability of the particles to serve as CCN depends on the water vapor supersaturation, 

particle-size distribution and also the chemical composition (Asmi et al., 2011; Roberts et al., 

2010). Besides the processing of primary particles, other CCN sources were identified, such as 

regional new particle formation (NPF) events (Kerminen et al., 2012). NPF is a frequent 
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atmospheric phenomenon including the formation of small particles (nanometer-sized clusters) 

from gaseous precursors (very low volatile gases) and their subsequent growth to larger sizes 

(Kulmala and Kerminen, 2008; Rose et al., 2017). This secondary particle formation has been 

shown to be an important source of aerosols in the atmosphere.   

 

1.4. Measurement methods 

 

1.4.1. VOCs in ambient air 
 

Several techniques have been used for online monitoring of VOCs in the atmosphere. 

Plant VOC research relies on analytical techniques for trace gas analysis, with the two most 

commonly used techniques for qualitative and quantitative analysis being: (1) gas 

chromatography (GC)–based techniques such as gas chromatography–mass spectrometry (GC-

MS), GC with flame ionization detector (GC-FID), and thermal desorption–gas 

chromatography–mass spectrometry (TD-GC-MS); and (2) mass spectrometry based on soft 

chemical ionization, such as selected ion flow tube–mass spectrometry (SIFT-MS) and proton 

transfer reaction–mass spectrometry (PTR-MS). 

It is quite challenging to detect and quantify BVOCs for a range of reasons, since: 

- VOCs are very reactive to other compounds in the atmosphere; 

- VOCs can react with monitoring equipment surfaces and some monitoring equipment 

materials can emit VOCs; 

- Depending on the study, plants can be enclosed in a special chamber, which may stress the 

plant (e.g., change of light condition, wounding) and result in unrepresentative emissions; 

- Measured concentrations are often very low—usually 1–100 ppbv (sometimes <1 ppbv)—

thus challenging the detection limits of analytical instruments.  

 

1.4.1.1. Gas chromatography- based methods (GC) 

 

GC is a well-established method of continuous chemical separation of one or more individual 

compounds between two phases: a fixed phase called the stationary phase and a mobile phase 

which consists of a carrier gas flowing over the stationary phase. When injected via a heated 

inlet, components enter the stationary phase simultaneously but move along at different rates, 
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depending on each compound’s vapor pressure and its solubility in the stationary phase. At the 

end of the column, compounds are detected and identified based on the retention time, knowing 

that a retention time is characteristic for a compound and the stationary phase at a given 

temperature. Temperature of the column is controlled in order to obtain a good separation and 

resolution of the analytes. Since the concentration of BVOCs emitted from plants can be quite 

low, online monitoring of VOCs with GC, generally requires sample pre-concentration in which 

the air sample passes through a cooled tube containing packing material. The most common gas 

chromatograph detectors for plant VOC research are flame ionization detectors (FID) and mass 

spectrometers. FIDs are simple, low- cost detectors for organic compounds (VOCs, such as 

hydrocarbons, which can be detected when burnt). When a mass spectrometer is used as a 

detector, analysis of the fragmentation patterns of the ions at each point in the total ion 

chromatogram enables compound identification. Detectors are specifically calibrated for each 

VOC compound present using known standards, to develop response factors and linear 

operating ranges for the method (Srivastava and Majumdar, 2011). GC was one of the first 

chromatographic separation techniques to be developed and has still today lost none of its 

importance, especially with the favorable combination of very high selectivity and resolution, 

good accuracy and precision, wide dynamic concentration range and high sensitivity (Driscoll, 

2004; Sahu, 2012). However, the main disadvantage of GC-based instruments is that, usually 

due to the pre-concentration step, it has a poor temporal resolution (≥ 30 min), thus it is not 

suitable for research where high time resolution is needed. 

 

1.4.1.2. Selected ion flow tube–mass spectrometry (SIFT-MS) 

 

SIFT-MS is a soft chemical ionization technique that utilizes chemical ionization of the VOC 

with H3O
+, NO+, and O2

+ as reagent ions. SIFT-MS is a sensitive instrument suitable for real-

time monitoring of plant VOCs (Smith and Španěl, 2005). Precursor ions are generated via 

water and air in a microwave resonator, producing many different ions. A quadrupole mass 

filter allows the selection of the desired precursor ion (H3O
+, NO+, or O2

+). Precursor ions enter 

the flow tube which consists of a metal cylinder, where helium is used as a carrier gas. The 

sample is introduced into the flow tube via a heated sampling capillary with a constant flow 

(usually 30 mL min-1). Further down the flow tube, the precursor ions react with the sample 

VOCs and ionize them. The ionized VOCs are filtered by the detection quadrupole and detected 

by the ion detector. Based on the precursor ions count and a well-established kinetics library 
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for the flow tube, it is possible to calculate the concentrations of trace gases without further 

calibration of the instrument. SIFT-MS presents the advantage of providing real-time 

measurements, down to ppbv, with different available precursor ions which increases the 

selectivity and gases identification. In addition, this instrument does not require calibration 

against gas standards. However, SIFT-MS show some limitations. Indeed, using the H3O
+ 

mode, Isoprene-H+, generated through the reaction of isoprene with the H3O
+ precursor, has a 

mass-to-charge ratio (m/z) of 69, which overlaps with that of protonated methanol linked with 

two water molecules (CH3OH-H+-(H2O) x2). Thus, isoprene should be analyzed using the NO+ 

precursor. Compared to GC-MS, SIFT-MS does not allow to differentiate isomers and 

compared to PTR-MS, SIFT-MS is less sensitive.  

 

1.4.1.3. Proton transfer reaction–mass spectrometry (PTR-MS) 

 

Proton transfer reaction-mass spectrometry (PTR-MS) is a relatively new on-line 

technique for the measurement and monitoring of a wide range of volatile organic compounds 

(VOCs) from widely different sources and processes, at low concentrations in gaseous samples. 

Utilizing low-energy chemical ionization, it combines the desirable attributes of high sensitivity 

(10- 100 pptv) and fast response time (1- 10 s) with good precision and accuracy (Lindinger et 

al., 1998). PTR-MS uses a hollow-cathode discharge source combined with a source drift region 

to generate hydronium ions with a purity of more than 99.5%. The air to be analyzed is 

continuously pumped through a drift tube reactor, and a fraction of the VOCs, those with a 

proton affinity higher than that of water (≈ 697 kJ mol-1), is ionized by proton transfer reactions 

from protonated water molecules (H3O
+). Resulting ions are subsequently separated according 

to their mass/charge ratio (usually their molecular mass plus 1) either by a quadrupole (QUAD) 

or by a time-of-flight (TOF) mass spectrometer and detected quantitatively down- stream. The 

instrument gives raw data in counts per second (cps), which need to be converted to give 

concentrations in parts per billion (ppb). PTR-MS presents several advantages, including the 

highest sensitivity for real-time VOC research compared to the other available techniques. It 

can be equipped to have different precursor ions, which increase the analytical power of the 

instrument. Furthermore, the ion-molecule collision energy in a drift tube, known as E/N, can 

easily be changed by changing the electric field parameters on the electrodes, and hence 

improving the analytical power of the instrument (Blake et al., 2009; Ellis and Mayhew, 2014). 
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However, seen that PTR-MS gives the concentration of all compounds of the same molecular 

weight, it does not permit a qualitative analysis of isomers.   

Thus, established measurement techniques for in situ BVOC monitoring typically offer 

a trade-off between sample frequency (PTR-MS) and speciation (GC-FID, GC-MS). In the 

attempt to combine these two complementary features in one instrument, fast-GC systems have 

been developed and coupled to PTR-TOF-MS instruments. These systems showed promising 

results since they allowed the separation of isomeric compounds in fast spectral runs. By using 

a rather short column coated with a low polar phase, and by applying a very fast temperature 

gradient, the analysis of VOC mixtures and the separation of isomers can be performed in less 

than a minute. However, the Fast-GC based methods retain the separation capability of 

conventional gas chromatography, yet offer significantly improved measurement frequency 

(Jones et al., 2014; Pallozzi et al., 2016; Romano et al., 2014). 

 

1.4.2. OH reactivity measurements techniques 
 

There are two general approaches that can be used to measure total OH reactivity, 

without the need to quantify individual sinks: direct measurement of the OH decay rate and the 

comparative reactivity method (CRM).  

Several groups, have used laser-induced fluorescence (LIF) techniques with either 

discharge flow technique or the laser flash photolysis (LP) technique to directly detect the OH 

decay rate due to its reaction with trace species in a reaction tube (Hansen et al., 2015; Ingham 

et al., 2009; Kovacs and Brune, 2001; Lou et al., 2010; Sadanaga et al., 2004a). Similarly, 

chemical ionization mass spectrometry (CIMS) can be used to determine the variation of OH 

radicals.  

Flow Tube- Laser Induced Fluorescence (FT- LIF): At the tip of a small diameter movable 

tube, OH radicals are generated in the FT-LIF technique, by the photolysis of water vapor with 

a 185 nm ultraviolet light, and injected in the center of a large flow tube to get mixed with 

ambient air flows. The detection technique is low-pressure laser induced fluorescence. By 

changing the position of the injector relatively to the detection point of OH, the contact time of 

OH with ambient species changes too, in fact as the movable tube is drawn further away from 

the detector, the observed OH signal decreases. The slope of the logarithm of the OH signal, as 

a function of the distance between the OH injector and detector divided by the velocity of the 
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air, determines the OH reactivity. However, this technique exhibits some disadvantages like the 

need of relatively high flow rates, leading to turbulent flows and thus, significant wall loss rates 

of OH in the flow tube. Another important limitation is the production of equal concentrations 

of OH and HO2. In fact, HO2 can react with NO to produce OH, which will reduce the observed 

decay rate of OH in the flow tube.  Corrections should be made to overcome these interferences 

that are less significant in the LP-LIF method (Kovacs and Brune, 2001; Mao et al., 2009). 

LP-LIF: The LP-LIF method consists on generating OH radicals by flash photolysis of ozone, 

using a pump laser pulse going through the flow tube at typically 266 nm, followed by the 

reaction of O(1D) with ambient water vapor. OH radicals react with ambient reactive species in 

the reaction tube and the concentration of OH decreases with time after irradiating the laser 

pulse. The sampled air in the reaction tube is then introduced into a low-pressure detection cell 

where the OH decay is measured by laser-induced fluorescence with a high time resolution.  

Lower flow rates compared to FT-LIF result in lower OH losses to the walls and the use of O3 

photolysis instead of the photolysis of water vapor for OH generation, limits the recycling 

processes of OH due to the HO2- NO reaction. In both cases, an instrument zero, due the wall 

losses reactions, has to be subtracted from all measurements, and a correction has to be applied 

for the recycling of OH radicals in the presence of NO (Sadanaga et al., 2004a and b; Stone et 

al., 2016). Since it is assumed that the reaction of OH with reactive trace compounds follows 

the pseudo-first order regime where the concentration of ambient species does not change 

significantly throughout the reaction zone, the loss of OH with time is represented by the 

following equations:  KOH = -(ln[OH]/[OH]0)/ t (Mao et al., 2009) in FT-LIF, where [OH]0 

represents the initial OH concentration, and [OH] represents the OH concentrations after a 

reaction time t between OH and its reactants in FT-LIF or the time after the pump laser 

irradiation in LP-LIF.  

FT-CIMS: Another technique adopting the direct measurement approach of OH decay rate is 

the FT-CIMS which is based on using the flow-tube set-up with a chemical ionization mass 

spectrometer as a detector of OH concentrations. Briefly, this method consists on photolyzing 

ambient water vapor with a UV mercury lamp to produce a known concentration of OH radicals 

in front of a sample tube, before performing two sulfur dioxide injections. These latter injections 

lead to the conversion of the remaining OH into H2SO4, which occurs in the flow tube chemical 

reactor in front of the ionization region. H2SO4 is then ionized by charge transfer utilizing 

negative chemical ionization with NO3
- reactant ions (Berresheim et al., 2000; Fuchs et al., 

2017; Muller et al., 2018). 
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CRM: For indirect measurement of total OH reactivity, the Comparative Reactivity Method 

(CRM), used with a Proton Transfer Reaction Mass Spectrometer (PTR-MS) or Gas 

Chromatography- Photo Ionization Detector (GC-PID) monitors the concentration of a 

reference substance, generally pyrrole, that competes with ambient reactive species for the 

artificially generated OH radicals. In fact, ambient air, wet nitrogen and pyrrole are conducted 

into a glass reactor where OH radicals are produced by the photolysis of water vapor and where 

all analytical steps take place leading to the measurement of Total OH Reactivity. The CRM 

exhibits several advantages compared to direct measurements techniques, like the commercial 

availability of PTR-MS and the need of smaller sampling flows, which broadens the application 

of the technique to branch and plant enclosure studies for example. On the other hand, this 

method requires a raw data processing with careful corrections for measurements artifacts 

related to humidity changes, NO concentrations, pyrrole/OH ratios and the dilution of ambient 

air inside the reactor, which can lead to higher uncertainty.   

Over the past two decades, many OH reactivity observations have been conducted in 

various field campaigns using the available techniques (Yang et al., 2016). However, only a 

few direct inter-comparison experiments were reported in the literature.  

An inter-comparison exercise, involving two CRM systems from Laboratoire des Sciences du 

Climat et de l’Environnement and Mines Douai took place in a Mediterranean forest ecosystem 

(Zannoni et al., 2015). A correlation described by a linear least squares fit with a slope of 1 and 

an R2 of 0.75 demonstrated the good agreement between both CRM systems and the robustness 

of the CRM in OH reactivity measurements. However, this study pointed out, as several 

previous studies using the CRM, the need of careful corrections which are, for now, specific to 

each CRM instrument. Another inter-comparison campaign between a CRM system from 

Mines Douai and a pump-probe technique from University of Lille was conducted in a high 

NOx environment (Hansen et al., 2015). Results showed a good agreement between both 

techniques, after taking into account possible interferences and making appropriate corrections. 

In both systems, an underestimation of measured OH reactivity was concluded compared to the 

expected OH decay rate, calculated based on measured reactive species. This observed 

discrepancy was mainly due to potential photolysis of VOCs by the UV mercury lamp in the 

CRM method and from the difficulty to measure the instrumental zero, caused by impurities in 

humid zero air, in the pump-probe technique. A large number of OH reactivity instruments were 

deployed in a wider campaign conducted in the atmospheric simulation chamber SAPHIR in 

order to compare their performances (Fuchs et al., 2017). The results showed that OH reactivity 
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can be accurately measured for a wide range of atmospherically relevant chemical conditions 

by all instruments. However, CRM instruments exhibited larger discrepancies to reference 

measurements and to calculated OH reactivity compared to instruments directly measuring OH 

radicals, and these differences were more important in the presence of terpenes and oxygenated 

organic compounds. Therefore, technical improvements were made aiming to overcome this 

limitation and reduce the potential loss of reactive compounds in the sampling system. 

 

1.5. OH reactivity in various environments 
 

Since the development of the first measurement technique in the late 1990s, many total OH 

reactivity observations have been conducted globally, including ground-based ambient 

measurements, airborne measurements, branch enclosure/ plant cuvette and in flow tubes and 

environmental chambers. Ground-based measurements are the most common in the literature, 

they cover diverse environments, including urban, rural, forest and marine areas. All the 

reported studies have accumulated a great number of datasets, showing the various temporal 

and spatial patterns of measured OH reactivity. In this section, focus will be made on OH 

reactivity studies performed in forest and rural environments, two very different ecosystems, 

that showed different ranges of OH reactivity and they were further investigated during this 

PhD. 

  

1.5.1. Forest areas 
 

Forest areas are among the most studied in terms of total OH reactivity. Studies show 

the great variability depending on the forest type, the season, the most abundant VOC, 

meteorological parameters as well as the measurement height. The first characterization of OH 

reactivity in a forest ecosystem was the study made by Di Carlo et al. (2004) during the 

PROPHET 2000 intensive campaign. The experiment took place in a mixed, transition forest 

that consists of northern hardwood, aspen and white pine. Measured OH reactivity at ≈ 10m 

above the canopy height, varied between 1 and 12 s-1. It was mainly dominated by isoprene 

(49%), followed by CO and NO2 (21%), formaldehyde and acetaldehyde (12% each), 

anthropogenic VOCs (3%) and monoterpenes (2%), since both clean and polluted air were 

advected from the North and the South, respectively. The difference between measured and 

calculated OH reactivity was 2.6 s-1 (50%) on average and exhibited a temperature dependency. 
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At that time, analysis demonstrated that the OH missing reactivity observed during PROPHET 

2000 was a result of unmeasured temperature-dependent BVOCs. However, later 

measurements of monoterpenes and sesquiterpenes at this site suggested that ∼30% of the 

missing reactivity could be attributed to these primary VOCs (Kim et al., 2009). Additionally, 

Kim et al. (2011) found that measurements and calculations of OH reactivity in branch 

enclosures of isoprene-emitting trees at the same site were in good agreement. Using 

measurements taken at this site during 2009, Hansen et al. (2014) found that isoprene accounted 

for 60–70% of afternoon OH reactivity both within and above the forest canopy. Because in-

canopy OH reactivity calculations and measurements were in good agreement, the authors 

concluded that there are unlikely to be unmeasured primary VOCs at this site. However, above-

canopy comparisons showed a large missing fraction of reactivity, suggesting that unmeasured 

oxidation products may contribute at longer processing times. Later on, Zannoni et al. (2016) 

were also interested in OH reactivity characterization inside and above the canopy of an 

isoprene-dominated oak forest, and they provided the first set of OH reactivity data in a 

Mediterranean forest. In their study, and contrary to what was found by Hansen et al. (2014), 

measured OH reactivity was similar at both heights. It was amongst the highest measured (68- 

69 s-1). No significant difference between measured and calculated OH reactivity was found for 

the majority of the time, except for two nights where the missing OH reactivity was up to 50%. 

This missing fraction was explained by locally produced unmeasured isoprene oxidation 

products. These observations highlight the importance of characterizing OH reactivity at 

different altitudes and different levels regarding forests canopies, taking into consideration 

the height of the canopy.  

Relatively high OH reactivity levels (mean= 53 s-1, Max= 72 s-1) were reported within 

the canopy (35m height) of a tropical rainforest in Suriname, as part of the GABRIEL campaign 

(Sinha et al., 2008). The field site was dominated by lowland evergreen broad leaf trees, semi-

evergreen moist broadleaf trees and some schlerophyllus dry forest trees, and was mainly 

influenced by clean marine air during the dry season (October 2005). While isoprene, isoprene 

oxidation products, acetone and acetaldehyde made up only ∼35% of the measured sink, a 

significant fraction of OH reactivity remained unexplained, highlighting similar observations 

as Di Carlo et al. (2004). It showed that important OH reactive compounds were likely missed 

by conventional measurements deployed at this forest site. Unfortunately, the limited data 

coverage of OH reactivity observations during this study meant that any conclusions about the 

potential identity of this missing OH sink were difficult to make. Later on, Edwards et al. (2013) 

published a study, part of the OP3 project, about OH reactivity observations during the wet 
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season, from a clearing atop a hill surrounded by pristine rainforest on Borneo. Despite close 

recorded maxima, the OP3 mean OH reactivity during the wet season was lower than that 

reported during the GABRIEL campaign during the dry season. These observations, highlight 

the seasonal variability of total OH reactivity, that was also reported in the Amazon rainforest 

by Nolscher et al. (2016), during the ATTO campaign. Indeed, average OH reactivity inside 

canopy (24m height) was around 62.4 s-1 (31- 85 s-1) and 9.9 s-1 (6- 13 s-1), during the dry and 

the wet season, respectively, while averages were between 20 and 26 s-1 during wet-to-dry and 

dry-to-wet transition periods.  

Interestingly, the day/night variability of OH reactivity at the Borneo site was, in part, 

attributed to local meteorological conditions. Indeed, the site was showed to be above the 

surrounding boundary-layer on many nights, leading to higher dilution and thus lower 

magnitude and variability of total OH reactivity. In contrast, during the day, the low winds 

experienced throughout the campaign allowed BVOCs emitted from the forest to be confined 

to the local boundary layer. This complex meteorology, combined with the temperature and 

light dependencies of many BVOC emission rates, results in higher and more variable OH 

reactivity during the day. However, the supporting measurements of OH sinks made during the 

field campaign did not close the reactivity budget, with the model suggesting that at least 50% 

of carbon-containing compounds which react with OH were not measured. Regarding potential 

candidates for missing OH reactivity, modelling demonstrated that this missing carbon is not 

only related to isoprene-like and isoprene oxidation products-like compounds. For the Borneo 

site, authors suggested that the missing fraction is most likely related to a large number of 

complex multifunctional organic compounds which monitoring remains a challenge to the 

community, whereas for the Amazon site, authors discussed potential, yet insufficient 

characterized source of OH reactivity released from the tropical forest floor (soil or litter 

emissions: hexane, methylfuran, 2-butene and ethyl mercaptan). Stress-released VOCs were 

also suggested as important contributors to the observed missing OH reactivity (Methyl 

salicylate, hexanal, linalool and many highly reactive sesquiterpenes).  

 

Boreal forests were also subjected to many studies. They are known to be isoprene 

“poor” and monoterpene “rich” environments. First OH reactivity measurements from a boreal 

forest were conducted by Sinha et al. (2010), as part of the BFORM campaign at the SMEAR 

II measurement station during August 2008, in Hyytiala, Finland. The forest vegetation consists 

mainly of coniferous trees, dominated by Scots pine and Norway spruce, with an average 
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canopy height of about 14m. Total OH reactivity measured inside canopy at 12 m, showed no 

diel cycle with an average of 9 s-1 both during day and night, which is in contrast with the 

pronounced diel cycle observed in tropical forest studies. This low variability was observed 

despite the differences in the diel emission profiles of individual VOCs and the higher night 

time mixing ratios of monoterpenes at this site, related to the formation of the shallow nocturnal 

boundary layer. Interestingly, it seems that compensating effects of emissions and boundary 

layer evolution occurred, leading to a near constant OH reactivity regime at the site. Again, 

wind direction and air mass origin, also played a role on OH reactivity variability, bringing 

it to higher levels, up to 60 s-1, during a pollution event. Despite the monitoring of ∼30 

compounds, authors found missing OH sinks of between 25 and 75% of the total measured OH 

reactivity. These missing OH sinks were again attributed largely to unmeasured BVOCs. A 

one-dimensional model study of the same 2008 data set (Mogensen et al., 2011) also attributed 

the missing observed OH reactivity to an unmeasured primary emitted BVOC, as well as to 

uncertainties in the rate constants used in the chemical mechanism. Nölscher et al. (2012a), 

made observations of OH reactivity both within and above the canopy at the same site and 

found a 58% missing OH reactivity for “normal” boreal conditions. The presence of significant 

concentrations of unmeasured BVOCs in forested environments was also a conclusion of 

Holzinger et al. (2005), who reported emissions of highly reactive BVOCs in a ponderosa pine 

forest in California, inferred from the presence of large quantities of previously unreported 

oxidation products, measured by proton transfer mass spectrometry (PTR-MS). A more recent 

study, performed by Praplan et al. (2019), from April to June, 2016, highlighted that total OH 

reactivity at the SMEAR II station is not a simple function of a few variables. They showed 

that it includes many complex processes involving sources and sinks that can change 

dramatically depending on the environmental conditions and the time of the year. Indeed, the 

averaged experimental total OH reactivity increased from April to June (5.3 to 11.3 s-1) before 

decreasing in July (8.8 s-1) because of more humid nights and lower radiation during the 

measurement period. The total OH reactivity diurnal pattern from May to July followed the one 

of biogenic compounds with high values during the night due to the low mixing height, even 

though emissions are lower at night. These averages of OH reactivity in Hyyatiala boreal forest 

are in the same order of magnitude of those reported in the mixed deciduous forest, by Di Carlo 

et al., 2004, and lower than those reported for tropical rainforests. The missing fraction of the 

OH reactivity was higher during the night, possibly due to a larger fraction of non-measured 

oxidation products, compared to day-time, when the emissions are higher resulting in a larger 

fraction of known precursors. 
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Coniferous forests had also a part of total OH reactivity investigations in forest 

ecosystems. Average total OH reactivity was around 6.7 s-1, during the BEACHON-SRM08 

campaign, held at Manitou experimental temperate coniferous forest, in Colorado USA in 

August, 2008 (Nakashima et al., 2013). Lower values were recorded during the day and higher 

levels during night-time. Interestingly, a large increase of OH reactivity was observed during 

a short period of this campaign, attributed to the strong wind that occurred, disturbing trees, 

damaging plants and resulting in a burst of BVOC. From the calculation of OH reactivity 

based on the analysis of these trace species, including CO, NO, NOy, O3 and SO2 and VOCs, 

46.3% of OH reactivity for VOCs came from biogenic species that are dominated by 2-methyl-

3-buten-2-ol (MBO), and monoterpenes. MBO was the most prominent contribution to OH 

reactivity of all trace species. The comparison between observed and calculated OH reactivity 

showed that the calculated OH reactivity is 29.5% less than the observed value, implying the 

existence of missing OH sinks, most likely linked to the oxidation products of biogenic species. 

Few years later (2014), Ramasamy et al. (2016) reported similar average OH reactivity in 

another coniferous forest located in Wakayama prefecture, Japan, during summer. Half of the 

forest consisted of coniferous trees, already known as strong monoterpene emitters, emitting 

especially high concentrations of α-pinene. Contrary to the BEACHON-SRM08 campaign, 

total OH reactivity varied diurnally with light and temperature and reached a maximum at noon-

time, after which it decreased. Monoterpenes were the major contributors to total OH reactivity, 

accounting for 23.7% of the total OH reactivity, with α-pinene accounting the most. Average 

missing OH reactivity was similar to that reported in the US, with higher levels when the site 

was influenced by transported pollution events. Correlation of missing OH reactivity with 

temperature and light suggested that the missing fraction was linked to unmeasured primary 

and secondary species. However, reasonable correlations of missing OH reactivity with NO and 

O3, suggested that anthropogenic sources and secondary products formed from oxidation of 

primary VOCs could also be responsible for the missing OH reactivity.  Figure 1.8 summarizes 

the studies conducted in forested areas between 2004 and 2016. 
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1.5.2. Rural and suburban areas 
 

 

Unlike remote sites, suburban and surrounding areas are subjected to both 

anthropogenic and biogenic emissions, which should be of particular interest, seen the 

contribution of BVOCs in O3 and SOA formation, as shown previously in paragraph 1.3.3. In 

these sites, OH reactivity can be extremely varying and dominated by anthropogenic or biogenic 

species, depending on the site location, surroundings, origins of air masses and on the time of 

the day. Indeed, OH reactivity showed a slight diurnal variation with higher values during 

daytime, lower values at night and an average of 5.6 s-1, during the PMTACS–NY campaign. 

The experiment was conducted within the canopy of a deciduous forest (Ren et al., 2006), that 

is routinely in the path of regional air masses, influenced by urban emissions. This observation 

is in lower range of OH reactivity generally observed in forest ecosystems and is comparable 

to OH reactivity reported by Ren et al. (2005), in a site surrounded by agricultural lands and 

under the influence of anthropogenic pollutants. OH reactivity, with an average of 6.1 s−1, 

showed little diurnal variation at this site and was dominated by CO, NO2 and alkenes.  

However, during the PRIDE- PRD campaign (summer 2006), OH reactivity measured in a 

regional background site also surrounded by farmland (peanuts, lichees, trees), exhibited a 

diurnal variation with a minimum mean value of 20 s−1 at local noon and a maximum mean 

value of 50 s−1 at daybreak. The reactivity explained by measured trace gases was dominated 

by anthropogenic pollutants (e.g., CO, NOx, light alkenes and aromatic hydrocarbons) at night, 

Figure 1.8: Total OH reactivity results from published experiments conducted worldwide at forested 

sites. Bars refer to the ranges observed between the minimum (often corresponding to the instrumental 

LOD) and the maximum values published (Adopted from Zannoni et al., 2016).  
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while it was strongly influenced by local, biogenic emissions of isoprene during the day. While 

measured and calculated OH reactivity agreed well (within 10%) in the PMTACS–NY 

campaign, they revealed a missing reactivity of about a factor of 2 at day and night in the 

PRIDE-PRD campaign. The application of a Box model suggested that missing reactivity is 

due to unmeasured, secondary chemistry products (mainly aldehydes and ketones), photo-

chemically formed by hydrocarbons oxidation.  

 

1.5.3. Missing OH Reactivity 
 

Most studied environments, especially forested areas, highlighted a missing fraction of 

OH reactivity, meaning that not all local OH relevant reactive species have been quantified. 

However, it is not possible to compare the missing fraction from site to another, since it is 

dependent on the amount of considered compounds in OH reactivity calculations. As mentioned 

before, the missing reactivity could be associated with unmeasured and unidentified primary 

emissions, as well as unmeasured or unknown secondary products. 

Many approaches were adopted, aiming to investigate the origins of this missing fraction. 

Factor analysis is one approach, trying to correlate the missing OH reactivity to certain factors 

related to emissions or reactions. The exponential relationship between the missing OH 

reactivity and temperature can be investigated using: E(T)= E(293)exp[β(T293)] (Di Carlo et al., 

2004), generally used to describe monoterpenes emissions. Depending on the obtained β value, 

the missing fraction was linked to primary or secondary compounds. However, this factor 

should be interpreted carefully, seen that OH reactivity and the missing OH reactivity could be 

also affected by other parameters, like atmospheric turbulence. Some compounds were also 

used as tracers to elucidate the origin of missing OH reactivity (O3, HCHO, …). Model 

simulation has showed to be a reasonable approach to diagnosing missing reactivity, especially 

with simultaneous high time- resolution HOx and trace gas measurements (Yang et al., 2016). 

 

1.6. Thesis objectives  
 

In this chapter, biogenic VOCs with their various sources, different amounts, diverse 

chemical nature and multitude of factors influencing their emissions were introduced. This 

overview showed that the main studied ecosystems worldwide were forests and the main 

investigated compounds were isoprene, followed by monoterpenes. However, reviews and 

inventories highlighted the importance of croplands in land cover/ land use, especially on the 
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Europe scale, where BVOCs from agriculture can account for about 27%, with a significant 

contribution of OVOCs. Second, the reactivity of BVOCs with the different atmospheric 

oxidants was evoked. Indeed, once emitted in the atmosphere, VOCs are subject to physical 

and photochemical processes, that control their tropospheric lifetimes. These processes are 

dominated by the reaction with hydroxyl radical during day-time, which is considered the most 

powerful oxidant in the troposphere. In addition to their wide chemical diversity, BVOCs 

exhibit a wide range of reactivity towards OH, especially monoterpenes, which make their 

investigation and their speciation of great interest. In this part, total OH reactivity is introduced 

as a powerful tool to evaluate the loading in reactive species in the atmosphere and to estimate 

the presence or not of unidentified or undetected reactive species, that can play a more or less 

important role in tropospheric chemistry.  The role of BVOCs in secondary pollutants formation 

was also presented, highlighting their direct or indirect impact on health, air quality and climate 

change. The next part, was dedicated to analytical techniques in BVOCs and OH reactivity 

measurements, with some recent improvements in monoterpenes chemical speciation with a 

relatively high time resolution, using Fast-GC/ PTR-MS systems. Finally, an overview on OH 

reactivity and respective missing fractions was presented. Results from different studies were 

compared. This overview, allowed us to see the variability of OH reactivity between 

ecosystems, with different hours of the day, different seasons, different canopy heights. The 

presented studies highlighted also the importance of air mass origins and the role played by the 

atmospheric boundary layer. A few studies were conducted near agricultural lands and two were 

found to be performed from dynamic chambers, among which one focused on measuring OH 

reactivity emission rates.  

 

Thus, the scientific questions that this thesis addresses: 

- Characterization of BVOCs and their OH reactivity inside and above the canopy in a 

monoterpenes-dominated pine forest using the comparative reactivity method 

Temperate maritime pine forest in the Landes region is known as an important emitter of 

monoterpenes, especially during the hot season. Previous studies in this forest, studied the role 

played by monoterpenes in new particle formation episodes, highlighting a potential substantial 

chemistry on this site.  In this context, OH reactivity was suggested to be part of the LANDEX 

campaign experiments, as a tool to help assessing, the loading of reactive compounds inside 

and above the forest; to evaluate whether the composition inside and above the forest is 
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completely determined and to better constrain atmospheric processes within a forest by using 

both the OH reactivity and missing reactivity. 

 

- Characterization of BVOCs and their OH reactivity from a rapeseed crop dynamic 

chamber, during the blooming season, using the comparative reactivity method 

Despite that agricultural lands can cover significant areas, we did not find a lot of studies 

investigating OH reactivity near croplands. However, the proximity of most croplands to urban 

sites and the predicted increase in croplands with the increase in human population, draws 

attention to the characterization of VOCs emissions and their OH reactivity from crops, 

especially that, BVOCs can react with abiotic compounds, leading to the formation of 

secondary pollutants (smog, …).  Therefore, it was chosen to conduct a study in a rapeseed field 

during the blooming season, to characterize the contribution of a single crop and a typical 

cropland to OH reactivity.   

 

- High-time resolution of monoterpenes chemical speciation using a FastGC/ PTR-

QuadMS system, previously tested and optimized in the laboratory 

One of the limitations of current analytical techniques, which data is used to calculate an 

expected OH reactivity and compare it with the measured one in order to estimate the missing 

fraction, is the lack of monoterpenes chemical speciation with a high time resolution. In some 

ecosystems, like the one investigated during the LANDEX campaign, monoterpenes can 

represent the main emitted family of compounds. Individual monoterpenes concentrations can 

vary quickly and their reactivity towards atmospheric oxidants are pretty variable. In this 

context, a technical development was made, in collaboration with IONICON, to couple a PTR-

QuadMS and a FastGC, in order to provide a low cost system (compared to the commercialized 

PTR-ToF-MS/ FastGC), allowing a relatively quick separation of monoterpenes from different 

compartments of a green oak forest. It allowed us to investigate the behavior of different 

monoterpenes in respect to more or less fast changes in abiotic external factors, such as 

temperature and light.  
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The thesis is therefore organized as followed:  

Chapter 2 presents material and methods used during the thesis, focusing on the PTR-MS 

instrument and the two associated analytical systems (FastGC/PTR-MS and OH reactivity 

measurement by CRM). 

Chapters 3, 4 and 5 include the results obtained on: 

- Variability of hydroxyl radical (OH) reactivity in the Landes maritime pine forest: results 

from the LANDEX campaign 2017 

- Characterization of total OH reactivity in a rapeseed field: Results from the COV3ER 

experiment in April 2017. 

- Monoterpenes chemical speciation with high time resolution using a FastGC/PTR-MS: 

Results from the COV3ER experiment on Quercus ilex during summer 2018.  

The manuscript ends with a conclusion and some perspectives about potential future research.  
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2. Experimental 
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Introduction Chapitre 2 
 

Durant la thèse, trois systèmes analytiques ont été principalement utilisés : le 

spectromètre de masse à réaction de transfert de proton (Proton-Transfer- Reaction Mass 

Spectrometer), la chromatographie en phase gazeuse rapide (Fast Gas Chromatography 

« FastGC ») et la méthode de réactivité comparative (Comparative Reactivity Method 

« CRM»).   

Dans ce chapitre, le PTR-MS est décrit en premier, comme étant le détecteur couplé à la FastGC 

et à la CRM. Ces deux systèmes sont ensuite présentés en terme de principe de fonctionnement, 

de conditions expérimentales et de déploiement au laboratoire et sur le terrain.  

 

- Le PTR-MS 

Le PTR-MS est une technique qui détecte les composés gazeux suite à leur ionisation chimique 

par des réactions de transfert de protons. Vu ses différents avantages, notamment les faibles 

taux de fragmentation, sa grande sensibilité (ordre du pptv) et sa sélectivité, le PTR-MS est 

largement déployé dans des études en chimie de l’atmosphère, chimie environnementale, 

émissions des plantes, sciences alimentaire et médicale.  

Le système consiste en trois parties principales : (1) une source d’ions H3O
+, (2) une chambre 

de réaction et (3) un détecteur (dans notre cas un quadrupole). Brièvement, les ions primaires, 

le plus souvent H3O
+, sont produits dans une décharge cathodique creuse, et injectés dans la 

chambre de réaction. A ce niveau, ils entrent en collision avec les molécules gazeuses présentes 

dans l’échantillon injecté, ce qui induit des réactions de transfert de protons entre les ions 

primaires et les composés organiques ayant une affinité protonique supérieure à celle de l’eau 

(691±3 kJ/mol). Les COVs protonés arrivent finalement au niveau du spectromètre de masse. 

Selon le ratio masse/ charge, les ions voyagent tout au long du quadrupole et gagnent le 

multiplicateur d’ions secondaires. A ce point, leur signal est transformé en électrons, puis 

amplifié sous forme de courant, connu comme « compte par seconde ». 

Le PTR-MS est largement utilisé en sciences atmosphériques : pour les mesures des 

concentrations et des flux de COVs, comme détecteur couplé à la CRM et la FastGC, ainsi que 

pour la détermination de la fraction organique dans les particules atmosphériques.  

 

 



44 
 

- FastGC/PTR-MS 

 

Dans le but d’effectuer la spéciation chimique des monoterpènes avec une résolution temporelle 

fine, une nouvelle version d’un prototype de FastGC (IONICON) a été couplée au PTR-

QuadMS disponible dans notre laboratoire. En effet, la “Fast-GC” est une unité supplémentaire 

pouvant être ajoutée entre le système d’échantillonnage et la chambre de réaction d’un PTR-

MS dans le but d’effectuer une pré-séparation des composés isomères et de réaliser par la suite 

une analyse structurale dans un temps rapide.  

L’ensemble de la « FastGC » consiste en : (1) une colonne capillaire, apolaire de type MXT-1, 

de 10 m de longueur avec un D.I de 0.53 mm et une phase active de 0.25 µm d’épaisseur ; (2) 

un système de chauffage et de ventilation contrôlé automatiquement pour lancer la rampe de 

température, puis l’arrêter à un certain niveau en démarrant les ventilateurs ; (3) une vanne 10 

voies pour effectuer des transitions rapides entre la mesure en mode PTR-MS et en mode 

FastGC/ PTR-MS. Au cours de la mesure directe par PTR-MS, une boucle est rincée en continu 

par l’échantillon alors que la colonne est rincée dans le sens inverse par le gaz vecteur pour la 

nettoyer ; (4) une bouteille d’Hélium (5.2) utilisé comme gaz vecteur ; (5) une bouteille d’azote 

(5.0) utilisé comme gaz de compensation. Les différences entre une « FastGC » et une GC 

classique sont : d’une part que la colonne capillaire est plus courte avec une phase active plus 

fine, d’autre part que la rampe de température est rapide (>1°C/s). Par ailleurs l’injection de 

l’échantillon est également rapide, ce qui entraîne une moins bonne sensibilité du détecteur. 

Nous avons estimé la limite de détection (LOD) à approximativement 500 pptv. En revanche la 

résolution temporelle est meilleure qu’une GC classique, puisque nous pouvions descendre à 

10 min. 

 

- La CRM/PTR-MS 

 

La CRM consiste à mesurer la réactivité OH (perte totale des radicaux OH suite à leur réaction 

avec les espèces réactives dans l’atmosphère) en suivant la concentration d’une molécule de 

référence, dans notre cas le pyrrole, dont la constante cinétique est connue avec le radical OH. 

Le choix de cette molécule est basé sur le fait, qu’elle est très peu présente en air ambiant et 

qu’elle peut être facilement détectée par PTR-MS sous la masse m/z 68. Ainsi, le système est 

principalement constitué (1) d’une cellule de réaction et (2) d’un détecteur, dans notre cas le 

PTR-MS.  
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La mesure par CRM consiste en quatre étapes analytiques : Dans un premier temps, le pyrrole 

est dilué dans l’air zéro et introduit dans la cellule de réaction avec l’azote sec. Sa concentration 

est détectée par le PTR-MS, elle est notée C0. Ensuite, la lampe UV est allumée, entrainant la 

photolyse d’une fraction du pyrrole. Ainsi, la concentration notée C1 représente la 

concentration initiale de pyrrole disponible dans le réacteur après photolyse. La troisième étape 

consiste à remplacer l’azote sec par l’azote humide et l’air zéro sec par l’air zéro humide 

permettant de générer synthétiquement des radicaux OH par photolyse de la vapeur d’eau. Suite 

à sa réaction avec les radicaux OH, la concentration du pyrrole mesurée diminue, elle est notée 

C2 et la différence entre C1 et C2 représente la quantité initiale de radicaux hydroxyles produits 

et complètement titrés dans le réacteur. Finalement, de l’air atmosphérique, chargé en espèces 

réactives est introduit dans la cellule. Ces espèces entrent en compétition avec le pyrrole pour 

les radicaux OH disponibles dans le réacteur, et comme la quantité de radicaux OH disponibles 

pour réagir avec le pyrrole, diminue, la concentration restante de pyrrole augmente et elle est 

notée C3. En comparant la concentration du pyrrole en sortie du réacteur avec (C3) et sans l’air 

ambiant (C2), on peut déterminer la réactivité à travers la relation suivante, dans laquelle kPy 

est la constante de réaction du pyrrole avec OH : 

 

Rair = 
C3 - C2

C1 - C3
 . kpy . C1  

      (Sinha et al., 2008) 

 

Le dispositif expérimental consiste en (1) un petit réacteur en verre dans lequel le pyrrole et 

l’air ambiant (ou les standards se mélangent) et réagissent avec les radicaux OH, (2) un PTR-

MS (Proton Transfer Reaction – Mass Spectrometer) qui détecte le pyrrole dans l’air sortant du 

réacteur, (3) des contrôleurs de débit massique, et (4) deux bouteilles de gaz (azote et air 

synthétique).  

Il est important de noter que les mesures par CRM peuvent être sujettes à des interférences pour 

lesquelles les corrections suivantes doivent être bien caractérisées et appliquées aux données 

brutes : (1) correction pour la différence d’humidité entre C2 et C3 ; (2) correction pour la 

déviation du pseudo-premier ordre ([pyr] >> [OH]) ; (3) correction pour le recyclage des 

radicaux OH suite à la réaction entre HO2 et NO en présence de fortes concentrations ambiantes 

de NO ; (4) correction pour la dilution de l’échantillon dans le réacteur. 
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In this chapter, the three main instruments deployed during this PhD are presented. The 

first part is about the Proton Transfer Reaction- Mass Spectrometer (PTR-MS), the detector 

used for VOCs and OH reactivity measurements. The second part presents the FastGC add-on 

for isomers pre-separation. And the last part is about the Comparative Reactivity Method 

(CRM), for OH reactivity measurements. Each sub-section includes a general description of the 

instrument, its operational principle as well as its implementation in laboratory and field work.  

 

2.1. Proton Transfer Reaction-Mass Spectrometer (PTR- MS) 
 
 

2.1.1. Instrumental set-up 
 

 

 

 

 

 

 

 

 

 

 

 

 

Proton-transfer-reaction mass spectrometry (PTR-MS) was developed by Professor Werner 

Lindinger and co-workers at the University of Innsbruck in Austria (Lindinger et al., 1998). 

The system works on the basic idea of using proton transfer reactions to induce chemical 

ionization of the vapors to be analyzed and monitored. Following its development and 

commercialization (Ionicon GmbH, Innsbruck, Austria), there has been considerable growth 

and exploitation of PTR-MS for trace gas monitoring in various chemical and physical 

environments and in particular for the detection of volatile organic compounds (VOCs). Areas 

Figure 2.1: Simplified representation of a proton-transfer reaction mass spectrometer utilizing a 

quadrupole mass filter: HC = hollow cathode discharge source and SD = source drift region (Blake et 

al. 2009). 
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of application include atmospheric chemistry, environmental chemistry, plant and tree 

emissions and food and medical sciences. The main advantage of proton transfer chemical 

ionization is that in most cases it does not induce any significant fragmentation, and when it 

does only few fragments are produced. Together with the fast response times and high 

sensitivities, the PTR-MS allows very efficient analysis and monitoring of mixtures of VOCs. 

Figure 2.1 gives a schematic drawing of the PTR-MS instrument. The set-up consists of (1) a 

discharge ion source to produce H3O
+ ions, (2) a drift-tube reactor, in which the proton-transfer 

reactions between H3O
+ and VOCs take place, and (3) a quadrupole mass spectrometer for the 

detection of reagent and product ions. 

 

(1) The ion source consists of a hollow-cathode discharge source where water vapor generates 

H2+, H+ and O+ ions which further react with water molecules to form H3O
+ with high 

efficiency (> 99.5%). Other reagent gases can be used for such scope, O2 or O2 together 

with N2 for instance, can produce O2+ and NO+ ions with slight less efficiency (90-95% and 

95-99%, respectively). Typical count rates for H3O
+ are 106 cps. 

 

(2) After production, the reagent ions enter via a transfer section the adjacent drift tube. The 

drift tube consists of a number of stainless steel rings that are separated by Teflon rings, 

which seal the vacuum and isolate the drift rings electrically. The sample to be analyzed is 

continuously injected in the drift tube via a sample line system with an adjustable flow 

between 50 and 1000 sccm and adjustable temperature between 40–150 °C. The pressures 

in the drift tube are maintained between 2.2 and 2.4 mbar. In the drift-tube, the reagent ions 

undergo many collisions with the molecules of the sample and proton- transfer- reactions 

occur between hydronium ions and VOCs or chemical ionization reactions of NO+ and O2+ 

with VOCs, in the following way: 

H+
(g) + R(g) → RH+

(g) + X(g) (R2.1) 

 

Proton affinities are commonly used to assess whether or not a proton transfer reaction is 

likely to be spontaneous. When H3O
+ is used as reagent ion, molecules with a proton affinity 

larger than water (691±3 kJ/mol) undergo exothermic hence spontaneous reactions. Due to 

their low proton affinities, the major components of air (i.e. O2, N2, CO2, O3, H2O) and 

methane do not react with the primary ions in the drift tube. However, most VOCs, 

possessing a proton affinity higher than that of water are ionized in proton transfer reactions.  
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Many features of the PTR-MS drift-tube make it advantageous for trace gas analysis: (a) the 

short reaction time due to the use of a short drift tube with no need to dilute the sample, (b) 

the ability of measuring only trace molecules, (c) the soft ionization character of proton 

transfer reactions avoiding extensive fragmentation of ions, (d) the application of a 

homogeneously increased voltage to the rings of the drift tube generating a homogeneous 

electric field, responsible for the transport of ions along the tube and eliminating the need 

of a large pump. All these characteristics make PTR-MS a unique instrument with a high 

detection sensitivity in a relatively compact size. Standard electric field applied, expressed 

as E/N are 120-140 Td (1 Td=10-17 V cm2). Changing E/N and thus the mean collision 

energy in the drift tube allows to distinguish between product ions based on different 

fragmentation pathways (for instance between methacrolein and methyl vinyl ketone, the 

main oxidation products of isoprene which are usually measured together at the protonated 

mass m/z 71). Finally, the outgoing product VOCs ions enter, via a specially designed 

transfer lens system, the mass spectrometer. 

 

(3) The ion detection system can be either a quadrupole (QMS) or a time of flight mass 

spectrometer (TOF-MS). Our PTR-MS is equipped with a commercial quadrupole mass 

filter (Balzers QMG 421) and a SEM (secondary electron multiplier) for ion pulse counting 

detection. The ions exiting the drift tube are extracted into the quadrupole through a 

sampling orifice while the buffer is pumped away. A quadrupole is composed of four 

parallel metallic rods between which is applied a tension generating an electron field that 

forces the ions to run under a different oscillating trajectory according to their mass-to-

charge (m/z) ratio. Ions with a selected m/z will travel along the quadrupole and reach the 

SEM where their signal will be converted into electrons and amplified in a current expressed 

as counts per seconds. In a TOF-MS, ions are accelerated to the same kinetic energy by an 

applied electric field. The detection is based on the time that molecules take in flying a 

known distance. In this manner, molecules of different molecular masses hit the detector at 

different times. Thus, it is possible to distinguish different peaks within multipeaks and take 

into account the decimals of the molecular masses to identify compounds. A full spectrum 

can be measured at once, every 0.1 s, corresponding to 400 mass peaks and 400 empirical 

formulas (Blake et al., 2009; de Gouw & Warneke, 2007; Portillo-estrada, 2014). 
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2.1.2. Compounds sensitivity and volume mixing ratio 
 

A Calibration of the PTR-MS for different molecules is conducted by measuring the 

response in normalized counts per second (ncps) of a standard gas molecule with a certified 

concentration. For VOCs measurements, the calibration is usually performed at different steps 

with variable concentrations (typical range for calibrations is 0-20 ppbv) and repeated for 

different relative humidity values. For one-month field campaigns, two calibrations, one at the 

beginning and one at the end of the campaign, are usually sufficient. Linear least squares fits of 

the ncps measured versus the ppbv injected for a specific molecule are used to determine the 

detector sensitivity to such molecule. Normalized sensitivities (Snorm) and count rates 

(I(RHi
+)) are expressed as follows: 

 

Snorm = 
𝐼(𝑅𝐻𝑖

+)𝑛𝑜𝑟𝑚

𝑉𝑀𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟
 

(2.1) 
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) 
(2.2) 

 

where m/z 21 and m/z 37 represent, the reagent ion (H3O
+) and the first water cluster 

(H3O
+(H2O)). 

Volume mixing ratios can be alternatively calculated through the transmission coefficients 

approach, in particular when the calibration for a specific molecule is not achievable: 

 

VMR = 
𝐼(𝑅𝐻𝑖

+)𝑛𝑜𝑟𝑚

𝑆𝑛𝑜𝑟𝑚
 

(2.3) 

𝐼(𝑅𝐻𝑖
+)𝑛𝑜𝑟𝑚 = 106 × ( 

𝐼(𝑅𝐻𝑖
+)𝑛𝑜𝑟𝑚

𝑚

𝑍
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𝑚

𝑧
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𝐼(𝑅𝐻𝑖
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𝑚
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𝑚

𝑧
37𝑧𝑒𝑟𝑜

) 
(2.4) 

 

The accuracy of the results is lower compared to the calibration with a gas standard, due to 

uncertainty in the reactions rate coefficients and relative transmission curve (de Gouw & 

Warneke, 2007; Taipale et al., 2008). A measure of the concentration of molecules when only 

zero air is introduced inside the PTR-MS is useful to derive the background level for each 

species, which is therefore subtracted from the measured concentration to obtain the actual 

concentration level. The limit of detection (LOD) for each compound is usually calculated as 

3σ its background value. 
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2.1.3. PTR-MS in atmospheric sciences 
 

A major application of PTR-MS technology has been in the area of atmospheric 

sciences. As a relatively compact and robust instrumental technique, PTR-MS has been 

deployed on a range of atmospheric measurement platforms including ground-based 

measurement stations, vehicles, ships, research aircraft and operational aircraft. Seen its 

advantageous features, in terms of sensitivity and selectivity, PTR-MS is widely used to 

measure atmospheric mixing ratio of VOCs. These datasets are then integrated to constrain 

chemical transport models and climate models as well as to predict air pollution and climate 

effects.  Furthermore, VOCs are subject to many physical and chemical processes affecting 

their atmospheric mixing ratios. The direct measure of the flux of a reactive species helps to 

unravel surface exchange from other processes. Eddy covariance is the most direct method to 

measure surface fluxes. This technique relies on atmospheric turbulence measurements, which 

require sampling at high temporal frequency, 10 Hz. PTR-MS is the suitable technique since its 

higher temporal resolution permits to conduct real-time eddy covariance fluxes.  

PTR-MS is often deployed as a detector in OH reactivity measurements using the Comparative 

Reactivity Method. In this method, one reference molecule (pyrrole) is monitored 

unambiguously during all the experimental steps. Its robustness over time and its high 

sensitivity makes PTR-MS favorable for OH reactivity measurements. Additionally, the same 

instrument can be used to conduct both ambient mixing ratios and OH reactivity measurements 

(Kumar and Sinha, 2014). 

PTR-MS was combined to thermal desorption units in order to speciate the organic fraction in 

atmospheric particles (Holzinger et al., 2010). It was also coupled to a stripping cell allowing 

to determine the liquid–gas partition coefficients (HLC) of volatile organic 

compounds (VOCs) in water–air systems (Karl et al., 2003). 

Finally, PTR-MS was used with a gas chromatography (GC-PTR-MS). The system showed to 

be a useful approach in identifying VOCs contributing to different masses. However, adding 

the GC, slowed the measurement speed to that of GC, allowing only to get snapshots, aiding in 

species identification. Therefore, a FastGC module was recently introduced by Ionicon 

Analytik. However, the detection limit was relatively high (1.2 ppbv for monoterpenes 

experiments). No application in ambient environments has been reported (Yuan et al., 2017). 

 

https://www.sciencedirect.com/topics/chemistry/partition-coefficient
https://www.sciencedirect.com/topics/chemistry/volatile-organic-compound
https://www.sciencedirect.com/topics/chemistry/volatile-organic-compound
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2.2. Fast Gas Chromatography/ Proton-Transfer-Reaction Mass 

Spectrometer 
 

Aiming to execute a rapid chromatographic separation of monoterpenes in a green oak forest, 

with fast spectral runs (tens of seconds), a FastGC add-on (a prototype version, IONICON, 

Analytik, Innsbruck, Austria), which is a modification of the setup used by Romano et al. (2014) 

and Ruzsanyi et al. (2013), was coupled to a PTR-QuadMS (IONICON, Analytik, Innsbruck, 

Austria). This work was done in collaboration with Felix Piel (early stage researcher at Ionicon), 

in the frame of the IMPACT network. The FastGC was available for two months, prior to the 

planned field experiment in order to: (i) combine the FastGC to the PTR-QuadMS and (ii) 

optimize the operational parameters for a rapid and satisfying separation of the main 

monoterpenes. A description of the system, its operational principle as well as results from 

laboratory experiments are presented in this section.  

 

2.2.1. Instrument set-up and operational concept 
 

The deployed set-up (Figure 2.2) consists of a 10 m, nonpolar MXT-1 column (Restek, USA) 

with an I.D. of 0.53 mm and an active phase of 0.25 μm (dimethyl polysiloxane). It also includes 

a 10-port passivated valve (VICI AG, Switzerland), a magnetic gas valve, two flow controllers 

for the carrier gas and the makeup gas and a heating/ cooling controller. All parts of the inlet 

system are installed within the oven that houses the drift tube to prevent cold spots. This revised 

set-up enabled constant filling of the sample loop and constant back-flushing of the capillary 

column with the carrier gas.  The pre-separation using the FastGC is achieved by resistive 

heating of the column, which allows for fast heating rates (up to 30 K/s). This resistive heating 

was done via a laboratory power supply (PSI 5000 A, EPS Stromversorgung GmbH, Germany), that 

was controlled by a microcontroller (Arduino UNO ref3, Arduino, USA). In addition, since the 

current is run directly through the column, cooling rates are also very high, seen the low thermal 

mass of the heating module. The FastGC mode can be activated when required, without 

affecting the normal PTR-MS operation.  
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During real-time measurements, the sample loop is constantly flushed. At this time, the 

sampling unit of the FastGC is isolated from the column which is continuously back flushed 

with the carrier gas. When switching to FastGC mode, it goes as follows: a first step consists 

of filling the sample loop with the air sample. Second, the valve is switched so the sample loop 

is connected in series with the GC column, allowing the injection of the air sample that is pushed 

through the column by a constant flow of the carrier gas. Finally, compounds are separated in 

the column and they elute at different times, heading to the PTR-MS to be analyzed. The 

efficiency of the separation and the quality of the resulting chromatograms can be influenced 

by operational parameters, such as temperature and carrier gas flow rates, which can play a role 

on the retention times as well as on the peaks shapes. For this reason, extensive laboratory 

experiments were performed, in order to optimize the operational parameters, more specifically 

for monoterpenes separation. Indeed, these experiments aimed to characterize the system prior 

to its deployment in a forest ecosystem to monitor the variability of individual monoterpenes 

from different compartments of a monoterpenes- dominated forest.   

 

 

 

 

Figure 2.2: Set-up of the fastGC add-on, including the capillary column, the sample loop,  the 10-port 

valve and the PTR-MS drift-tube. 
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2.2.2. System characterization 

 

2.2.2.1. Effect of temperature 

 

A first set of experiments aimed to study the effect of the temperature parameter on the peak 

shape as well as on each compound’s retention time. Samples were injected from the headspace 

of individual monoterpenes solutions. N2 was used as carrier and makeup gas at this stage, with 

a flow of 10 sccm and 25 sccm, respectively. m/z 21, m/z 32 and m/z 137, corresponding to 

H3O
+, O2 and monoterpenes (C10H16) were monitored during FastGC runs, with the O2 peak 

indicating the sample injection time (t0).  

First, α-pinene, myrcene, Δ-3-carene, limonene and terpinene samples were injected 

individually. Each injection was repeated several times with the application of a temperature 

ramp (Tramp I), obtained by applying a gradient voltage, or in isothermal conditions. In this 

case, one voltage was applied ranging between 35 and 60V. Results showed that it is better to 

work with a temperature ramp, seen the better peak resolution. Whereas, isothermal conditions 

resulted in faster GC runs at the expenses of the peak quality. Indeed, and as shown for α-pinene 

(Figure 2.3), working under a constant voltage of 60V, led to a larger and less intense peak. 

This was the case for some other monoterpenes too. These tests allowed us also to get a first 

idea about each compound’s retention time, that changed as function of the temperature 

conditions.  

 

 

Figure 2.3: FastGC/ PTR-MS chromatograms after the injection of an α-pinene sample. m/z 32 and 

m/z 137 refer to O2 and α-pinene, respectively.   
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Afterwards, a mixture of all mentioned monoterpenes was prepared and tests were also done 

under a constant or a varying temperature (Table 2.1). Satisfying peak resolution and separation 

were obtained with Tramp I with a total GC run of ≈ 100 s. Under isothermal conditions (35 

V), the GC run duration was close to the one seen with Tramp I, however terpinene exhibited a 

larger peak. Therefore, it was chosen to work with a temperature program.  

 

2.2.2.2. Effect of the carrier gas flow rate 

 

In a second set of experiments, the effect of different carrier gas flows was tested. For the same 

PTR-MS operational conditions, several N2 flows were injected ranging between 5 and 15 

sccm. At this stage another ramp (Tramp 2) was adopted. Figure 2.4, shows two 

chromatograms obtained when the same gas mixture of the five monoterpenes was injected. 

With the same sample dilution flows, we noticed a decrease in the signal intensity, so these 

flows were changed between the first (Figure 2.4.a) and the final experiment (Figure 2.4.b), 

which explains the different signal intensities. It is clear from the presented results, that a better 

separation is obtained when operating with relatively lower carrier gas flow rates, however, this 

means that the total GC run duration is longer. Thus, it is important to make a compromise 

between a good separation, a good peak resolution and a fast GC run, to be able at the end to 

characterize individual isomers variability with a fine time resolution. Setting the carrier gas to 

5 sccm resulted in a total duration of 133 s, which was still satisfying in terms of higher 

frequency of measurements, compared to classical GC techniques.  

Mixture (headspace) Heating Conditions tr (s)

a-pinene Peak 1: 79- 81s

Myrcene Peak 2: 87- 88s

Δ-3-carene Peak 3: 90- 92s

Limonene  Peak 4: 92- 94s

Terpinene Peak 5: 97- 99s

a-pinene Peak 1: 51s

Myrcene Peak 2: 66s

Δ-3-carene Peak 3: 70s

Limonene Peak 4: 80s

Terpinene Peak 5: 90s

Temp ramp I (2 tests)

Isothermal (1 test)

Table 2.1: Retention times of 5 monoterpenes resulting from operating the FastGC/PTR-MS system 

with a temperature program (TrampI) or under a constant temperature (constant voltage of 35 V). 
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2.2.2.3. Different combinations of temperature programs and carrier gas flow rates 

 

Since temperature and carrier gas flows were the main operational parameters that could be 

tuned for a better separation and a short analysis time, several combinations of these two 

parameters were tested. All temperature ramps/ carrier gas flow rates (N2) tested combinations 

are summarized in Table 2.2. It should be noted that, meanwhile, monoterpenes were monitored 

under m/z 81 (fragment of monoterpenes) instead of m/z 137, seen the PTR-MS higher 

sensitivity on this m/z. Among tested combinations, Tramp 2.6 with a N2 flow rate of 3 sccm 

exhibited a satisfying peak resolution and an acceptable analysis duration of 157s, as shown in 

Figure 2.5.a. 

Figure 2.4: Comparison between two chromatograms of the same monoterpenes gas mixture, injected 

in the same conditions but with two different carrier gas flow rates: the upper graph (a) corresponds to 

the experiment with a flow rate of 5 sccm and the lower graph (b), to the experiment with a carrier gas 

flow rate of 15 sccm.  
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2.2.2.4. Effect of the carrier gas 

 

For capillary gas chromatographic analyses, nitrogen, helium and hydrogen are the most 

commonly used carrier gases. The selection and linear velocity of the carrier gas are known to 

affect the resolution as well as retention times. Helium is generally used since it provides good 

separations, is inert, and is safe to use. However, it remains more expensive than the other two 

options. This said, a test was performed introducing α-pinene from a commercial standard (10 

Table 2.2: Summary of all the temperature conditions (T °C) and carrier gas (N2) flow rates. 

tested.  

Test num T conditions 
Ti          

(°C)

Carrier gas flow       

(mL min
-1

)
Observation

1 T ramp 1 35 10

3 T ramp 2 50 10 Very good separation 

4 T ramp 2 48 8 Very good separation 

5 T ramp 2 ____ 5 Very good separation 

6 T ramp 2 48 5 Very good separation 

7 T ramp 2 48 15 Bad separation of the 3 peaks in the middle 

8 T ramp 3 63 5 Separation getting worse
9 T ramp I _____ 5
2 T ramp I 30 5 Nice separation/ could be better
3 T ramp I 28 15 than 5
4 T ramp I 30 15 Bad separation 

5 T ramp I 32 15 than 5 Good separation/ We don't see Myrcene
6 T ramp 4 ____ 5
7 T ramp 2 41 5
8 T ramp 5 41.6 5
9 T ramp 5 44.3 8

10 T ramp 6 44.4 8 Good separation/ good shape of the peaks
11 T ramp 7 41.6 8
1 T ramp 2 37.7 8 Bad shape of peaks
2 T ramp 2 38.8 5 peaks are appearing later
3 T ramp 2 40.6 10 peaks are appearing earlier
4 T ramp 2 41 3 The final peak disappeared
5 T ramp 6 45 3 Good separation 
6 T ramp 6 45.5 2
7 T ramp 6 45.4 5 Good separation 

8 T ramp 7 46.4 5 We have to better separate the 2 peaks in the middle
9 T ramp 7 47.1 3
2 T ramp 8 39.1 3 It took sometime to see the peaks (larger peaks)
3 T ramp 9 42 3
4 T ramp 9 43.5 15 than 3
5 T ramp 10 47.7 3
6 T ramp 10 51.3 5
7 Isothermal 45V 53.8 3 Very bad separation+ Larger peaks 

8 Isothermal 45V 49.2 5
9 T ramp 9' 47.5 5

10 T ramp 9' 46.2 3
12 T ramp 2.1 40.6 3
13 T ramp 2.2 42.7 3 Good separation 
14 T ramp 2.3 44.7 3
15 T ramp 2.4 34.1 3 Good separation + nice peak shape

16 T ramp 2.5 34.1 3 Good test

17 T ramp 2.6 31 3 Good test/ Good ramp

Serie 1

Serie 2

Serie 3

Serie 4
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ppmv). The standard was diluted with zero air prior to injection. Similar conditions were 

adopted as the experiment of Figure 2.5.a with N2 as carrier gas. Comparing both 

chromatographs, the α-pinene peak appears earlier when using He as carrier gas. This is 

expected seen helium’s higher velocity in the temperature range of 0- 300°C, compared to N2.  

 

 

 

 

 

 

 

 

 

 

 

 

Based on these tests, He was chosen as carrier gas with a flow rate of 3 sccm and T ramp 2.6 

was adopted for field measurements with some slight changes.  

 

2.2.3. Field deployment of the FastGC/PTR-MS 
 

The FastGC/PTR-MS system was deployed during a three-weeks field campaign, within the 

ADEME- COV3ER project. The experiment site was a forest dominated by green oak trees, 

known for their important emissions of monoterpenes. Therefore, participating in this work was 

an opportunity to test the feasibility of the system in ambient and dynamic chamber 

Figure 2.5: Chromatograms of a) in-house made mixture of monoterpenes under optimized Tramp and 

carrier gas flow rate, using N2 as carrier gas and b) an α-pinene standard injected under the same 

optimized conditions with He as carrier gas.  
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measurements, of a real environment. Indeed, and as mentioned before (Yuan et al., 2017), no 

FastGC/PTR-MS deployment was reported for ambient measurements. 

Operational parameters during the campaign, were set as follows:  

- He as carrier gas with a flow rate of 3 sccm 

- N2 as makeup gas with a flow rate of 15 sccm 

- Temperature program “2.6”, selected after laboratory experiments, with slight 

modifications. More details about the experimental conditions on site can be found in 

chapter 5.  

- The time resolution was about 10 min and the LOD around 500 pptv/monoterpene. 

Measurements were performed in the incoming (10 min/1h) and the outgoing chambers air (50 

min/1h), of four different branches, on four different oak trees. The main emitted monoterpenes 

in this ecosystem were detected and quantified: α-pinene, sabinene, β-pinene, myrcene and 

limonene(+ocimene), allowing to monitor their variability as function of the tree type and the 

external parameters (light and temperature).  

 

 

2.3. The Comparative Reactivity Method (CRM) 
 

2.3.1. General principle 
 

The Comparative Reactivity Method (CRM) is an indirect method for measuring total OH 

reactivity in ambient air, by producing a competition between a reference molecule and reactive 

molecules in ambient air to react with synthetically generated OH radicals. It was first 

developed and described by Sinha et al. (2008). The system mainly consists of a glass reactor, 

equipped with a UV mercury lamp and connected to a detector which is generally a proton- 

transfer- reaction mass spectrometer (PTR-MS). Pyrrole (C4H5N), has often been used as the 

reference reagent molecule since it is not usually found in ambient air, it has a well-established 

reaction rate with OH radicals and it can be easily detected through the PTR-MS at protonated 

m/z 68 (C4H5NH+), without any major interferences.  

The overall experiment is based on four main analytical steps, summarized in Figure 2.6: 

1- Pyrrole is introduced into the glass reactor with dry nitrogen and dry air. Its concentration 

is monitored as C0. 
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2- The UV mercury lamp is switched on. Pyrrole absorbs UV light and undergoes photolysis, 

its concentration decreases and is monitored as C1. C1 corresponds to the initial 

concentration of pyrrole inside the reactor after potential photolysis.  

3- Dry nitrogen is replaced by wet nitrogen by passing the dry nitrogen flow through a bubbler 

containing milliQ water. With the UV mercury lamp on, hydroxyl radicals are artificially 

produced inside the reactor from the photolysis of water vapor. Pyrrole reacts with OH, its 

concentration decreases and it is monitored as C2.  

4- Once C2 is acquired, zero air is replaced by ambient air and competitive OH reactions occur 

between pyrrole and ambient trace gases. This competition leads to an increase of the 

pyrrole concentration to C3.  

Alternate switches between C2 and C3 make an accurate determination of the OH reactivity in 

ambient air possible. The higher the concentration and number of reactive species in ambient 

air, the broader is the difference between C2 and C3.  

 

 

 

 

 

 

 

 

 

 

 

2.3.2. Derivation of the basic equation for CRM 
 

An expression derived in terms of C1, corresponding to pyrrole initial concentration, C2 

representing pyrrole’s background concentration and C3 which is the concentration of pyrrole 

after competition with air reactants for the available OH, is used to determine OH reactivity 

from the experiment of Figure 2.6.  

Figure 2.6: Pyrrole concentration monitored with the PTR-MS during a typical OH reactivity 

measurement with the CRM. C0, C1, C2 and C3 are the mixing ratios at the different stages of the 

experiment (Zannoni et al., 2015). 
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Considering that the hydroxyl radical is lost in a two component mixture, that consists of pyrrole 

and air, the equations describing the loss of OH are the following: 

OH + pyrrole → products R2.2 

OH + air → products R2.3 

 

Thus, the rate expression is: 

-δ[OH]/dt = kpyrrole+OH [OH][pyrrole] + kOH+air [OH][air] (2.5) 

 

Where kpyrrole+OH is the rate coefficient of the reaction of pyrrole with OH, kair+OH is the rate 

coefficient of the reaction of all reactive components in air with OH and [air] is the summed 

concentration of all air components. 

Seen that pyrrole concentration is higher than that of OH, it is assumed that pyrrole reacts with 

OH following pseudo-first order reaction kinetics. Hence, the reaction of OH with pyrrole is 

given by: 

Rpyrrole= kpyrrole+OH [pyrrole] (2.6) 

and the reaction of OH with air components is given by:  

Rair= kair+OH [air] (2.7)  

with Rpyrrole + Rair being the total loss rate of OH.  

Considering that all OH is lost in reaction with pyrrole and air, the change in pyrrole 

concentration (C1 – C3) is expressed as: 

Seen that [OH] = (C1 – C2) and [pyrrole] = C1, equation 2.8 is equivalent to:  

kOH = 
C3 - C2

C1 - C3
 . kpyrrole+OH . C1 

(2.9)  

 

With kOH being the reactivity in ambient air (Rair), and C1, C2, C3, the concentrations of 

pyrrole at different stages of the experiments. kpyrrole+OH rate constant of the reaction between 

pyrrole and OH= (1.20±0.16) ×10−10 cm3 molecule−1 s−1 (Atkinson, 1985). Since concentrations 

(C1 – C3) = 
𝑅𝑝𝑦𝑟𝑟𝑜𝑙𝑒

𝑅𝑝𝑦𝑟𝑟𝑜𝑙𝑒+𝑅𝑎𝑖𝑟
 . [OH] (2.8)  
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have unit of molecules cm−3 and the rate constant of reaction of cm3 molecules−1 s−1, kOH has 

the unit s−1, corresponding to the inverse of the lifetime of the OH radicals. 

 

 

2.3.3. Experimental set up 
 

2.3.3.1. The glass reactor 

 

Figure 2.7 represents a schematic of the glass flow reactor used in CRM experiments, along 

with all the inlets (arms A, B and C) and the outlets (arms D and E). The length and volume of 

the glass reactor are approximately 14 cm and 94 cm3, respectively. The typical flow rate 

achieved inside the reactor is around 300- 350 sccm.  

Gas phase pyrrole, mixed with zero/ambient air, enters the reactor through arm A, at a constant 

flow. Its concentration is monitored in the air existing the reactor (arm E) with the PTR-MS. 

Dry or humidified N2 enters the reactor from arm B, leaving the other two arms to the UV lamp 

(arm C) and to an exhaust pump (arm D).  

 

As mentioned before, during the first stages of CRM experiments (C0 and C1), dry nitrogen is 

introduced, when dry conditions are required in order to avoid OH radical’s generation inside 

the reactor.  Humidification of nitrogen is accomplished by passing gaseous nitrogen through a 

bubbler where ultrapure water is kept at room temperature. The lamp is a Pen ray spectral Hg 

Figure 2.7: Schematic of the CRM instrument built at LSCE. Flow rates of the injected and the extracted 

gases are shown.  
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vapor lamp (LOT Oriel, France) which emits at 184.9 nm, 253.6 nm, 312.5 nm, 365 nm and 

435.8 nm; water vapor absorbs at 184.9 nm and dissociates to form OH radicals.  

The glass reactor design includes a” wood’s horn” shape opposite to the arm where the lamp is 

placed. It aims to minimize reflection of the lamp and photochemical reactions along the length 

of the reactor. The total incoming flow rate is driven by the pump at the exhaust arm and the 

incoming flow at the detector. All the incoming flows (pyrrole+ air+ N2), are set in a way that 

the total incoming flow is slightly higher (≈20- 30 sccm) than the total flow exiting the reactor 

(exhaust pump + detector). Mass flow controllers are used to set the flows, except for the flow 

entering the detector, it is regulated through an inlet valve. The overflow is continuously 

monitored with a flowmeter, through a T-shaped joint placed in line with the zero air gas line, 

before the mixing with pyrrole. Such opening is useful to monitor any change in flows occurring 

in the system and to prevent over-pressure building within the reactor, ensuring atmospheric 

pressure all times. Alternate measures of C2 and C3 (mixing pyrrole with zero air or ambient 

air, respectively) are achieved through a 4-way valve where zero air or ambient air is 

alternatively driven inside the reactor. 

 

2.3.3.2. The detector: PTR-MS 

 

In most cases, the proton transfer reaction mass spectrometer is deployed to monitor pyrrole’s 

mixing ratio during the different stages of CRM experiments. PTR-MS has been extensively 

used in environmental sciences and atmospheric chemistry to monitor volatile organic 

compounds and it is described in details in section 2.1.  

With a proton affinity (209.2 kcal mol-1) higher than that of water (165.2 kcal mol-1), pyrrole is 

detected, unambiguously, at mass 68 (C4H5NH+), without any fragment.  This instrument offers 

also the advantage of tracking humidity changes in the air exiting the reactor, by monitoring 

masses 37 (first water cluster ion H3O
+. H2O) and 55 (second water cluster ion H3O

+. (H2O)2). 

Other compounds can also be measured with the PTR-MS, such as methanol (m/z 33), 

acetaldehyde (m/z 45) and acetone (m/z 59), which can be useful to identify leakage or 

impurities- related issues within the instrument.   

 

2.3.4. Method calibration 
 

In order to verify that the CRM is reliably quantifying samples of known OH reactivity, tests 

with single and mixed hydrocarbons standards are performed. These tests consist of introducing 
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a gas standard at different concentrations, through the same line used to introduce ambient air 

inside the reactor. Hence, test gases are mixed with zero air before entering the system, then the 

mixture test gas and zero air mixes with pyrrole and enters the reactor (Arm A). Mixing can be 

achieved by using a simple tee-piece or a mixing vessel.  

 

 

 

 

 

 

 

 

 

 

 

In the absence of the standard, pyrrole’s signal is at its baseline value (C2 level). Once the 

standard is introduced, a competition takes place between pyrrole and the gas standard, for the 

available OH radicals. Pyrrole’s signal increases to C3 and this C2-C3 modulation depends on 

the nature of the gas standard and its concentration. Knowing the rate coefficient of the reaction 

of the standard with OH (ki-OH) and its concentration inside the reactor (Xi), an expected OH 

reactivity can be calculated based on the following equation: 

ROH(i)expected= ki-OH .Xi (2.10) 

 
The measured reactivity is then plotted versus the theoretical one, as shown in Figure 2.8. 

Several standards have been used with a wide range of rate coefficients for the reaction with 

OH. This includes propane (1.1 x 10−12 cm3 molecules−1 s−1), ethane (2.4 x 10-13 cm3 molecules−1 

s−1), isoprene (1 x 10−10 cm3 molecules−1 s−1) and mixtures of hydrocarbons. Such molecules 

are chosen as proxies for atmospheric reactive gases. An excellent linearity and good 

accountability (slope of the linear regression of the measured vs. the injected reactivity) are 

usually found. Depending on the chosen test gas and concentration, different range of reactivity 

Figure 2.8: A method validation and calibration using different standards showing a good 

reproducibility, with error bars representing the total calculated uncertainty (Sinha et al., 2008). 
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can be investigated. So far, an excellent linearity for the method has been reported until 1200 

s−1 (Kim et al., 2011). 

 

2.3.5. CRM artifacts and corrections 
 

The CRM suffers from several measurement artifacts for which the measured OH reactivity 

values need to be corrected.  

First, and as mentioned before, total OH reactivity is derived in terms of C1, C2 and C3. The 

use of C1 in the calculation of OH reactivity permits to exclude potential interference due to 

pyrrole’s photolysis. Indeed, pyrrole can absorb at some of the wavelengths emitted by the UV 

mercury lamp used to generate OH radicals via the photolysis of water vapor. And since 

pyrrole’s concentration is measured before (C0) and after (C1) photolysis, it is possible to assess 

its photolytic loss.  

Corrections, in the order of their application in the data processing, are as follows: 

- Correction in C2 for relative humidity variations between C2 and C3 

- Correction in C3 for the spurious production of OH from the reaction between HO2, formed 

from HO2 photolysis and ambient NO 

- Correction in OH reactivity values for not operating the instrument under pseudo-first order 

kinetics 

- Correction in OH reactivity values for dilution 

 

2.3.5.1. Humidity difference between zero air and ambient air 

 

Since the concentration of OH inside the reactor is driven by water photolysis, a small 

difference in RH can lead to a significant difference in OH levels between the background level 

of pyrrole (C2) and the concentration of pyrrole after the injection of ambient air (C3). This is 

considered as one the principal interferences identified for the CRM. These differences 

observed between C2 and C3, often lead to an under or over estimation of the value of reactivity 

in ambient air.  

To track relative humidity changes during CRM experiments, the m/z 37/m/z 19 ratio (first 

water cluster divided by the number of protons) in the PTR-MS is monitored. Experiments are 

performed in order to assess the correction factor to be applied on the raw data of reactivity. 

These experiments consist of varying the humidity level and follow C2 sensitivity and thus 

pyrrole dependency to RH variations (Michoud et al., 2015; Zannoni et al., 2015). Practically, 
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humid zero air is diluted by introducing various flow rates of dry zero air, providing different 

levels of RH inside the reactor.  

A linear least squares fit describes the dependency of C2 on m/z37/m/z19 (Figure 2.9). The 

slope of the fit (coefficient p in eq. (2.11)) obtained from the experimental tests is then used to 

correct the C2 value during ambient measurements in the following way: 

C2corrected = C2 + p[(m/z37/m/z19)duringC3 − (m/z37/m/z19)duringC2] (2.11) 

 

  

 

 

 

 

 

 

 

 

 

 

2.3.5.2. Recycling of OH due to HO2 + NO reaction 

 

One drawback of using water vapor photolysis for OH radical’s generation (R2.4), is the 

formation of similar amount of HO2 radicals (R2.5).  

H2O → OH + H (λ=184.9 nm) R2.4 

H + O2 + M → HO2 + M R2.5 

 

When NO is present in the sampled air, HO2 radicals can be rapidly converted into OH radicals: 

NO + HO2 → OH + NO2 R2.6 

 

This secondary formation of OH leads to differences in OH levels between C2 and C3, and 

therefore to an artifact in the C3 measurement. In order to assess this interference, tests are done 

Figure 2.9: Changes in C2 (ppbv) depending on changes in m/z37/m/z19 and RH changes during four 

different humidity tests performed in the frame of the Dunkirk field campaign by Michoud et al. (2015). 
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by introducing different concentrations of NO in the presence and in the absence of reactive 

test gases.  

To assess the required correction for C3 values, different amounts of NO were introduced inside 

the reactor while sampling zero air, to examine the effect of NO on 0 s-1 OH reactivity, or while 

measuring C3. In this case, a gas standard is introduced inside the reactor to reach higher values 

of reactivity. When NO is added into the system, reactions R2, R3 and R4 occur, and OH 

recycling is evident seen the decrease of pyrrole concentration measured by the detector. Hence, 

the variation of C3 (ΔC3) is computed as the difference between an expected C3 and the 

measured C3. The expected C3 is calculated using measured levels of C1 and C2, as well as an 

expected OH reactivity due to NO, based on Eq. (2.9). ΔC3 (ppbv) is plotted as function of the 

introduced NO (ppbv). The difference between C3 measured and expected is higher for higher 

concentrations of NO introduced into the system. A quadratic regression forced through the 

origin was applied by Michoud et al., (2015) (Figure 2.10). They also reported a variability in 

the quadratic regression parameters for different pyrrole-to-OH ratios. Indeed, for 100 ppbv of 

NO inside the reactor, they found an absolute change in reactivity of 80 s-1 at pyrrole/OH equal 

to 3.9, which is the double observed for the same concentration of NO under pyrrole/OH of 1.6. 

Therefore, they derived the following expressions to correct for NO interferences: 

 

C3corrected = C3measured + ΔC3 (2.12) 

With ΔC3= a[NO]2 + b[NO] (2.13) 

With a = a1
pyrrole

OH
+ a2 and b = b1

pyrrole

OH
 + b2 (2.14) 

So ΔC3 = (a1
pyrrole

OH
+ a2)[NO]2 + (b1

pyrrole

OH
+ b2)[NO] (2.15) 
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2.3.5.3. Deviation from pseudo-first-order kinetics 

 
In equation (2.9), pseudo-first-order conditions are assumed for pyrrole ([pyrrole] >> [OH]). 

However, the CRM is often operated in conditions that do not comply with this assumption. 

Therefore, the calculated OH reactivity values from equation (2.9), should be corrected.  

Two approaches have been developed so far to correct the data: a theoretical approach, as 

reported by Sinha et al. (2008), and an experimental approach, as reported by Michoud et al. 

(2015) and Zannoni et al. (2015). The theoretical correction consists on using FACSIMILE, 

which is a model built on simple numerical simulations where an initial concentration of OH is 

reacting first with pyrrole, and then with pyrrole and a hydrocarbon chosen as a proxy for 

ambient air (rate coefficient with OH ≈ 2 x 10-13) at different concentrations, for an OH 

reactivity in ambient air between 8 and 300 s-1. However, this approach is based on simple 

simulations, where only one competition reaction is computed and other reactions, as radicals-

radicals are not considered. 

The experimental approach consists on introducing gas standards, with well-established 

reaction rate with OH, inside the CRM reactor at different concentrations. Hence, an injected 

OH reactivity could be expected using the concentration of the test gas in the reactor and its 

rate coefficient wit OH (eq. (2.7)). The comparison of measured OH reactivity with the 

calculated one allows to derive a correction factor (the inverse of the obtained slope) that can 

vary as function of the test gas and the operational pyrrole-to-OH ratio. Therefore, these 

Figure 2.10 : Changes in C3 as function of NO in the reactor. Three experiments conducted at different 

pyrrole-to-OH ratios (1.6, 2.2 and 3.9) are presented. The right axis corresponds to the absolute change 

in OH reactivity for the experiment conducted at pyrrole-to-OH 2.2 (Michoud et al., 2015).  
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experiments are conducted with several test gases to cover a broad range of OH reactivity and 

under different pyrrole-to-OH ratios, especially that the latter parameter can be subject to 

variations due to flows fluctuations affecting the dilution of pyrrole inside the instrument, 

humidity affecting the production of OH radicals in the system and lamp efficiency.  

Figure 2.11 shows an example of two plots, corresponding to two CRM instruments, where a 

correction factor is represented versus the pyrrole-to-OH ratio. The empirical determination of 

the correction to apply for the kinetics regime strictly depends on the reactor itself and on 

operational settings deployed during the experiments, which are specific to each CRM 

instrument.  

However, similar trends are always observed: the correction factor decreases for higher pyrrole-

to-OH ratios, since the regime becomes closer to pseudo-first-order conditions; larger 

differences among tests are usually seen for lower correction factors, when the regime is further 

away from pseudo-first-order conditions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Since small differences among reactors (as lengths of the arms, pointing of the arms) can lead 

to slight different behaviors, it is important that each reactor gets qualified experimentally in 

order to take such differences into account. The correction factor is then multiplied by the 

measured OH reactivity to obtain the corrected OH reactivity. 

Figure 2.11 : Correction factor of reactivity for the kinetics regime reported vs. pyrrole-to-OH ratio in 

the reactors of two CRM (LSCE and Mines de Douai) instruments during an intercomparison. 

Correction for CRM- LSCE is represented in red while correction for CRM-MD is represented in blue. 

Full circles refer to the experiments conducted with propane while hollow circles refer to the 

experiments with ethane as gas standard. Linear fits include coefficient values ±1σ (Zannoni et al., 

2015). 
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It is worth noting that Michoud et al. (2015) compared the trends of correction factors (F) 

derived from experiments with those obtained from model simulations (Figure 2.12). The 

simulated correction factors were higher for ethane and even higher for isoprene. Interestingly, 

both experiments and simulations exhibited a similar trend: a decrease of the correction factors 

with increasing pyrrole-to-OH ratios, and showed that the dependency of F on the reactivity of 

added gas standards is reduced at higher pyrrole-to-OH ratios. Seen the disagreement between 

the experimental and the model approaches, authors preferred to consider experimentally 

derived factors for their corrections. Indeed, they suggested that the simulations are not really 

representative of the secondary chemistry of pyrrole and they do not account for the flow 

dynamic inside the reactor.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

2.3.5.4. Dilution inside the flow reactor 

 

The dilution factor is calculated as the ratio between the sampling flow rate and the total flow 

rate inside the reactor (sum of flow rates of N2, pyrrole and ambient air). The corrected OH 

reactivity is multiplied by this values to obtain the reactivity in ambient air. 

 
 

 

Figure 2.12: Comparison of the trends of the simulated and measured correction factors with the 

pyrrole-to-OH ratio. The measured correction factors are presented in blues circles. The simulated 

correction factors stem from simulations conducted using MCM and constrained with ethane under dry 

conditions (green open diamonds) and wet conditions (green filled diamonds), or constrained with 

isoprene under dry conditions (red open squares). The colored area corresponds to the range of pyrrole-

to- OH ratios observed during the Dunkirk field campaign (1.6–2.2) (Michoud et al., 2015). 
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2.3.5.5. Other artifacts 

 
- In some CRM instruments, an interference due to O3 in the reactor was observed and had 

to be assessed for an adequate correction. OH could be reformed in the reaction of HO2 with O3 

in the reaction volume of the CRM, where O3 is present in sampled ambient air but is also 

produced in the photolysis of oxygen by the 185 nm radiation of the Pen-Ray lamp.  

O3 + hν → O2 + O(1D) R2.7 

O(1D) + H2O → 2OH R2.8 

 

The assumption is that the effect of OH reformation on the measurement is typically insensitive 

to the exact concentration of ambient ozone, which is not present in all modes of the 

measurement cycle. If this assumption is not true, the OH reactivity is underestimated 

depending on the ambient ozone concentration.  

 

- While NO2 is not expected to lead to the formation of secondary OH inside the reactor (like 

NO), its conversion into NO through photolysis or other chemical processes can cause an 

artifact. Indeed, experiments showed that NO2 can result in a similar effect as NO. Michoud et 

al. (2015) speculated that heterogeneous chemical processes on stainless steel pieces of the 

system might be the real cause of such conversion. In their study, an average conversion of NO2 

into NO of 24% was reported. Using a similar approach as the one described for NO, the 

correction for NO2 interference affects the C3 level, using a quadratic regression from 

experimental calibrations with gradual additions of NO2 into the reactor. Experiments 

demonstrated that the correction is independent on the pyrrole-to-OH ratio and the magnitude 

for NO2 correction is lower than the one applied for NO. 

 

 

2.3.6. LSCE-CRM 

 

2.3.6.1. Historical overview 

 

Since 2011, the comparative reactivity method exists in our laboratory. The first set-up 

was built, optimized and successfully deployed in the MEGAPOLI field campaign to 

characterize OH reactivity in Paris (Dolgorouky et al., 2012). Afterwards, the system was 
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subject to important technical and operational upgrades, aiming to improve the performance of 

the system and to minimize possible interferences (Zannoni, 2015).  Indeed, the instrument 

sensitivity was increased, by modulating the flows regime, reducing the pyrrole flow (to 2 sccm) 

to reduce its initial concentration and by increasing the dwell time of acquisition of pyrrole in 

the PTR-MS (20s). This allowed to measure down to 3 s-1 OH reactivity (LOD), which can be 

observed in remote sites. In addition, and in order to reduce the temperature dependency, the 

reactor was enclosed in a temperature regulated box (≈25°C). This was also advantageous in 

terms of reducing pyrrole polymerization in the lines. Furthermore, zero air overflow was 

checked periodically for flow fluctuations and a 4-port valve, controlled via the PTR-MS 

control software, was added in order to do automatic switches between C2 and C3 during 

ambient measurements. Pyrrole photolysis rate was also reduced by reducing pyrrole 

concentration, reducing the UV mercury lamp intensity and by acting on the lamp position. This 

said, pyrrole photolysis rate was reduced to be between 5- 10% compared to 18- 20% in the 

previous set-up. Finally, it was decided to use a catalytic converter to generate zero air at 

ambient humidity which allowed to reduce humidity differences between C2 and C3. However, 

small differences were still observed and a correction factor has to be applied on OH reactivity 

raw data.  

LSCE-CRM was part of two intercomparison exercises. The first intercomparison was 

conducted during July 2013 at the Mediterranean site of Ersa, Cape Corsica, France and 

included another CRM instrument (MD-CRM) that of Mines de Douai. Correction for humidity 

differences between C2 and C3 had an average impact of 12% for CRM-LSCE, whereas it was 

lower (4%) for MD-CRM. An experimental approach was used by both groups to assess the 

correction factor needed to account for the deviation from pseudo-first-order kinetics. Several 

standards were introduced before, during and after the campaign, with these standards being 

representative for the range of reactivity of ambient trace gases with OH (10-13- 10-10 cm3 

molecule-1 s-1). The range of pyrrole-to-OH ratio investigated was between 1.2 and 2.6, in 

respect to the ratios observed during the field campaign. A linear dependency was obtained for 

both instruments when plotting the correction factor F with the pyrrole-to-OH ratios, and the 

correction factor decreased for higher pyrrole-to-OH. However, this linear dependency was 

fairly significant only for MD-CRM (with an R2= 0.546). For this reason, the choice was made 

to apply a mean correction factor derived from the experiments performed on site, for LSCE-

CRM. Using the linear regression by MD-CRM or a mean factor for LSCE-CRM, close 

corrections were obtained on average for both instruments (mean corrections of 0.97 and 0.98). 

An important point was noticed during this exercise, is the variability of correction factors 
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obtained from LSCE-CRM experiments compared to those from MD-CRM experiments. This 

was attributed to possible small differences in the reactors designs, leading to a potential 

difference in the mixing efficiency inside the reactor. Therefore, it is important that each CRM 

instrument undergoes its own characterization experiments, especially regarding the correction 

for the deviation from pseudo-first-order regime. When all the corrections were applied, they 

resulted in an average impact of 20% and 49%, on MD-CRM and LSCE-CRM, respectively.  

Finally, linear least squares fits of total OH reactivity measured by LSCE-CRM versus total 

OH reactivity measured by MD-CRM, showed a correlation with a slope of 1 and a coefficient 

R2 of 0.75. Thus, the two sets of data showed a good agreement, within instrumental 

uncertainties.  

The second intercomparison exercise took place in the atmospheric simulation chamber 

SAPHIR at Forschungszentrum Jülich in Octobre 2015, including all types of instruments 

currently used for OH reactivity measurements: Flow tube- laser-induced fluorescence “FT-

LIF” (Penn State University(PSU)), Flow tube- chemical ionization mass spectrometer “FT-

CIMS” (German Meteorological Service (DWD)), Laser photolysis- laser-induced fluorescence 

“LP-LIF” (University of Lille, University of Leeds, Forschungszentrum Julich (FZJ)) and the 

Comparative Reactivity Method “CRM” (Mines de Douai (MD), Laboratoire des Sciences du 

Climat et de l’Environnement (LSCE) and the Max-Planck Institute (MPI)). The performance 

of all instruments was tested by stepwise increasing the concentrations of different gas 

standards inside the chamber: CO, CH4, NO, isoprene, acetaldehyde, monoterpenes, 

sesquiterpenes. 

Regarding LSCE-CRM, a Teflon pump was added to the sampling system for the first time, 

since pressure differences were seen between two measurements mode. Hence, the sample was 

not directly injected in the reactor, but had to pass through the pump, which could have affected 

the performance of the instrument. In the presence of CO and CH4, all instruments showed a 

good agreement with the expected OH reactivity, with LSCE-CRM measuring higher reactivity 

than expected. Whereas, in the presence of isoprene in an urban environment (CO and NO2), 

LSCE-CRM had a better performance, however measurements were lower than expected. 

These two different observations were attributed to the correction factor for the deviation from 

pseud-first-order kinetics, that was derived from experiments with propane and isoprene, more 

representative of the experimental conditions during the isoprene injection than those in the 

presence of only CO and CH4. This showed the importance of a more intensive characterization 

of this correction for different atmospheric chemical conditions. Monoterpenes and 

sesquiterpenes were also injected in the chamber. In these conditions, the level of agreement 
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between CRM instruments and reference measurements tended to be significantly smaller 

compared to the other techniques. Since sampling was done through unheated PFA tubing for 

LSCE-CRM, with a Teflon pump prior to the reactor, observations suggested that the 

underestimation of monoterpenes and sesquiterpenes OH reactivity is probably due to low-

volatility OH reactants in the sampling system. However, this cannot exclude the impact of 

monoterpenes and sesquiterpenes chemistry on CRM measurements. In the presence of up to 

120 ppbv of NO, agreement with calculated reactivity within the accuracy of measurements and 

calculations was observed for LSCE-CRM. Finally, during this intercomparison exercise 

LSCE-CRM showed no dependence on O3 concentrations inside the reactor, while another 

CRM instrument suffered from the O3 artifact, despite that O3 concentration in all CRM 

instruments was the same. The exact reason is not clear but might be related to different HO2 

concentrations in the instruments. The insensitivity to the ozone interference, indicates that 

operating conditions exist for which the interference is negligible. Further investigations should 

be performed to characterize these conditions.  

This campaign showed that OH reactivity can be accurately measured for a wide range of 

atmospherically relevant chemical conditions by all instruments. The variability in the accuracy 

of the correction emphasizes the need for a careful characterization of instrument-specific 

operational-conditions.  

 

2.3.6.2. Current set-up 

 

When I started my PhD, the first stage was to build a new CRM system, similar to the 

previous one and qualify it, based on all the classical tests. Many optimized parameters were 

kept the same, specially that the new system consisted of the same glass reactor and the same 

PTR-MS. 

Brand new Teflon lines and Teflon joints made the connections between the reactor and all the 

inlets and the oulets. A stainless steel 4-way valve allowed manual switches between dry and 

wet nitrogen. The walls of the box, where the reactor is inhoused, were equipped with an 

isolation material in order to reduce the system’s sensitivity to temperature variations. However, 

attempts to regulate the tempearture inside the box, were not to successful. In fact, whenever 

the temperature controller was on, periodic fluctuations were observed on the pyrrole signal. 

Therefore, it was decided to operate the CRM without a temperature control, and temperature 

sensors were added at different levels inside the box (near the reactor, the water reservoir and 
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in the middle), to monitor the temprature continuously. This action was taken after noticing the 

formation of water doplets in the line connecting the reactor to the water reservoir. So it was 

important to check for temperature differences inside the system which can lead to water vapor 

condensation in the lines. Furthermore, and in order to minimize the chances for water to 

condensate, which is paralysing for OH reactivity tests and measurements, this line was heated 

and isolated. Finally, the stainless steel 4-way valve was replaced with a Teflon one, since it 

can represent a cold point favorable for water vapor condensation. Pressure and humidity were 

also monitored in the flow out of the reactor using adequat sensors. One of the major 

improvements done in this version of LSCE-CRM is the creation of an online platform (Figure 

2.13), allowing to control all the flows, to monitor continuously the air overflow, the pressure, 

the temperatures and the humidity inside the reactor and to program measurement sequences 

depending on the constraints of each field campaign.  

 

 

 

 

 

 

 

 

 

Figure 2.13: Photo of the online page allowing an automatic control of the gas flows and a continuous 

monitoring of the overflows, the pressure and the relative humidity in the exhaust flow and the 

temperatures at different location inside the box. 

 

Regarding the operational parameters, the inlet and the outlet flow rates were set as follows:  

Inlets: pyrrole: 2.5 mL min-1, N2: 100 mL min-1, air: 250 mL min-1 

Outlets: exhaust pump: 270 mL min-1, PTR-MS: 50- 60 mL min-1, and the air overflow was 

around 20- 30 mL min-1. The pressure inside the reactor was around atmospheric pressure all 

the time and the temperature around 25°C in the laboratory.   

It is worth noting that between the first (COV3ER, rapeseed, agricultural ecosystem) and 

the second field campain (LANDEX, pine, forest ecosytem), the Teflon tubing making the inlets 

and the outlet to the PTR-MS was replaced by sulfinert lines. Indeed, based on the 

intercomparison in the SAPHIR chamber, all CRM instruments, including LSCE-CRM, 
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underestimated the reactvity of monoterpenes. This was explained by the possible loss of 

monoterpenes in unheated teflon lines. Since the second field work was planned in 

monoterpenes-rich forest environment, these changes were made in the CRM instrument as 

well as in its sampling system, in order to make them more suitable to the environment 

constraints.   

 

 

 

2.3.6.3. LSCE-CRM performance 

 

- Calibration of pyrrole inside the CRM for dry and wet conditions 

 

 

 

 

 

 

 

 

 

 

Figure 2.14: LSCE-CRM new set-up. On the left the first version with a stainless-steel 4-way valve for 

switching between dry and wet N2, with no heating of the line between the water reservoir and the 

reactor. On the right, the second version with a Teflon 4-way valve and a heated/covered line conducting 

nitrogen to the reactor, with several temperature sensors. 

Figure 2.15 : Example of a calibration performed in dry and humid conditions, introducing different 

levels of pyrrole. 
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A sensitivity around 10 to 17 ncps ppbv-1 is found with the system being generally more 

sensitive for wet pyrrole than for dry pyrrole. This was also reported by Sinha et al. (2009). The 

results of one of the calibrations performed during my PhD is presented in Figure 2.15.  

 

- Photolysis rate  

 

The photolysis rate is determined from the difference between C0 and C1. As mentioned before, 

operational parameters including lamp intensity, the dilution of pyrrole and nitrogen flow rate 

were set to have a low enough photolysis rate. In this version of LSCE-CRM, the photolysis of 

pyrrole was around 5- 6%.  

 

- Assessment of the humidity correction 

 

 

 

Figure 2.16 shows the variation of C2 according to different humidity changes in the sampled 

air. The slope of linear fit between ΔC2 and Δm/z 37/m/z 19 is used in eq. (2.11) as the value p 

to correct for humidity changes. 

 

- Assessment of the correction for the NO interference 

 
Figure 2.17 shows experiments conducted to quantify the C3 dependence on NO due to 

spurious formation of OH from HO2 + NO.  As expected, a decrease of the pyrrole mixing ratio 

is observed when NO is introduced inside the reactor. A quadratic regression (y= ax2 + b) is 

Figure 2.16: Linear least square fit of  ΔC2 (ppb) vs. Δ(m37/m19) for the tests conducted during field 

experiments to assess the correction for humidity differences between C2 and C3. The left graph 

corresponds to the COV3ER field campaign with green dots and red dots resulting from tests performed 

with ambient air and outgoing chamber air, respectively. The right graph corresponds to the LANDEX 

field campaign. 
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obtained when plotting the variation of C3 versus NO concentration. The presented tests were 

performed during the COV3ER field campaign, since the site could be under the influence of 

anthropogenic sources, with corresponding high levels of NO. They were conducted under a 

pyrrole-to-OH ratio of 1.8- 1.9, close to the ratio of 2.2, observed when a maximum NO level 

was recorded on the morning of the 21st, April.   

 

 

 

 

 

 

 

 

 

- LSCE-CRM calibration and assessment of the deviation from pseudo-first order 

kinetics 

One of the main points investigated during my PhD, was the variation of the correction factor 

for the deviation from pseudo-first order regime as function of the pyrrole-to-OH ratio. Figure 

2.18 displays experimental observations of the measurement bias caused by not operating the 

instrument under pseudo-first order conditions. In this figure, OH reactivity measured values 

by LSCE-CRM instrument are plotted against OH reactivity values calculated from the addition 

of a gas standard.  

Figure 2.18.a shows results from the addition of propane at different pyrrole-to-OH ratios 

ranging between 1.4 and 2.4. A linear relationship exists between the measured and the 

calculated OH reactivity for propane standard, with a slope close to 1 and a correction factor of 

1. However, for isoprene, which is relatively highly reactive with OH, the slope and thus the 

correction factor is clearly dependent on the pyrrole-to-OH ratio. As shown in Figure 2.18.b the 

lowest slope (the largest correction) is when pyrrole-to-OH ratio is around 1.8. The slope 

increases and the correction decreases for higher pyrrole-to-OH ratios, being close to 1 for a 

ratio close to 3.4.  This observation is consistent with a kinetic regime getting closer to pseudo-

first-order conditions ([OH] << [pyrrole]) and therefore to correction factors closer to 1. 

Figure 2.17 : Changes in C3 (ΔC3= C3expected – C3measured) as function of NO concentration introduced 

inside the reactor during the COV3ER field work.  
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Considering the same pyrrole-to-OH ratio, higher correction factors are found for isoprene, 

more reactive towards OH than propane. However, the difference observed between propane 

and isoprene is lower for higher pyrrole-to-OH ratio (i.e. 2.3-2.4 compared to 1.8 as shown in 

Figure 2.18.c and d).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18: Comparison of measured OH reactivity with the calculated one from the addition of gas 

standards at various pyrrole-to-OH ratios. Graph a) corresponds to propane tests and graph b) to isoprene 

tests. Graphs c and d, show isoprene and propane tests at pyrrole-to-OH ratios of 1.8 and 2.3-2.4, 

respectively.  



79 
 

Since ambient air is a mixture of a large number of compounds with reaction rate constants 

ranging between those of propane and isoprene, the correction factor should consider an 

averaged correction factor determined using a VOC with a slow rate constant with OH (as 

propane) and a VOC exhibiting a fast constant with OH (as isoprene). However, in an 

environment dominated by slow reactive compounds or highly reactive compounds, the average 

could also induce a bias. In this context, and in order to correct for the deviation from pseudo-

first-order kinetics on OH reactivity measurements, performed in a monoterpenes-dominated 

forest, this correction was also characterized using an α-pinene standard. These experiments 

were done in collaboration with Nijing Wang from ORSUM research group at the Max-Planck 

Institute for Chemistry in Mainz, Germany. The idea was, to perform OH reactivity tests on 

two CRM systems, under different pyrrole-to-OH ratios and compare the results afterwards.  

 

Figure 2.19 shows the variation of the correction factor for the deviation from pseudo-first-

order kinetics, derived from isoprene and α-pinene tests, performed under different pyrrole-to-

OH ratios, by LSCE-CRM and MPIC-CRM instruments. As shown in the graphs of both 

instruments, and similarly to what has been reported in the literature, higher the pyrrole-to-OH 

ratio, lower is the correction factor. Interestingly, the trend of the correction factor F as function 

of pyrrole-to-OH, follows a polynomial relationship, that is more pronounced in the MPIC-

CRM experiments. This trend is though similar to what resulted from model derived correction 

factors, as reported by Michoud et al., (2015) (Figure 2.12) and Praplan et al., (2019). For 

LSCE-CRM, isoprene exhibited generally lower correction factors than α-pinene, whereas in 

Figure 2.19: Variation of correction factors derived from laboratory experiments, introducing isoprene 

and α-pinene standards. Under different pyrrole-to-OH ratios. The left graph corresponds to LSCE-

CRM correction factors and the right graph corresponds to MPIC-CRM correction factors. 
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MPIC-CRM experiments, both standards showed close correction factors. However, in the 

CRM characterization paper of Michoud et al., 2015, higher correction factors were reported 

for standards characterized by a faster reaction with OH, which is in this case for isoprene. For 

pyrrole-to-OH ratios lower than 2.5, MPIC-CRM showed higher correction factors, reaching 

4.8 for α-pinene at a pyrrole-to-OH =1.8, when LSCE-CRM exhibited a factor of 2.9 for 

isoprene. For higher pyrrole-to-OH ratios (> 2.5), the correction factor was around 1.5- 2 for 

both instruments. In the investigated pyrrole-to-OH range (1.8 - 4), neither LSCE-CRM nor 

MPIC-CRM correction factors were down to unity. Meaning that, a wider range should be 

studied, in order to get closer to pseudo-first-order conditions.  

From all these experiments, it appears essential to: 

1) Do tests with different gas standards with different reactivity with OH 

2) Perform tests with each standard at different pyrrole-to-OH ratios, wider the range, 

better it is. 

3) Take into account the pyrrole-to-OH ratio in the corrections to be applied to measured 

OH reactivity. 

4) Perform a whole set of characterization tests, specific for each instrument, seen the inter-

instrument variability, most probably due to small differences in the reactor design and 

differences in operational parameters.  

 

2.3.6.4. Field deployment of the CRM/PTR-MS 

 

We deployed the CRM/PTR-MS in two ecosystems: a rapeseed field representing a typical 

agricultural ecosystem and in a forest. 

The first field campaign was conducted in a rapeseed field during the blooming season. It aimed 

to characterize BVOCs and their OH reactivity in the incoming and the outgoing air of a 

dynamic chamber, installed on a healthy rapeseed crop. OH reactivity measurements were 

performed during one month, in April 2017, in parallel with VOCs and inorganic compounds 

measurements. In this context, the first stage of my PhD, focused on building and optimizing 

the CRM system, starting with operational parameters already chosen from previous work on 

the system, allowing to detect small differences between C2 and C3 and to minimize humidity 

differences between these two analytical steps. To reduce the sensibility of the system to 

temperature fluctuations, the set-up was isolated in a box. Some technical improvements were 
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made, including the automation of flows control and continuous monitoring of the pressure, the 

temperature, the relative humidity and the overflow. A 4-port valve was used for automatic 

switches between the incoming and the outgoing air samples and the sampling lines were heated 

(≈50°C) with a flow rate of about 1 L min-1, in order to minimize compounds losses in the lines. 

The CRM/PTR-MS measured between the 7th and the 25th, April 2017, however only data from 

the 20th to the 23rd, were subject to a complete analysis and interpretation. In fact, data gaps 

among our results due to instrumental controls, as well as data gaps among other instruments 

used for OH reactivity calculation, limited our analysis to few days, when all instruments were 

measuring simultaneously. 

The second field campaign, took place in the maritime pine forest in the Landes region, south 

of France. It is a forested site influenced by biogenic VOCs (mainly monoterpenes) directly 

emitted by trees and their higher oxidation products, with relatively poor anthropogenic 

influence. In this site, we deployed the CRM during one month in July 2017, shortly after the 

COV3ER rapeseed field experiment. The main constraints on this site: (i) the high level of OH 

reactivity, since monoterpenes are among the most reactive compounds towards OH, (ii) 

measurements at two different levels, inside and above the canopy, (ii) instrumental accuracy 

for an environment dominated by highly reactive species (monoterpenes and isoprene); (iii) 

elevated ambient temperature. Following the outcome of the OH reactivity intercomparaison 

exercise (Fuchs et al. 2017) which had suggested that the loss of monoterpenes in the Teflon 

lines could have been the reason of the underestimation of OH reactivity measured by the CRM 

systems, we have replaced the Teflon sampling lines by sulfinert lines. The choice of sulfinert 

has been made following tests performed by colleagues at Institut Mines Douai (S. Sauvage, 

personal communication). Those sulfinert lines were heated, with a flow of 1- 1.2 L min-1, 

trying to minimize the losses of reactive compounds in the sampling system. We developed a 

sampling sequence to carry out alternatively measures of OH reactivity at two heights in the 

forest in order to better elucidate the intra and inter-canopy variability. The sampling lines of 

OH reactivity and other instruments (PTR-ToF-MS, GCs) were located close to each other to 

perform collocated observations.   

Table 2.3 reports a comparison of the performance of our CRM between the two field works. 

We can see that the system exhibited similar performances during both field campaigns. No 

correction for the OH recycling due to the reaction of NO +HO2 was applied on data from the 

forest, seen the relatively low levels of NO and larger correction factors for the deviation from 

pseudo-first order kinetics were applied for the LANDEX field campaign dataset, since the site 
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is dominated by relatively highly reactive compounds with OH (isoprene and α-pinene), which 

were chosen for system’s calibration.  

 

Table 2.3: Summary of the CRM operational conditions during the COV3ER and LANDEX field 

campaigns. 

 

 

 

 

 

 

 

 

 

 

 

 ADEME- COV3ER 

Grignon, France,  

between the 7th and the 25th, April 

2017 

ADEME- LANDEX 

The Landes, France,  

between the 3rd and the 19th, July 

2017 

Limit of detection 

(LOD, 3σ) 
3 s-1 3 s-1 

Total systematic 

uncertainty 
35% 35% 

Detector 

sensitivity to 

pyrrole 

Dry calibration: 17.04 ncps ppbv-1 

Wet calibration: 16.68 ncps ppbv-1 

Dry calibration: 15.45 ncps ppbv-1 

Wet calibration: 15.51 ncps ppbv-1 

C1 70.5 ± 0.3 ppbv 70.7 ± 4 ppbv 

Photolysis rate 6 % 5 % 

Humidity 

correction test 

Linear correction, slope= -119.68 

(R2= 0.84) 

Linear correction, slope= - 89.18 

(R2= 0.92) 

NO correction 
Quadratic regression, a=-0.0013 

and b=0.3214 
No NO correction 

Test with external 

test gases 

Linear response in the range: 

3- 300 s-1 

Linear response in the range: 

3- 300 s-1 

F = 1.59x2 – 7.22x + 9.46 

with x = pyrrole/OH, 

Tests with propane and isoprene 

F = -0.52 x +3.38, 

with x = pyrrole/OH, 

Tests with isoprene and α-pinene 
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In summary, I have worked on two different systems during my PhD, with the PTR-MS as the 

detector.  

1- For OH reactivity measurements, I used the Comparative Reactivity Method. In a first phase, 

I participated in building a new version of the system with the introduction of several technical 

improvements. I did several tests in order to evaluate the performance of the system and to 

determine the different correction factors. After, I deployed the system in two field campaigns: 

the first one was conducted in a rapeseed field, during the blooming season, in April 2017 and 

the second one took place in a maritime pine forest, in June- July 2017. For these campaigns, I 

prepared the system, set it up on the field. I participated in the whole measurement campaign, 

performing control tests and dealing with some technical problems when occurred (including 

electrical power cuts, PTR-MS shut down due to pump membrane issue…). Finally, I have 

handled the CRM-OH reactivity dataset treatment which involves all the corrections which have 

to be taken into account (which were not detailed in this chapter but were time consuming).  

2- For monoterpenes chemical speciation, I deployed the FastGC/PTR-MS system. A first phase 

consisted on installing the FastGC on the PTR-QuadMS available in our laboratory. I did 

several tests, in collaboration with Felix Piel, to test the performance of the instrument and 

optimize the operational parameters for a fast and satisfying separation of monoterpenes. After, 

I set the system in the field, for a three-weeks field campaign, and I had to replace a 6-port-

valve with a 10-port valve within the drift-tube chamber. Daily calibrations and control tests 

were done as well as a close monitoring of the system, since it is the first time that it was 

deployed in continuous real measurements. Finally, I took care of the data analysis (with the 

help of an intern student) using the Matlab script developed by Felix Piel.  
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Conclusion Chapitre 2 
 

Durant la thèse, deux systèmes ont été déployés avec le PTR-MS comme détecteur :  

 

Pour la FastGC, le système a été sujet d’une série de tests de laboratoire, visant à optimiser les 

paramètres opérationnels pour une meilleure séparation en un temps rapide. Plusieurs 

combinaisons de rampes de température et de débits de gaz vecteur ont été testés. L’hélium a 

montré une meilleure séparation en un temps plus court, comparé à l’azote, et les analyses 

quantitatives ont permis de déterminer la limite de détection, qui est de 500 pptv/monoterpène. 

Comme il permettait de séparer les principaux monoterpènes avec un point de mesure tous les 

10 min, le système s’est avéré prometteur pour une application sur le terrain. Il était possible de 

séparer et de quantifier les principaux monoterpènes en temps relativement court. Cependant, 

des améliorations peuvent être apportées afin de pouvoir séparer des espèces qui co-eluent 

(limonene+ ocimene), et détecter des niveaux de concentrations inférieures à 500 pptv.   

 

Pour la CRM, une première phase consistait à construire et tester une nouvelle version du 

système. Plusieurs améliorations techniques ont été apportées par rapport à la version 

précédente. En particulier : (1) le système a été rendu plus compact et plus automatisé, (2) le 

suivi en continu des conditions de température, pression et humidité relative a été intégré au 

sein du système d’acquisition, (3) ainsi qu’un meilleur contrôle des flux de gaz a été intégré. 

Une série de tests a été conduite au laboratoire ainsi qu’au début, au milieu et la fin de chaque 

campagne de mesure, afin de tester la performance du système et de déterminer les facteurs de 

corrections. La correction pour la déviation du pseudo-premier ordre s’est montrée dépendante 

de l’espèce injectée et du rapport pyrrole/OH (C1/OH). En effet, les expériences ont montré 

que : (1) la correction est plus faible pour les composés relativement moins réactifs (propane) 

avec OH, (2) plus le rapport est élevé, plus la correction est faible pour tous les composés testés 

et plus la différence dans le facteur de correction entre un composé peu réactif et un autre plus 

réactif est faible, (3) chaque système réagit différemment concernant ces corrections, ce qui met 

l’accent sur l’importance d’une caractérisation complète, spécifique à chaque système CRM.  
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3. Variability of hydroxyl 

radical (OH) reactivity in the 

Landes maritime Pine forest: 

results from the LANDEX 

campaign 2017 
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Introduction chapitre 3 
 

En juillet 2017, la CRM a été déployée durant la campagne de mesure ADEME-LANDEX 

(LANDEX : study of Secondary Organic Aerosols (SOAs) generated by the Landes forest), 

réalisée sur un site faisant partie des forets de pin maritime des Landes, au Sud de la France. Ce 

projet impliquait plusieurs équipes de recherche, déployant divers techniques analytiques pour 

la mesure de la phase gazeuse et particulaire. Entre le 3 et le 19 juillet, la réactivité OH, ainsi 

que les COVs ont été mesurés dans (6 m) et au-dessus de la canopée (12 m), afin de caractériser 

leur variabilité inter et intra-canopée et évaluer la présence potentielle d’une réactivité 

manquante, comme c’est le cas dans nombreuses études en milieux forestiers. Durant cette 

campagne, un instrument FAGE (Fluorescence Assay by Gas Expansion) déployé par le 

laboratoire « Physicochimie des processus de combustion et de l'atmosphère » (PC2A), 

mesurait également la réactivité OH, pour une partie de la campagne (entre le 13 et la 19 juillet), 

ce qui constituait une opportunité de comparer les mesures des deux instruments, dans un 

environnement forestier réel. Mesurant au même endroit dans la canopée, les mesures par CRM 

et par FAGE montraient un accord satisfaisant, en prenant en compte les incertitudes sur les 

mesures. La comparaison des mesures à deux endroits différents dans la canopée, a révélé aussi 

un bon accord ainsi qu’une possible hétérogénéité dans la composition atmosphérique à 

l’échelle horizontale.  
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Abstract 
 

Total OH reactivity measurements were conducted during the LANDEX intensive field 

campaign in a coniferous temperate forest located in the Landes area, south-western France, 

during July 2017. In order to investigate inter-canopy and intra-canopy variability, 

measurements were performed inside (6 m) and above the canopy level (12 m), as well as at 

two different locations within the canopy, using a Comparative Reactivity Method (CRM) and 

a Laser Photolysis-Laser Induced Fluorescence (LP-LIF) instrument. The two techniques were 

intercompared at the end of the campaign by performing measurements at the same location. 

Volatile organic compounds were also monitored at both levels with a proton transfer-time of 

flight mass spectrometer and online gas Chromatography instruments to evaluate their 

contribution to total OH reactivity, with monoterpenes being the main reactive species emitted 

in this Pinus pinaster Aiton dominated forest. Total OH reactivity varied diurnally, following 

the trend of BVOCs of which emissions and concentrations were dependent on meteorological 

parameters. Average OH reactivity was around 19.2 s-1 and 16.5 s-1, inside and above the 

canopy, respectively. Highest levels of total OH reactivity were observed during nights with a 

low turbulence (u* ≤ 0.2 m s-1) leading to lower mixing of emitted species within the canopy 
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and thus an important vertical stratification, characterized by a strong concentration gradient. 

Comparing the measured and the calculated OH reactivity highlighted an average missing OH 

reactivity of 22 % and 33 %, inside and above the canopy, respectively. A day/night variability 

was observed on missing OH reactivity at both heights. Investigations showed that during day-

time, missing OH sinks could be due to primary emissions and secondary products linked to a 

temperature-enhanced photochemistry. Regarding night-time missing OH reactivity, higher 

levels were seen for the stable and warm night of the 4th-5th, July, showing that these conditions 

could have been favorable for the accumulation of long-lived species (primary and secondary 

species) during the transport of the air mass from nearby forests.  
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3.1. Introduction 
 

The hydroxyl radical OH is considered as the most important initiator of photochemical 

processes in the troposphere during day-time, and the prevailing “detergent” from local to 

global scales. It controls the lifetime of most trace gases and contributes to the self-cleansing 

power or so-called “oxidation capacity” of the atmosphere.  

Even though the main primary source for OH in the lower troposphere is the photolysis of ozone 

at short wavelengths, the OH production and loss processes are numerous and difficult to 

quantify. Such losses involve several hundreds of chemical species and as many reactions to 

consider. In this respect, a direct measurement of total OH reactivity (ROH) is of great interest 

to better understand the OH chemistry in the atmosphere and to investigate the budget of OH 

sinks in a particular environment. ROH is defined as the pseudo first-order loss rate (in s-1) of 

OH radicals, equivalent to the inverse of the OH lifetime. It is the sum of the reaction 

frequencies of all chemical species reacting with OH, as shown in Eq. (3.1):  

ROH = ∑ 𝑘𝑂𝐻+𝑋𝑖 . [𝑋𝑖]𝑛
𝑖=1                                                                                                  (3.1) 

In this equation, a chemical reaction frequency for a species Xi with OH (ROH+Xi) is the product 

of its rate-coefficient kOH with its concentration [Xi]. The measured total OH reactivity can be 

compared with calculated values based on the sum of reaction frequencies as shown in Eq. (3.1) 

and for which the concentration of Xi has been measured at the same location. Any significant 

discrepancy between measured and calculated OH reactivity explicitly demonstrates missing 

OH sinks, commonly called missing OH reactivity, and points out that potentially important 

unmeasured reactive species and chemical processes associated with these species may affect 

our understanding of OH atmospheric chemistry.  

Two approaches have been used to measure the total OH reactivity. The first approach 

derives OH reactivity from direct measurements of OH decay rates due to its reaction with trace 

species present in ambient air introduced in a reaction tube. OH can be generated and detected 

differently according to 3 types of techniques: The Flow Tube-Laser Induced Fluorescence (FT-

LIF, (Hansen et al., 2014; Ingham et al., 2009; Kovacs and Brune, 2001)), the Laser Photolysis-

Laser Induced Fluorescence (LP-LIF, (Sadanaga et al., 2004; Parker et al., 2011; Amédro, 2012; 

Stone et al., 2016; Fuchs et al., 2017)) and the Flow Tube-Chemical Ionization Mass 

Spectrometry (FT-CIMS, (Muller et al., 2018)). The second approach is called the Comparative 

Reactivity Method (CRM) and it consists in an indirect quantification of OH losses from the 
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concentration change of a reference molecule that competes with ambient reactive species to 

react with artificially produced OH. The reference substance, pyrrole, is measured with a Proton 

Transfer Reaction - Mass Spectrometer (PTR-MS, (Sinha et al., 2008; Dolgorouky et al., 2012; 

Michoud et al., 2015)) or with a Gas Chromatograph-Photo Ionization Detector (GC-PID, 

(Nölscher et al., 2012b)) or chemical ionization mass spectrometry (CIMS, (Sanchez et al., 

2018)). 

Both LP-LIF and CRM techniques were deployed in a Pine forest for this study, the 

instruments deployed are presented in more details below and a general description is provided 

here. In the LP-LIF method, OH is generated by laser pulsed photolysis of ozone in a reaction 

tube, at typically 266 nm, followed by the rapid reaction of O(1D) with ambient water vapor. 

OH radicals react with ambient reactive species in the reaction tube and the concentration of 

OH decreases after the laser pulse. The air from the reaction tube is continuously pumped into 

a low-pressure detection cell where the OH decay is monitored by laser-induced fluorescence 

at a high time resolution (range of hundreds of μs) (Sadanaga et al., 2004a). Compared to flow-

tube set-ups, lower flow rates of ambient air are needed in the LP-LIF technique (less than 10 

L min-1 compared to several tens of L min-1). In addition, the use of O3 laser photolysis instead 

of continuous water photolysis by lamps at 185 nm for OH generation, the latter being 

commonly used in FT-LIF or CRM, limits the spurious formation of OH from the reaction of 

HO2 with ambient NO. However, in order to quantify wall loss reactions, an instrument zero 

has to be subtracted from all measurements, and a correction may have to be applied for the 

recycling of OH radicals in the presence of high NO levels (Stone et al., 2016; Fuchs et al., 

2017). 

In the Comparative Reactivity Method (CRM), ambient air, wet nitrogen and pyrrole 

are introduced into a glass reactor where OH radicals are produced by the photolysis of water 

vapor. The mathematical expression used to determine the OH reactivity of the analyzed sample 

is derived in terms of the initial concentration of pyrrole (C1), the background concentration of 

pyrrole reacting alone with OH (C2) and the concentration of pyrrole after competition with air 

reactants (C3). The CRM exhibits several advantages compared to direct measurements 

techniques, like the commercial availability of PTR-MS and the need of a smaller sampling 

flow rate of ambient air (few hundreds of mL min-1), which broadens the application of the 

technique to branch and plant enclosure studies. On the other hand, this indirect method requires 

a raw data processing with careful corrections for measurement artifacts related to humidity 
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changes and secondary chemistry that can impact the pyrrole concentration (Sinha et al., 2008; 

Michoud et al., 2015).  

A few inter-comparisons were reported in the literature for urban and remote areas 

(Hansen et al., 2015; Zannoni et al., 2015; Sanchez et al., 2018) and chamber experiments 

(Fuchs et al., 2017) aiming at reproducing ambient conditions observed in various 

environments. The latter, including a large number of OH reactivity instruments (FT-LIF, LP-

LIF, CRM) and conducted in the SAPHIR atmospheric simulation chamber, allowed to 

compare the performances of each technique. Results showed that OH reactivity can be 

accurately measured for a wide range of atmospherically relevant chemical conditions by all 

instruments. However, CRM instruments exhibited larger discrepancies to calculated OH 

reactivity compared to instruments directly probing OH radicals, and these differences were 

more important in the presence of terpenes and oxygenated organic compounds.  

Over the past two decades, OH reactivity measurements were conducted in various 

environments at the ground level using the available techniques: urban and suburban areas, 

forest areas, marine areas  (Yang et al., 2016; Dusanter and Stevens, 2017). A few aircraft 

measurements have also been carried out to complete ground-based observations (Mao et al., 

2009). Many studies highlighted the interest of investigating OH reactivity in forest areas 

exhibiting large concentrations of biogenic VOCs (BVOCs) since BVOC emissions exceed 

anthropogenic VOCs by a factor of 10 at the global scale (Guenther et al., 1995). Results 

showed that our understanding of OH sinks in these environments was incomplete with 

observations of large missing OH reactivity ranging between 25 % and 80 %. Total OH 

reactivity appeared to be impacted by several factors such as the forest type and the dominant 

emitted species, the seasonality, the canopy level as well as specific atmospheric conditions 

(Hansen et al., 2014; Nölscher et al., 2013; Praplan et al., 2019; Sanchez et al., 2018; Zannoni 

et al., 2017). 

Among these biogenic hydrocarbons, monoterpenes represent a large class of C10H16 

compounds, which are mainly emitted by conifers as well as broad-leaves trees. They can be 

oxidized by OH, ozone and the nitrate radical, leading to atmospheric lifetimes ranging between 

minutes and days (Atkinson and Arey, 2003). The oxidation of primary BVOCs can therefore 

contribute to the formation of tropospheric ozone and secondary organic aerosols from the local 

to the regional scales, with oxidation products of BVOCs having a potential impact at a larger 

scale. Regarding coniferous forests, an averaged OH reactivity of 6.7 s-1 was observed over a 

temperate Pine forest located in the southern part of the Rocky Mountains in the USA during 
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summer 2008 (Nakashima et al., 2013). Measured OH reactivity exhibited a diurnal variation 

with minima during day-time when MBO (2-methyl-3-buten-2-ol) was the main contributor, 

and maxima during night-time when the OH reactivity was dominated by monoterpenes. 

Approximately 30% of the measured OH reactivity remained unexplained and could be related 

to unmeasured or unknown oxidation products of primary emitted biogenic compounds. 

Another campaign also carried out in a temperate coniferous forest, located in the Wakayama 

Forest Research Station in Japan during summer 2014 (Ramasamy et al., 2016), showed 

comparable results with an average total OH reactivity of 7.1 s-1. OH reactivity varied diurnally 

with temperature and light, reaching a maximum at noon-time. Monoterpenes were the main 

drivers of the total OH reactivity in the considered ecosystem, accounting for 23.7 %, followed 

by isoprene (17.0 %) and acetaldehyde (14.5 %). The missing OH reactivity (29.5 % on 

average) was found to be linked to light and temperature dependent unmeasured primary and 

secondary species. 

In the present study, we report on the measurement of total OH reactivity from a field 

experiment conducted in the Landes temperate forest, southwestern France. This work was part 

of the LANDEX project (LANDEX, i.e. the Landes Experiment: Formation and fate of 

secondary organic aerosols generated in the Landes forest) that aimed at characterizing 

secondary organic aerosol formation observed in this monoterpene-rich environment. The 

dominant tree species at the site is maritime pine, Pinus pinaster Aiton, which is known to be 

a strong emitter of α and β-pinene, leading to a diurnal concentration profile of monoterpenes 

characterized by maximum values at night and minimum values during day-time (Simon et al., 

1994). Nocturnal new particle formation episodes (NPFs) were reported in this ecosystem, 

suggesting the contribution of BVOC oxidation to the nucleation and growth stages of particles 

(Kammer et al., 2018).    

Measurements of OH reactivity and trace gases were performed at two heights to cover 

the inside and above canopy, and at two different locations inside the canopy to investigate the 

intra-canopy variability. Two different instruments were deployed: the CRM from LSCE 

(Laboratoire des Sciences du Climat et de l’Environnement) that measured inside and above 

the canopy and the LP-LIF from PC2A (PhysicoChimie des Processus de Combustion et de 

l’Atmosphère) that performed measurements inside the canopy. The deployment of two 

different instruments was a good opportunity to (i) compare measurements made with both 

methods in a real biogenic environment after the inter-comparison experiment performed in the 

SAPHIR chamber and recent improvement of the CRM instrument, (ii) investigate the levels 
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and diurnal variability of OH reactivity at two different heights, and (iii) investigate both the 

OH reactivity budget and the missing reactivity pattern using a large panel of concomitant trace 

gas measurements.   

 

3.2. Experimental 
 

3.2.1. Site description 
 

The LANDEX intensive field campaign was conducted from the 3rd to the 19th of July 

2017 at the Bilos field site in the Landes forest, south-western France. The vegetation on the 

site was dominated by maritime pines (Pinus pinaster Aiton) presenting an average height of 

10 m. The climate is temperate with a maritime influence due to the proximity of the Atlantic 

Ocean. This site is part of the European ICOS (Integrated Carbon Observation System) 

Ecosystem infrastructure. A more detailed description of the site is available in Moreaux et al. 

(2011) and Kammer et al. (2018). 

 

3.2.2. OH reactivity instruments 
 

The LP-LIF instrument, referred here as UL (University of Lille)-FAGE (Fluorescence 

Assay by Gas Expansion), measured the OH reactivity in the canopy, whereas the CRM 

instrument, referred as LSCE-CRM, alternatively measured the OH reactivity at two heights 

(see Fig. 3.1.b). Table 3.1 summarizes the performance of both instruments. The LP-LIF 

technique has a 3-fold better limit of detection than the CRM, however the CRM has a larger 

dynamic range since it can measure the OH reactivity up to 300 s-1 without sample dilution. 

The overall systematic uncertainty (1σ) is around 15 % and 35 % for the LP-LIF and the CRM, 

respectively. The LSCE-CRM and UL-FAGE characteristics are given in the following 

paragraphs. 
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Table 3.1: Performance of the two OH reactivity instruments deployed during the LANDEX campaign.  

Instrument 
LOD*(s-1) 

(3 σ) 

ROH max  

(s-1) 

Time resolution 

(s) 

Uncertainty 

(1 σ) 

LSCE-CRM 3 300 600 35 % 

UL-FAGE 0.9 150** 30-120 15 % 

* LOD: Limit of Detection; ** Without dilution 

 

3.2.2.1. The Comparative Reactivity Method (CRM) and instrument performance  

 

The total OH reactivity was measured during the whole campaign, inside and above the 

canopy, by the LSCE-CRM instrument. This technique, first described by Sinha et al. (2008), 

is based on measuring the concentration of a reagent compound (pyrrole) that reacts with OH 

under different operating conditions (i.e. steps) at the output of the sampling reactor by a PTR-

MS instrument. The first step consists in introducing pyrrole with dry nitrogen and dry zero air 

to measure the C1 level, which corresponds to the pyrrole concentration in absence of OH. C1 

accounts for potential photolysis due to photons emitted by the mercury lamp used to produce 

OH. During the second step, dry nitrogen and zero air are replaced by humid gases and a pyrrole 

concentration C2 is measured. C2 is lower than C1 because pyrrole reacts with OH. In the last 

step, zero air is replaced by ambient air, which leads to a competition between the reactions of 

OH with pyrrole and ambient trace gases. A C3 concentration, higher than C2, is measured. 

The difference between C3 and C2 depends on the amount and reactivity of reactive species 

present in ambient air and is used to determine the total OH reactivity from Eq. (3.2), where it 

is assumed that pyrrole reacts with OH following pseudo-first order reaction kinetics, i.e. 

[pyrrole] >> [OH]: 

ROH= 
(𝐶3−𝐶2)

(𝐶1−𝐶3)
 . 𝑘𝑝 . 𝐶1                                                       (3.2) 

Where kp is the reaction rate constant of pyrrole with OH (1.2 ×10-10  cm3 molecule-1 s-1 

(Atkinson, 1985)). 

This technique requires multiple corrections to derive reliable measurements of total OH 

reactivity due to: (1) potential differences in relative humidity between C2 and C3, leading to 

different OH levels, (2) the spurious formation of OH in the sampling reactor when 
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hydroperoxy radicals (HO2) react with nitrogen monoxide (NO), (3) not operating the 

instrument under pseudo-first order conditions, and (4) dilution of ambient air inside the reactor 

by the addition of N2 and pyrrole (Sinha et al., 2008; Michoud et al., 2015). In some CRM 

systems, corrections for potential NO2 and/or O3 artifacts are also considered (Michoud et al., 

2015; Praplan et al., 2017). On one hand, NO2 is subject to photolysis leading to NO, which 

can subsequently react with HO2 yielding OH. On the other hand, O3 can also be photolyzed in 

the reactor, producing O(1D), which reacts further with H2O, yielding two OH radicals. 

Intensive laboratory experiments as well as tests during the LANDEX field campaign were 

performed to characterize these corrections and assess the performances of the instrument over 

time. During the LANDEX field campaign, a slightly modified version of the CRM-LSCE 

instrument was used compared to the instrument previously deployed during the 

intercomparison experiment at the SAPHIR chamber (Fuchs et al., 2017). Indeed, this last study 

showed that the OH reactivity measured by all CRM instruments was significantly lower than 

the reactivity measured by the other instruments in the presence of monoterpenes and 

sesquiterpenes. A potential reason discussed for this discrepancy was the loss of terpenes in the 

inlet of the CRM instruments. The LSCE-CRM sampling system was built with ¼” OD non-

heated PFA tubing and was relying on a Teflon pump to introduce the sample into the reactor. 

In order to measure the total OH reactivity in a monoterpene-rich environment, several technical 

improvements were made on the previous version of the instrument described by Zannoni et al. 

(2015). First, all the PFA sampling lines were replaced by 1/8” OD sulfinert lines, continuously 

heated to around 50°C to prevent condensation and minimize sorption processes. Second, 

temperature sensors were placed at several locations inside the system to monitor potential 

variations; the dew point was measured in the flow out through the pump to monitor humidity 

fluctuations, and the pressure was also monitored to make sure that measurements were 

performed at atmospheric pressure. All the flows going in and out of the reactor, the temperature 

at various places, the humidity and the pressure in the reactor were recorded continuously to 

track potential variations. 

 

Ambient air sampling 

Ambient air was sampled through two 1/8” OD sulfinert lines collocated on a mast close to the 

trailer (see Fig. 3.1.a). The lines lengths were 8 m for the measurements performed inside the 

canopy and 12 m for those performed above. These lines were heated up to 50 °C as it was 
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shown that losses of highly reactive molecules (i.e. β-caryophyllene) were negligible for 

temperatures above 20 °C (Kim et al., 2009). 

During sampling, the air flow was driven through one line by two pumps. The first one was a 

Teflon pump located upstream of the reactor and the other one was that from the Gas Calibration 

Unit (GCU) used to generate humid zero air from ambient air. Together, the two pumps allowed 

air sampling between 1 – 1.2 L min-1, with the excess going to an exhaust. 

 

CRM-LSCE system characterization 

Several tests were performed before, during and after the campaign to assess the performance 

of the instrument operated during the whole campaign. The PTR-MS was calibrated at the 

beginning and at the end of the field campaign showing a good stability under dry and wet 

conditions (slope of 15.5 ± 0.9 (1σ)). Regular C1 measurements were made to check the 

stability of the initial pyrrole concentration all along the campaign. C1 was 70.7 ± 4.0 (1σ) 

ppbv. 

Small differences in humidity observed between C2 and C3 were considered while processing 

the raw data. In order to assess this correction, experiments were performed to assess the 

variability of C2 on humidity by contrasting the change in C2 (ΔC2) for various changes in the 

m/z 37-to-m/z 19 ratio (Δ [m/z 37-to-m/z 19 ratios]), m/z 37 and m/z 19 being representative of 

H3O
+(H2O) and H3O

+, respectively, and their ratio being proportional to humidity. During this 

campaign, three humidity tests were performed by varying the humidity in ambient air samples. 

These tests were in good agreement and showed a linear relationship between ΔC2 (ppbv) and 

Δ (m/z 37-to-m/z 19 ratio) with a slope of -89.18. The correction was applied as discussed in 

Michoud et al. (2015).  

An important assumption to derive ROH from Eq. (3.2) is to operate the instrument under 

pseudo-first-order conditions (i.e. [pyrrole] >> [OH]), which is not the case with current CRM 

instruments. To determine the correction factor for the deviation from pseudo-first order 

kinetics, injections of known concentrations of isoprene (kIsoprene+OH = 1 × 10-10 cm3 molecule-1 

s-1, 1- 120 ppbv) and α-pinene (kα-pinene+OH = 5.33 × 10-11 cm3 molecule-1 s-1, 3 -190 ppbv) 

(Atkinson, 1985) were performed before and after the field campaign since they represent the 

dominant species in this forest ecosystem. 
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The measured OH reactivity obtained from these tests were then compared to the expected OH 

reactivity, leading to a correction factor that is dependent on the pyrrole-to-OH ratio. Therefore, 

standard OH reactivity experiments were conducted at different pyrrole-to-OH ratios ranging 

from 1.7 to 4.0, which encompass the ratio observed most of the time during the campaign. 

These tests led to a correction factor (F) = -0.52 × (pyrrole-to-OH) +3.38.  

NO mixing ratios were lower than 0.5 ppbv (corresponding to the detection limit of the NOx 

monitor deployed during LANDEX) most of the time for the measurement time periods used 

in this study, and no correction was applied for the spurious formation of OH from the HO2+NO 

reaction. Similarly, for NO2, no correction was applied due to the low ambient mixing ratio of 

1.1 ± 0.8 ppbv. Regarding O3, no dependency was seen for LSCE-CRM, based on previous 

experiments (Fuchs et al., 2017). Therefore, no correction was applied. The correction (D) on 

the reactivity values due to the dilution was around 1.46 during the campaign. Thus, the total 

OH reactivity may be expressed as: 

ROH final=[ 
(𝐶3−𝐶2(𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑))

(𝐶1−𝐶3)
 . 𝑘𝑝 . 𝐶1]. F. D                                                    (3.3) 

Finally, overall uncertainties were estimated at 35 % (1σ) for the measured OH reactivity by 

the CRM (Zannoni et al., 2015).  

Table 3.2 reports a summary of the corrections resulting from our tests and their impact on 

measurements. As shown in Table 3.2, the application of (F), for the deviation from pseudo-

first order kinetics, induces the largest correction, with an absolute increase of 10.4 s-1 on 

average. Furthermore, this factor (F) has the largest relative uncertainty, with ±36 %, against 

±2 % for the humidity correction factor. 
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Table 3.2 : Summary of corrections applied to raw reactivity data for LSCE-CRM. Correction 

coefficients are obtained from experiments performed before, during and after the field campaign.  

Correction Correction factor 
Mean absolute change 

in OH reactivity (s-1) 

Humidity changes 

between C2 and C3 

 

-89.18±2.16 + 2.2 

Not operating the 

CRM under pseudo 

first order 

conditions 

 

F = (-0.52±0.20)×(pyrrole-to-OH)+ 

(3.38±0.60) 
+ 10.4 

Dilution D = 1.46 + 2.6 

 

 

3.2.2.2. UL-FAGE reactivity instrument 

 

Total OH reactivity was measured at a different location inside canopy, from the 13th to the 19th 

of July, using LP-LIF instrument of the PC2A laboratory (UL-FAGE reactivity) which has 

already been used in several intercomparisons and field campaigns (Hansen et al., 2015; Fuchs 

et al., 2017). The reactivity instrument comprises three parts: the photolysis laser, the photolysis 

cell (reaction tube) and the LIF cell based on FAGE technique. The photolysis laser is used to 

generate OH radicals within the photolysis cell by the photolysis of O3 in the presence of water 

vapor. The photolysis laser is a YAG laser (Brilliant EaZy, QUANTEL) with a doubling and a 

quadrupling stage providing a radiation at 266 nm with a repetition rate of 1 Hz. The photolysis 

beam is aligned at the center of the photolysis cell and is expanded (diameter of 4 cm reaching 

the entrance of the cell) by two lenses (a concave one f=-25 mm and a convex with f=150 mm) 

in order to increase the photolysis volume and to limit the diffusion effect in the photolysis cell. 

This photolysis cell is a stainless steel cylinder with an internal diameter of 5 cm and a length 

of 48 cm. It presents two openings on the opposite sides, one as an entrance for the air samples 

and the second connected to a pressure monitor (Keller PAA-41) to measure the pressure inside 

the cell. Ambient or humid clean air (which is produced by passing a fraction of dry synthetic 

air, purity of 99.8 %, through a water bubbler, called zero air and used to determine the OH 
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reactivity in the absence of reacting species) are injected through the first opening with a small 

flow of synthetic air (about 20 mL min-1) passing through an ozone generator (Scientech) to 

generate an ozone concentration of about 50 ppbv in the total flow. The ozone concentration is 

chosen to produce enough OH to have a good signal/noise ratio, but kept low enough to 

minimize the reactions involving O3.  

The sampled mixture is continuously pumped into the FAGE cell (pressure=2.3 Torr) by a dry 

pump (Edwards, GX 600L) and the LIF signal is collected by a CPM (Perkin Elmer MP1982), 

an acquisition card and a LabView program. The detection of the fluorescence is synchronized 

with the photolysis laser pulses by delay generators. The OH reactivity time resolution was at 

the minimum set to be 30 s, meaning that each OH decay was accumulated over 30 photolysis 

laser shots and fitted by a mono-exponential decay. The number of sets of 30 photolysis laser 

shots accumulated is determined according to the signal to noise ratio (S/N) obtained (typically 

4). When the S/N is lower, a set of 30 OH decays is added to the previous one and so on until 

reaching the criteria. As the reactivity and the humidity vary along the day, S/N varies as a 

function of the ambient species concentrations. In order to check the consistency of the OH 

reactivity measurements, the well-known (CO + OH) reaction rate constant was measured. 

Different CO concentrations, from 4 × 1013 to 3.7 × 1014 cm-3 in humid zero air are injected in 

the photolysis cell, allowing to measure reactivities ranging from 10 to 90 s-1 and to determine 

(using a linear regression: R² = 0.97) a rate constant of kCO + OH = (2.45 ± 0.11) × 10-13 cm3 

molecule-1 s-1, in good agreement with the reference value of 2.31 × 10-13 cm3 molecule-1 s-1 

(Atkinson et al., 2006) at room temperature. Under these conditions (absence of NO), HO2 

formed by the reaction of CO+OH is not recycled in OH and does not interfere with the 

measurements of OH. 

 

Ambient air sampling 

Ambient air was sampled in the canopy at about 5 m through a PFA line (diameter = 1/2 inches), 

a PFA filter being installed at the entrance of the tube to minimize particle or dust sampling. In 

the photolysis cell, the gas flow was sampled at 7.5 L min-1 and the pressure was approximately 

740 Torr, i.e. lower than the atmospheric pressure due to the restriction of the flow through the 

Teflon sampling line. For the reactivity measurements in zero air, synthetic air from a cylinder 

was used and a part of the flow (2 L min-1) passed through a bubbler filled with Milli-Q water 

to reach a water vapor concentration of about 3000 ppmv.  
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ROH, zero analysis 

In order to determine the OH reactivity in ambient air ROH,ambient, it is necessary to subtract the 

reactivity measured using "zero air" ROH,zero, which represents the OH losses not related to the 

gas phase reactions with the species of interest, present in the ambient air, but due to wall losses, 

diffusion, etc., to the reactivity measured.  

ROH,ambient = ROH,measured - ROH,zero               (3.4) 

Zero air tests were conducted twice a day (in the morning and at night) when the reactivity 

measurements took place. The average of all experiments performed with zero air leads to a 

mean value of ROH,zero= (4.0 ± 0.5) s-1. This value was therefore chosen as kzero for the whole 

campaign. 

 

3.2.3. Ancillary measurements and corresponding locations 
 

Measurements of VOCs (Table 3.3) were performed at different locations (Fig. 3.1) by a proton 

transfer reaction-mass spectrometer (PTR-MS) and four on-line gas chromatographic (GC) 

instruments. Ozone scrubbers (Copper tube impregnated with KI) and particle filters were 

added to the inlets of all GC sampling lines. Losses of BVOCs in these ozone scrubbers were 

investigated under similar sampling conditions in the absence and presence of O3 (Mermet et 

al., 2019). The scrubbers exhibited less than 5 % losses for most non-oxygenated BVOCs, 

whereas in the presence of ozone, losses were relatively higher for some BVOCs, but remained 

lower than 15 % (lower than 5 % for α- and β-pinene). High flow rates were applied in the 

sampling lines: 1 L min-1 for GC instruments and 10 L min-1 for the PTR-MS, therefore, the 

contact time between ambient BVOCs and the particle filters was extremely short and no 

significant losses are expected. 

GC-BVOC1 is a gas chromatograph coupled to a flame ionization detector (airmoVOC C6- 

C12, Chromatotec), used by LSCE to monitor high-carbon VOCs (C6- C12) at 12 m height 

with a time resolution of 30 min. Sampling was undertaken for 10 min. The instrument sampled 

ambient air with a flow rate of 60 mL min-1. Once injected, the sample passed through a capture 

tube containing the adsorbent Carbotrap C, for VOCs preconcentration at room temperature; 

the capture tube is then heated up to 380 °C and the sample is introduced into the separating 

column (MXT30CE, id = 0.28 mm, length = 30 m, film thickness = 1 μm), with hydrogen as 
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the carrier gas. During the campaign, calibrations were performed with a certified standard 

containing a mixture of 16 VOCs (including 8 terpenes) at a concentration level of 2 ppbv 

(National Physical Laboratory, Teddington, Middlesex, UK). Three calibrations were 

performed 3 times (at the beginning, in the middle and at the end of the campaign). As they 

were showing reproducible results (within 5 % for all the terpenes except cineole), a mean 

response factor per VOC was used to calibrate the measurements. Note that limonene and 

cymene had close retention times which lead to overlapping peaks and for this reason, only the 

sum of both compounds has been reported. For further details, refer to Gros et al. (2011). The 

sampling was done using a 13-m long sulfinert heated line (1/8”) connected to an external pump 

for continuous flushing.  

GC-BVOC2 is an online thermodesorber system (Markes Unity 1) coupled to a GC-FID 

(Agilent). It was used to monitor 20 C5-C15 BVOCs, including isoprene, α- and β-pinene, 

carenes and β-caryophyllene at the 6 m height with a time resolution of 90 min. Ambient air 

was sampled at a flow rate of 20 mL min-1 for 60 min through a sorbent trap (Carbotrap B) held 

at 20 °C by a Peltier cooling system. The sample was thermally desorbed at 325 °C and injected 

into a BPX5 columns (60 m × 0.25 mm × 1 μm) using helium as carrier gas (30 min). 

Calibrations were performed at the beginning, in the middle and at the end of the campaign 

with a certified standard mixture (NPL, Teddington, Middlesex, UK, 2014) containing 33 

VOCs (including 4 BVOCs: α- pinene, β-pinene, limonene and isoprene) at a concentration of 

4 ppbv each. The sampling was done using a 10 m long sulfinert line (1/4”) heated at 55 °C and 

connected to an external pump to adjust the sampling flow rate at 1 L min-1. The method has 

been optimized in terms of temperature of the thermodesorption, the column, the sampling 

volume and sampling line including a scrubber. Tests showed a low response for some 

compounds (i.e. sabinene, terpinolene, …), however, the most abundant compounds, were well 

measured. More details about the optimization and the tests performed can be found in Mermet 

et al. (2019). 

GC-NMHC is an online GC equipped with two columns and a dual FID system (Perkin Elmer®) 

that was described in detail elsewhere (Badol et al., 2004). It was used to monitor 65 C2-C14 

non-methane hydrocarbons (NMHC), including alkanes, alkenes, alkynes and aromatics, at the 

12 m height with a time resolution of 90 min. Ambient air was sampled at a flow of 15 mL min-

1 for 40 min through a Nafion membrane and through a sorbent trap (Carbotrap B and 

Carbosieve III) held at -30°C by a Peltier cooling system. The trap was thermodesorbed at 

300°C and the sample was introduced in the GC system. The chromatographic separation was 
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performed using two capillary columns with a switching facility. The first column used to 

separate C6-C14 compounds was a CP-Sil 5 CB (50 m × 0.25 mm × 1 μm), while the second 

column for C2-C5 compounds was a plot Al2O3/Na2SO4 (50 m × 0.32 mm × 5 μm). Helium was 

used as carrier gas. Calibrations were performed at the beginning, middle and end of the 

campaign with a certified standard mixture (National Physical Laboratory (NPL), Teddington, 

Middlesex, UK, 2016) containing 30 VOCs at a concentration level of 4 ppbv each. The 

sampling was done using a 13 m long sulfinert line (1/4”) heated at 55 °C and connected to an 

external pump for continuous flushing at 2 L min-1.  

GC-OVOC is an online GC-FID (Perkin Elmer®) used to monitor 16 C3-C7 oxygenated VOCs 

(OVOCs), including aldehydes, ketones, alcohols, ethers, esters and six NMHCs (BVOCs and 

aromatics). A detailed description can be found in Roukos et al. (2009). The measurements 

were performed at the 12 m height with a time resolution of 90 min. Ambient air was sampled 

at a flow rate of 15 mL min-1 for 40 min through a water trap (cold finger, -30 °C) and a quartz 

tube filled with Carbopack B and Carbopack X held at 12.5 °C. VOCs were thermally desorbed 

at 280 °C and injected into a CP-Lowox columns (30 m × 0.53 mm × 10 μm) using helium as 

carrier gas. Calibrations were performed 3 times during the campaign using a standard mixture 

(Apel Riemer, 2016) containing 15 compounds. This mixture was diluted with humidified zero 

air (RH = 50 %) to reach VOC levels of 3-4 ppbv. The sampling was done with the same 

sampling system than the GC-NMHC. Sulfinert material chosen for all GCs sampling lines and 

used in LSCE-CRM sampling system, is recommended by ACTRIS, 2014. High flows were set 

in the lines (residence time of less than 8 s), that were heated up to 50 °C to minimize the losses 

of potential reactive species. Filters and scrubbers were changed twice for the GC-BVOC1 and 

one time for the other GC instruments.  

The PTR-MS (PTR-QiToFMS, IONICON Analytic GmbH) sequentially measured trace gases 

at 4 levels (L1=12 m, L2=10 m, L3=8 m, L4=6 m) with a cycle of 30 minutes (6 min at each 

level and 6 min of zero air). The drift tube was operated at a pressure of 3.8 mbar, a temperature 

of 70 °C and a E/N ratio of 131 Td. Four identical sampling lines of 15 meters were used to 

sample ambient air at each height. The lines (PFA, 1/4” OD) were heated at 50 °C and were 

constantly flushed at 10 L min-1 using an additional pump and rotameters. Indeed, Kim et al. 

(2009) tested losses of β-caryophyllene in similar operating conditions. Authors varied the 

temperature from zero to 40 °C showing that losses of β -caryophyllene are negligible above 

20 °C. The residence time was lower than 2 s. 
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Teflon filters were used to filter particles at the entrance of the sampling lines. The PTR-MS 

drawn ambient air at a flow rate of 300 mL min-1 from the different lines using Teflon solenoid 

valves and a 1.5-meter-long inlet (PEEK, 1/16” OD) heated at 60 °C. Zero air was generated 

using a Gas Calibration Unit (GCU, IONICON Analytic GmbH) containing a catalytic oven 

and connected to L1. Ion transmissions were calibrated over the 21-147 Da mass range every 3 

days using the GCU unit and a certified calibration mixture provided by IONICON (15 

compounds at approximately 1 ppmv, including methanol, acetaldehyde, acetone, aromatic 

compounds, chlorobenzenes, etc.). Measurements of methanol, acetonitrile, acetaldehyde, 

acetone, isoprene, methacrolein + methylvinylketone + fragment ISOPOOH, 

methylethylketone, sum of monoterpenes, sum of sesquiterpenes, acetic acid, nopinone and 

pinonaldehyde, obtained from levels 1 and 4 corresponding to the levels where OH reactivity 

measurements were performed, are discussed in this article. Sesquiterpenes, acetic acid, 

nopinone and pinonaldehyde measurements were not corrected for fragmentation in the drift 

tube and we cannot rule out the detection of other isomers at these masses such as 

glycolaldehyde for acetic acid measurements. 

Inorganic traces gases (O3 and NOx) were measured by commercial analyzers deployed by 

IMT-Lille-Douai (L1 to L4 for O3) and EPOC (L4 for NOx). The nitrate radical (NO3) was 

measured using an IBB-CEAS instrument (Incoherent Broad Band Cavity Absorption 

Spectroscopy) developed by the LISA (Laboratoire Interdisciplinaire des Systèmes 

Atmosphériques) research group and deployed for the first time on site during the LANDEX 

field campaign. Meteorological parameters such as temperature, relative humidity, global 

radiation, vertical turbulence, wind speed and wind direction were monitored using sensors 

already available at the ICOS measurement site. More details can be found in Kammer et al. 

(2018). 
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Table 3.3: Summary of supporting measurements performed inside and/or above the canopy. 

 

Instrument 
Resolution 

time (min) 
Measured species 

GC-BVOC1 30 α-pinene, β-pinene, myrcene, Δ-carene, p-cimene, limonene + 

cymene, cineol 

 

GC-BVOC2 90 α-pinene, β-pinene, myrcene, limonene, camphene, sabinene, 

α-phellandrene, 3-carene, p-cymene, ocimene, 1,8-

cineol(=eucalyptol), α- terpinene, γ-terpinene, terpinolene, 

isoprene§, nopinone§, linalool§, β-caryophyllene§ 

§ These compounds were not considered in the calculation of the weighted 

k rate constant for the reaction of monoterpenes with OH. Nopinone, 

linalool and β-caryophyllene had relatively low contributions to OH 

reactivity, that were around 0.02, 0.37 and 0.18 s-1 on average, respectively. 

Maximum contributions did not exceed 2.2 s-1 for linalool and 1.5 s-1 for β-

caryophyllene. 

 

GC-NMHC 90 ethane, ethylene, propane, propene, isobutane, butane, 

acetylene, trans-2-butene, cis-2-butene, isopentane, pentane, 

1,3-butadiene, 2-methyl-butene + 1-pentene, cyclopentene or 

terpene, hexene, hexane, 2,4-dimethylpentane, benzene, 3,3-

dimethylpentane, 2-methylhexane, isooctane, heptane, toluene, 

octane, ethylbenzene, m+p-xylenes, styrene, o-xylene, nonane, 

4-ethyltoluene, 2-ethyltoluene, 1,2,4-trimethylbenzene, 1,3-

dichlorobenzene, undecane, isopropylbenzene, n-

propylbenzene 

 

GC-OVOC 90 furan, tert-amylmethylether, 2-butanone, ethanol, isopropanol, 

butanol+2-hexanone, benzaldehyde 

 

PTR- MS 6 min every 

30 min at 

each level 

methanol, acetonitrile, acetaldehyde, acetone, isoprene, 

methacrolein+methylvinylketone+fragment ISOPOOH, 

methylethylketone, sum of monoterpenes, sum of 

sesquiterpenes*, acetic acid*, #, nopinone*, pinonaldehyde* 

*Fragmentation was not corrected for and reported concentrations are 

likely lower limits, 

#potential interferences from isomeric compounds such as glycolaldehyde 
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3.2.4. OH reactivity calculation 
 

As different instruments were available to quantify VOCs at different locations (Fig. 3.1 and 

Table 3.3), a selection of the data used to calculate the OH reactivity (Eq. (3.1)) was made, 

based on data availability for the different instruments (Table S3.1). Since measurements from 

the PTR-MS instrument covers the whole campaign and were performed at the same heights 

than OH reactivity measurements, these measurements, including methanol, acetonitrile, 

acetaldehyde, acetone, isoprene, methacrolein+methylvinylketone+fragment ISOPOOH, 

methylethylketone and the sum of monoterpenes, were selected to calculate the OH reactivity 

and to evaluate the potential missing OH reactivity at both levels. However, using only this set 

of data presents some limitations: 

1) The PTR-MS only measures the sum of monoterpenes (m/z 137+ m/z 81), while the detected 

monoterpenes are speciated by the GCs. 

2) It was observed that isoprene measurements at m/z 69 were disturbed by the fragmentation 

of some terpenic species (Kari et al., 2018; Tani, 2013), which led to a significant impact 

on the night-time measurements when isoprene was low. 

Figure 3.1: Deployment of instruments at the measurement site. Left side (a) corresponds to the 

horizontal deployment, the right side (b) represents the different sampling levels with respect to the 

average trees’ height. 
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3) Some NMHCs and OVOCs measured by GC at the 12 m height were not measured by the 

PTR-MS. This requires to assess the contribution of these additional species to the total OH 

reactivity for both heights.  

To overcome these limitations, several tests were made to evaluate the reliability of the PTR-

MS data to calculate the OH reactivity. 

1) In order to use the sum of monoterpenes measured by the PTR-MS to calculate the total OH 

reactivity, it was necessary to determine a weighted rate constant for the reaction of 

monoterpenes with OH. After checking the consistency between the two GCs (BVOC1 and 

BVOC2, see supplementary material S3.2) and comparing the sum of monoterpenes 

measured by each GC to the PTR-MS measurements (simultaneous measurements at the 

same height - Fig. S3.2.b and c), the weighted rate constant was calculated as the sum of 

the rate constants of each OH + monoterpene reaction multiplied by the average 

contribution of each specific monoterpene to the sum. The contribution of each 

monoterpene was calculated by dividing the concentration of the 8 speciated monoterpenes 

that were measured by both GCs (α-pinene, β-pinene, myrcene, Δ-carene, p-cimene, 

limonene + cymene, cineol), by their total concentration (Fig. S3(a)). The weighted rate 

constant is defined as: 

𝒌𝑶𝑯,𝒘𝒆𝒊𝒈𝒉𝒕𝒆𝒅 = ∑ 𝒌𝑶𝑯+ 𝑿𝒊

𝒊

 𝑭𝒊 
(3.5) 

 

Where 𝐹𝑖 represents the contribution of each individual species to the total concentration of 

monoterpenes, and 𝑘𝑂𝐻+ 𝑋𝑖
 the corresponding rate constant with OH. The reaction rate constant 

of the different trace species quantified in the field were taken from the literature (Atkinson et 

al., 2006). The OH reactivity of monoterpenes measured by PTR-MS was calculated according 

to the following equation: 

 

𝑹𝑶𝑯−𝒎𝒐𝒏𝒐𝒕𝒆𝒓𝒑𝒆𝒏𝒆𝒔 = 𝒌𝑶𝑯,𝒘𝒆𝒊𝒈𝒉𝒕𝒆𝒅 × [𝑴𝑻] (3.6) 

where [MT] represents the sum of monoterpenes measured by PTR-MS.  

The calculated OH reactivity inside and above the canopy (Fig. S3.3.b and e) from (i) the use 

of the weighted OH reaction rate constant and the total concentration of monoterpenes 

measured by GC and (ii) the use of individual species and their associated rate constants are in 
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relatively good agreement as shown by the scatter plots. A slope of 0.95, R2=0.99 has been 

obtained using the monoterpenes measured with the GC-BVOC1 at 12 m (Fig. S3.3.c); a slope 

of 0.94, R2=1.0 using the same 8 compounds commonly monitored with GC-BVOC1 but 

measured at 6 m with GC-BVOC2 (Fig. S3.3.f). When replacing the total concentration of 

monoterpenes measured by GCs by the PTR-MS measurements, slopes of 1.22 and 1.19 were 

obtained at 12 and 6 m heights, respectively (Fig. S3.3.d and S3.3.g). This increase in the slope 

values is likely due to an underestimation of the total monoterpene concentration by the GC 

instruments since these instruments only measured the most abundant monoterpenes present at 

the site. We cannot rule out a small overestimation of monoterpenes by the PTR-MS since 

fragments from other species such as sesquiterpenes could be detected at the monoterpene m/z. 

However, this interference should be negligible due to the low concentration of ambient 

sesquiterpenes. These results are in agreement with the scatter plots comparing the sum of 

monoterpenes measured by GC and by PTR-MS (slopes of 1.29 and 1.10 at the 12 and 6 m 

heights, respectively, see Fig. S3.2.b and S3.2.c). Thus, the PTR-MS data was used to calculate 

the OH reactivity from monoterpenes for both heights, with a weighted reaction rate constant 

of 76 × 10-12 cm3 molecule -1 s-1 at the 12 m height and 77.9 × 10-12 cm3 molecule -1 s-1 at the 6 

m height.  

2) As mentioned above, some monoterpenes have been observed to fragment at m/z 69.0704, 

which would result in an interference for isoprene measurements. In order to use the PTR-

MS data for this species (only instrument measuring isoprene at 12 m), the contribution of 

monoterpenes to m/z 69 has been estimated by comparing the GC-BVOC2 and PTR-MS 

measurements of isoprene performed at 6 m. This comparison showed that approximately 

4 % of the monoterpene concentration measured by PTR-MS had to be subtracted to that 

measured at m/z 69.0704 to get a good agreement between the PTR-MS and GC-BVOC2 

measurements of isoprene as shown in Fig. S3.4.a. 

3) A large range of NMHCs and OVOCs were measured at the 12 m height only by GC-

NMHC and GC-OVOC (Table 3.3). Butanol (from SMPS exhausts) was also checked and 

found to be negligible at 12 m and highly and rapidly variable at 6 m (short peaks). NO and 

NO2 were only measured at the 6 m height. Mean NO mixing ratio was below the LOD for 

the measurement period and NO2 was around 1.1 ± 0.8 ppbv on average. Thus, it was chosen 

not to take these species into account in the OH reactivity calculations. However, sensitivity 

tests were performed, in order to compute their relative contribution to OH reactivity (See 

sect. 3.3.5 and Fig. S3.5 and S3.6). Regarding methane and carbon monoxide, an estimation 
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was made seen their relatively low k reaction rate coefficient with OH, taking mean 

concentration values of 2000 ppbv and 150 ppbv, respectively.  

The above limitations are summarized in Table S3.7 (supplementary material). Data used to 

calculate the OH reactivity has been resampled to 1 min, based on a linear interpolation (see 

Table 3.3 for the respective time resolution of the different instruments). This time base was 

chosen to be comparable to the time resolution of the UL-FAGE reactivity instrument, in order 

to keep the dynamics in OH reactivity variability. 

 

3.3. Results 
 

Measurements performed by both instruments at the same location were first compared to 

evaluate the agreement between the two techniques. The horizontal variability of total OH 

reactivity (same height) is also discussed. A second part of the result section is dedicated to a 

description of the total OH reactivity variability on the vertical scale with some meteorological 

parameters. A comparison between measured and calculated OH reactivity for both the 6 and 

12 m heights as well as a description of the BVOC contributions to the measured OH reactivity 

are then presented. Finally, we discuss the missing OH reactivity observed during this campaign 

and its possible origin. 

 

3.3.1. Comparison between LSCE-CRM and UL-FAGE measurements 
 

3.3.1.1. Inter-comparison of LSCE-CRM and UL-FAGE OH reactivity 

measurements at the same location  

 

The direct comparison between LSCE-CRM and UL-FAGE reactivity instruments was done 

during the last two days of the campaign (Fig. 3.2). The sampling line of LSCE-CRM was 

moved to be collocated to the sampling line of UL-FAGE. Both instruments were measuring at 

the same location inside the canopy level, above the UL container at 5 m height. In this way the 

comparison between both instruments was made possible while minimizing the variabilities 

which could be related to the heterogeneity in ambient air. During this period, similar values 

were measured by both instruments, as shown in Fig. 3.2, with total OH reactivity ranging 

between 5 and 69 s-1. The lowest values were observed during day-time.  
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When OH reactivity measurements from LSCE-CRM are plotted versus OH reactivity 

measurements from UL- FAGE (Fig. 3.3), the linear regression exhibits an R2 of 0.87. Applying 

the orthogonal distance regression technique, which takes into account the uncertainties on 

LSCE-CRM and UL-FAGE measurements, a slope of 1.28 ± 0.02 and an intercept of 0.96 ± 

0.23 s-1 are obtained. These results indicate that both instruments respond similarly (within 30 

%) to changes in OH reactivity with a relatively low intercept. This intercept can be due to an 

overestimation of LSCE-CRM measurements or an underestimation of the UL-FAGE 

measurements or both. Nevertheless, it stays within the range of uncertainties. It is worth noting 

that the higher points of OH reactivity observed in Fig. 3.3 correspond to the period from 19h30 

to 20h (local time) of the 18th, July when the ambient relative humidity increased quickly by 20 

% which was not seen on previous days and may have interfered with LSCE-CRM OH 

reactivity measurements.  

 

 

 

 

 

 

 

Figure 3.2: Time series of total OH reactivity measured by UL-FAGE (dark blue) and LSCE-CRM 

(light blue) instruments from the 18th to 19th of July 2017, at the same location inside canopy. 
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3.3.1.2. LSCE-CRM and UL-FAGE OH reactivity measurements at two different 

locations inside the canopy 

 

From the 13th to 15th midday of July (1st period) and from the 17th midday to 18th midday 

(2nd period), the two instruments were sampling at the same height but from different 

horizontal locations within the canopy (with sequential within/above canopy measurements for 

CRM during the second period). The horizontal distance between the two inlets was around 10 

m as shown in Fig. 3.1. Similar trends in OH reactivity are seen between the two datasets, even 

if the first period was associated with a clear vertical stratification (Fig. 3.4, green frame), 

leading to higher concentrations of monoterpenes within the canopy, whereas the second period 

was characterized by a higher vertical mixing (mean u* ≈ 0.3 m s-1), leading to similar 

concentrations of monoterpenes at the two heights (Fig. 3.4, dashed green-yellow frame). These 

observations are linked to the vertical turbulence which influences BVOC levels inside and 

above the canopy, resulting in a more or less important vertical stratification, as discussed in 

section 3.3.2.    

At the same height but different horizontal locations, the linear regression of LSCE- CRM data 

plotted against UL-FAGE data (not shown) indicates a good correlation with an R2 of 0.87. 

Using the orthogonal distance regression technique, both data sets show a good agreement with 

a slope of 1.28 ± 0.02 and an intercept of -2.63 ± 0.15 (1st and 2nd period). Compared to the 

Figure 3.3: Measured reactivity by LSCE- CRM instrument as function of the measured reactivity by 

UL- FAGE when both instruments were measuring at the same location within the canopy (data 

resampled with a time resolution of 1 min). Errors bars represent the overall systematic uncertainty (1σ) 

that is around 15 % and 35 % for LP- LIF and the CRM, respectively.  
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results at the same location (vertical and horizontal), the slopes and the correlation coefficients 

are the same. Only the intercept differs slightly (-2.63 ± 0.15 compared to 0.96 ± 0.23). This 

change could be related to air mass inhomogeneities which could be systematically less reactive 

at one location compared to the other one. From these observations, we can conclude that 

reactivity measurements performed at different horizontal locations are consistent and that 

inhomogeneities in ambient air can lead to differences on the order of several s-1. 

 

 

 

 

 

Figure 3.4: (a) Time series of total OH reactivity measured by UL-FAGE and LSCE-CRM instruments 

from the 13th to 18th of July 2017 (upper graph). Dark blue symbols represent the measured reactivity 

by UL-FAGE, green and yellow symbols represent the measured reactivity by LSCE-CRM inside and 

above the canopy, respectively. The lower graph (b) shows the sum of monoterpenes (MTs) and 

isoprene measured with the PTR-MS, in the field for the same period. Dark blue and light blue dots 

correspond to isoprene concentrations at 6 and 12 m height, respectively. Orange and yellow dots 

represent monoterpenes concentrations at 6 and 12 m height, respectively.   
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3.3.2. Measured OH reactivity and meteorological parameters 
 

Figures 3.5.a and 3.5.b show the variability of total OH reactivity measured inside and above 

the canopy by LSCE-CRM and UL-FAGE, together with global radiation, temperature and 

friction velocity. Considering the whole campaign, the measured OH reactivity at both heights 

shows a diurnal trend ranging between LOD (3 s-1) and 99 s-1 inside canopy and between LOD 

and 70 s-1 above canopy, with maximum values of OH reactivity mostly recorded during nights. 

These OH reactivity levels are larger than other measurements performed in forested 

environments (Dusanter and Stevens, 2017; Yang et al., 2016), with maximum values of 

approximately 80 s-1 reported for the tropical forest (Edwards et al., 2013). 

The predominant meteorological parameter that had a role on OH reactivity levels was the 

friction velocity. It traduces the vertical turbulence intensity that was high during the day (mean 

day-time u* ≥ 0.4 m s-1) and lower during most nights (mean night-time u* ≤ 0.2 m s-1). Based 

on this parameter, night-time OH reactivity (between 21:00 and 06:00 local time of the next 

day) was separated in 3 classes: 

- Class S: Stable atmospheric conditions (mean u* ≤ 0.2 m s-1) 

- Class U: Unstable atmospheric conditions (mean u* ≥ 0.4 m s-1) 

- Class SU: Stable and unstable conditions during the same night.  

The lower vertical turbulence intensity, observed for “S” nights as well as for some hours of 

“SU” nights, led to a lower boundary layer (Saraiva and Krusche, 2013) and a significant 

nocturnal stratification within the canopy, with higher concentrations of primary compounds 

within the canopy (Fig. 3.5.c). These stable atmospheric conditions, together with no 

photochemical oxidation of BVOCs, resulted in higher total OH reactivity during these nights 

due to higher BVOCs concentration even though their emissions are lower compared to day-

time (Simon et al., 1994). 

Another important parameter to consider is ambient temperature, which is known to enhance 

BVOCs emissions during the day when stomata are open, and which also plays a role for night-

time emissions due to permeation, even though stomata are closed in the dark (Simon et al., 

1994). Considering temperature, 2 sub-classes can be added to night-time OH reactivity 

classification: the sub-class “Wn” corresponding to warm nights (nights with mean T ≥ 18.9 °C 

which is the mean night-time temperature over the whole campaign) and the sub-class “Cn” 
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that includes cooler nights (nights with mean T < 18.9 °C). Thus, comparing “S/Wn” nights 

and “S/Cn” nights, it can be seen that, for similar turbulent conditions, the magnitude of the 

measured OH reactivity was temperature dependent. Indeed, higher OH reactivity values were 

linked to higher ambient temperatures: nights of the 4th-5th, 6th-7th and 16th-17th of July (S/Wn) 

were characterized by an average temperature of 21 °C compared to 16.6 °C for the nights with 

lower OH reactivity (S/Cn).  

 

Figure 3.5: Variability of measured OH reactivity by LSCE-CRM and UL- FAGE, inside and above the 

canopy with (a) global radiation (black), (b) temperature (red), friction velocity (green) and with c) 

monoterpenes and isoprene concentrations. Yellow stripes indicate stable night-time atmospheric conditions 

(S nights with mean u* ≤ 0.2 m s-1) and blue stripes indicate unstable night-time conditions (U nights with 

mean u* ≥ 0.4 m s-1). Class SU includes nights with stable and unstable atmospheric conditions (blue + 

yellow stripes). Wn and Wd stand for warm nights and warm days respectively. Cn and Cd stand for cooler 

nights and cooler days respectively. Red dashes and black dashes indicate the temperature thresholds to 

distinguish warm and cool days and nights, respectively. Green dashes indicate the friction velocity threshold 

to distinguish stable and unstable nights. 
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Regarding the period when measurements were done simultaneously at both heights (15th to 

18th of July, LSCE-CRM above canopy and UL-FAGE within canopy), we can analyze the 

effect of turbulence on the above-within canopy differences. For the night of the 16th-17th of 

July (S/Wn) when the vertical turbulence was relatively low, total OH reactivity measured 

above the canopy (LSCE-CRM) was lower than the one measured inside the canopy by a mean 

factor of 1.6 (UL-FAGE reactivity) despite similar general trends. For the night of the 17th-18th 

of July (SU/Wn), stable atmospheric conditions started to settle at the beginning of the night 

(20h30 local time) inducing a similar stratification to that observed on the previous nights. 

However, this situation did not last the whole night since these stable conditions were disturbed 

by higher turbulences around 21h00. This led to a decrease in OH reactivity values going to 

similar levels inside and above the canopy. A similar event occurred during the night of the 

18th-19th of July, where three OH reactivity peaks showed up, not correlated neither with 

variation of turbulence intensity nor with temperature changes. However, it is worth noting that 

during this night, an intense wind, rain and thunders occurred, which could have led to the 

observed bursts of BVOCs (Nakashima et al., 2013), leading to distinct peaks of BVOCs and 

total OH reactivity and thus relatively high total OH reactivity compared to other nights from 

the same class. 

 Total OH reactivity also increased during the day, although on a lower extent than during night-

time, and reached a day-time maximum of up to 74.2 s-1 inside the canopy and 69.9 s-1 above 

the canopy, following the same trends than temperature and solar radiation. Temperature 

appeared to be an important driving factor of total OH reactivity during day-time hours, 

therefore, day-time OH reactivity was divided into 2 classes: Class “Wd” with warm conditions 

(mean day-time T ≥ 24 °C) and class “Cd” with cooler temperatures (mean day-time T < 24 °C) 

indicated on Fig. 3.5. The solar radiation also played a role on day-time OH reactivity since it 

is responsible of initiating the emission of some compounds like isoprene, that is light and 

temperature dependent. Thus with the first rays of sunlight, the emission and the concentration 

of isoprene increased leading to an increase in total OH reactivity. 

Examining BVOC profiles (Fig. 3.5.c), we can see how the variability of primary BVOC 

concentrations can explain the day/night variability of total OH reactivity. Indeed, 

monoterpenes, which are the main emitted compounds in this ecosystem, were influenced by 

vertical turbulence and night-time temperature, exhibiting a diurnal profile with maxima during 

stable nights and minima during day-time. Under stable atmospheric conditions (class S), 

monoterpenes concentration started to increase at the beginning of the night (between 20h and 
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21h local time) corresponding to the time of the day when the turbulence intensity started to 

drop and the nocturnal boundary layer started to build up. Maximum mixing ratios were reached 

in the middle of the night, corresponding to a lower dilution in the atmosphere and a lower 

oxidation rate (low OH concentrations, nitrate radical mixing ratios lower than the LOD 

(3ppt/min) most of the time, and BVOC’s chemistry with ozone generally slower than during 

day-time (Fuentes et al., 2002)). Finally, the monoterpenes concentration dropped as soon as 

the first sunlight radiations broke the stable nocturnal boundary layer inducing lower levels of 

OH reactivity. Under these conditions, the concentration of monoterpenes inside the canopy 

was higher than above the canopy, showing a clear stratification, consistent with differences 

seen on total OH reactivity at the different heights. On the contrary, during turbulent night hours 

(Class U and SU), the concentration of monoterpenes was lower inside the canopy and similar 

to that observed above, leading to lower and closer night-time OH reactivity at both 

measurements heights.  

At the end, even though BVOC emissions are more intense during the day (Simon et al., 1994), 

the higher turbulence observed compared to night-time led to a faster mixing within the canopy 

and thus similar levels of isoprene and monoterpenes inside and above the canopy. These day-

time levels were lower than those observed at night for monoterpenes and higher for isoprene, 

the latter being light and temperature dependent.  

To conclude, these observations show that on one hand, lower turbulence inducing stable 

atmospheric conditions during the night explains the observed stratification in terms of 

monoterpenes levels and thus in terms of OH reactivity levels within the canopy, when on the 

other hand, higher turbulence during day-time leads to higher mixing within the canopy and a 

vertical homogeneity, with similar BVOCs concentrations and OH reactivity levels at both 

heights. Diurnal average values of total OH reactivity, for inside and above canopy 

measurements are given in Table S3.9.  
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3.3.3. Measured and calculated ROH within and above the canopy 
 

Figure 3.6 shows that there is a good co-variation of the measured total OH reactivity by the 

CRM instrument with the values calculated from the PTR-MS data (22- 24 % (2σ)). However, 

a certain fraction of the measured total OH reactivity remains unexplained by the considered 

compounds (Table 3.3). Diurnal variations of OH reactivity were observed within the canopy, 

during the major part of the campaign, with maximum values recorded during most nights and 

averages of 19.2 ± 12.8 s-1 and 19.3 ± 16.3 s-1 measured by the LSCE-CRM and UL-FAGE 

instruments, respectively. This diurnal cycle was also observed above canopy where the average 

total OH reactivity was 16.5 ± 12.3 s-1, which is higher than observations made in other 

temperate coniferous forests (Ramasamy et al., 2016) where the reported OH reactivity ranges 

from 4-13 s-1 (campaign average). 

During the first part of the campaign (3rd – 10th of July), when the LSCE-CRM was measuring 

alone inside the canopy, total OH reactivity varied between LOD (3 s-1 at 3σ) and 76.9 s-1, while 

the calculated reactivity ranged between 1.4 and 60 s-1. During the second period (13th – 15th 

and 17th –  18th of July), similar maxima were recorded by the LSCE- CRM (74.2 s-1) and the 

UL- FAGE instruments (78.9 s-1), when both were measuring at two different locations within 

the canopy.  Regarding the calculated OH reactivity, it varied between 2.6 and 59.3 s-1. During 

this same period, the FAGE instrument measured alone within the canopy from the 15th to the 

17th of July and recorded total OH reactivity values ranging between 3.6 and 99.2 s-1, however 

the PTR-MS data were not taken into account for the period going from the 16th 15:00 to the 

17th 12:00 due to an electrical failure. Finally, during the last two days (18th- 19th of July), total 

OH reactivity showed a particular behavior as mentioned in section 3.3.2. It started to increase 

in the afternoon, reached a maximum at the beginning of the night that was suddenly broken by 

turbulences and showed three peaks during the night corresponding to more stable conditions 

observed for both the measured and calculated reactivity.  

Regarding above canopy measurements, the measured OH reactivity varied between LOD and 

35.7 s-1 between the 10th and the 12th of July, whereas the calculated reactivity varied between 

1.2 and 14.5 s-1. A similar trend was observed for the second period of measurements performed 

above the canopy (15th - 18th of July) during which higher OH reactivity was recorded with a 

maximum of 69.9 s-1
,
 which is 1.7 times higher than the calculated OH reactivity (40.8 s-1).  
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3.3.4. Contribution of VOCs (PTR-MS) to calculated OH reactivity within 

and above the canopy 
 

Figure 3.7 shows the breakdown of trace gases to the calculated OH reactivity during day-time 

and night-time at the two heights, taking into account the whole measurement period (campaign 

average). We note that primary BVOCs (monoterpenes, isoprene) are by far the main 

contributors to the calculated OH reactivity, representing 92- 96 % of the calculated OH 

reactivity on average.  

Monoterpenes exhibited the most prominent contribution to the calculated OH reactivity. These 

species had a similar contribution within and above the canopy, but significant differences 

between day-time (68- 65 %) and night-time (92- 89 %). Next to monoterpenes, isoprene had a 

maximum contribution during day-time and represented on average 25- 27 % of the calculated 

OH reactivity, followed by acetaldehyde (3 %) and MACR + MVK + ISOPOOH (2- 3 %) at 

both measurements heights. However, during night-time, isoprene accounted for only 4- 6 % 

of the OH reactivity measured within and above the canopy, acetaldehyde contributing for 

approximately 2 % and MACR + MVK + ISOPOOH around 1 %.  

 

 

 

 

Figure 3.6: Variability of measured ROH (LSCE-CRM) and calculated ROH (PTR-MS) at 6 and 12 

m height.  
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Thus, we can conclude that no substantial difference in the atmospheric chemical composition 

existed between the two sampling heights, even when we only consider stable nights 

(monoterpenes relative contribution is around 92 % inside and above the canopy). 

 

 

3.3.5. Description and investigation of potential missing OH reactivity 

during the LANDEX campaign 
 

The missing OH reactivity was calculated as a difference between the total OH reactivity 

measured by LSCE-CRM, since it was operated over the whole campaign and at both heights, 

and the OH reactivity calculated from PTR-MS data. It is worth noting that a scatter plot of the 

LSCE-CRM and UL-FAGE data led to a slope of 1.28 and an intercept of 0.96 s-1 (section 

3.3.1), indicating higher OH reactivity values measured by the CRM instrument. Considering 

OH reactivity values measured by the CRM instrument may therefore maximize the missing 

OH reactivity. In the following, the analysis on the missing OH reactivity was performed when 

it was higher than both the LOD of 3 s-1 (3σ) and 35% of the measured OH reactivity 

(uncertainty on the CRM measurements, see section 3.2.2).   

Figure 3.7: The components of calculated OH reactivity within and above the canopy during day-time 

and night-time. The compounds measured by the PTR-MS (Table 3.3) were used to calculate their 

relative contributions.  
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Figure 3.8 shows a) the variability of the missing OH reactivity within and above the canopy, 

together with ambient temperature, b) friction velocity (red), and ozone mixing ratios within 

(yellow) and above (blue) the canopy. The ozone variability is discussed below as ozone 

chemistry can dominate night-time chemistry of BVOCs observed at this site (α-pinene, β-

pinene) (Fuentes et al., 2002; Kammer et al., 2018).  

The concentration of OH was 4.2×106 molecules cm-3 on average during day-time with a 

maximum of 4.3×107 molecules cm-3 and around 1.5×106 molecules cm-3 on average during 

night-time (data available between the 13th and the 19th, July). However, a potential artifact on 

OH radical’s measurements leading to a possible overestimation of OH radical’s 

concentrations, could not be ruled out. Regarding ozone, its mixing ratio showed a diurnal cycle 

with maximum values during the day (max ≈ 60 ppbv, mean ≈ 29 ppbv), that were similar 

within and above the canopy due to efficient mixing, and lower levels during nights, with an 

average of 18 ppbv inside canopy, while levels higher by 1 - 10 ppbv on average, above the 

canopy. Considering OH and O3 average mixing ratios, the α-pinene lifetime was estimated to 

be 1.2 hours and 4 hours, respectively, during the day, and 3.6 hours and 5.8 hours, respectively, 

during the night. At maximum OH and O3 mixing ratios during day-time, the α-pinene lifetime 

was reduced to 7.4 min and 2 hours, respectively. Thus, OH chemistry remained dominant 

compared to ozonolysis of main emitted compounds on this site (i.e. α-pinene). An article on 

the reactivity of monoterpenes with OH, ozone and nitrate for this campaign is in preparation 

(Kenneth Mermet, personal communication). 
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When comparing measurements of OH reactivity with calculations based on PTR-MS data (see 

Table 3.3), an average of 38 % (7.2 s-1) and 48 % (6.1 s-1), remained unexplained inside and 

above the canopy, respectively.  

Figure 3.8: Missing OH reactivity inside and above the canopy together with (a) temperature, (b) 

friction velocity (red), ozone mixing ratios inside (yellow) and above (blue) the canopy, (c) relative 

humidity (clear blue), MACR+ MVK+ ISOPOOH (dark blue) and acetic acid (green) inside the canopy, 

(d) Nopinone (yellow) and pinonaldehyde (purple) inside the canopy and (e) sesquiterpenes inside (blue) 

and above (green) the canopy. 
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Considering other measurements performed inside the canopy (6 m) and not included in the OH 

reactivity calculations, such as NO, NO2, ozone and butanol (leakage from SMPS), and 

assuming constant concentrations of CO (150 ppbv) and methane (2000 ppbv), their 

contribution can reach 3.0 s-1 on average (maximum around 7 s-1) at this level. This said, the 

mean missing OH reactivity was finally around 4.2 s-1 (22 %) inside canopy for the whole 

measurement period.  

Regarding other measurements performed above canopy, online chromatographic instruments 

(Table 3.3) provided information on other oxygenated VOCs (7 compounds) and non-methane 

hydrocarbons (36 compounds). These compounds could explain 0.48 s-1 on average (0.43 s-1 

from NMHC and 0.05 s-1 from OVOC measured by GC) of the missing OH reactivity between 

the 10th and the 12th of July. However, after the 14th of July, the GC measuring OVOC stopped 

working, but NMHCs alone could account for 0.5 s -1 of missing OH reactivity on average. 

While O3 was measured at 12 m, no NOx measurement were performed at this height, however, 

their contribution at the 6 m height was 0.3 s-1 on average, suggesting only a small contribution 

to the missing OH reactivity. Methane and CO were also considered, assuming the same mixing 

ratios as inside. Finally, looking at butanol measured by the PTR-MS at the 12 m height, a 

maximum mean contribution of 0.3 s-1 was assessed for the nights of 10th-11th of July. Hence, 

considering OVOCs, NMHC, O3, CO, CH4 and butanol, the mean missing OH reactivity above 

the canopy level was around 4.3 s-1 (33 %). However, this missing fraction exhibited a diurnal 

variability at both heights, that is worth discussing in details. A summary of mean missing OH 

reactivity values at both heights, is presented in Table 3.4. 
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Table 3.4: Summary of the measured OH reactivity and the missing OH reactivity inside and above the 

canopy, during the day and the night, taking into account only PTR-MS data or all the data available at 

each height for OH reactivity calculations. These averages are calculated for the periods when CRM, 

PTR-MS and others instruments data are available. 

 
Mean Measured 

ROH (s-1) 

Mean Missing 

ROH considering 

PTRQi-ToFMS 

data (s-1) 

Mean Missing ROH 

considering PTRQi-

ToFMS data + other 

measurements (s-1) 

Inside 19.1 7.2 4.2 

Day 16.8 7.3 4.7 

Night 22.0 7.1 3.6 

Stable cool nights 20.5 5.5 < LOD 

Stable warm 

nights 
41.6 10.7 6.7 

Unstable cool 

nights 
7.9 4.5 < LOD 

Unstable warm 

nights 
13.5 6.8 3.6 

Above 12.8 6.1 4.3 

Day 10.7 5.1 3.3 

Night 15.5 7.5 5.6 

Stable cool nights 14.8 7.5 5.7 

Stable warm 

nights 
___ ___ ___ 

Unstable cool 

nights 
___ ___ ___ 

Unstable warm 

nights 
20.5 7.1 5.2 

 

- Day-time missing OH reactivity 

Analyzing the behavior of missing OH reactivity during day-time for inside canopy 

measurements, Fig. 3.9 shows that it increases exponentially with temperature. Indeed, the 

average missing OH reactivity was around 7.5 s-1 for “Wd” days, after taking into account other 

available measurements at this height (NO, NO2, O3, butanol and estimated CO and CH4), 

whereas no missing reactivity was seen for cooler days (< LOD). As reported in Di Carlo et al. 

(2004), the missing OH reactivity was fitted with an equation usually used to describe 
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temperature-dependent emissions of monoterpenes (Guenther et al., 1993): E(T) = E (293) 

exp(β(T-293)), where E(T) and E(293) represent the emission rate at a given temperature T and 

at 293K, respectively. In this equation, E(T) was substituted to MROH(T) and E (293) by 

MROH (293) with MROH representing the missing OH reactivity (Hansen et al., 2014). The 

value of β determined from the fit of the data for the 6 m height (day-time), is around 0.17, 

higher than the values attributed to monoterpenes emissions from vegetation (0.057 to 0.144 K-

1). Higher β-values were also obtained by Mao et al. (2012), Hansen et al. (2014) and Kaiser et 

al. (2016), where they suggested that day-time missing reactivity is mostly linked to secondary 

oxidation products. However, the use of β factor must be made with caution, as the missing OH 

reactivity can be influenced by processes that do not affect BVOCs emissions (i.e. the boundary 

layer height and the vertical mixing). Furthermore, we cannot exclude the possibility of light 

and temperature dependent emissions. Indeed, Kaiser et al. (2016) also investigated the 

temperature dependency of day-time missing OH reactivity in an isoprene-dominated forest, 

reporting that part of the missing emissions could be characterized by a light and temperature 

dependence, knowing that temperature increases with increasing solar radiation. Regarding 

above canopy, most measurements were performed during cool days. Thus, it was not possible 

to analyze the temperature dependence of above canopy day-time missing OH reactivity.   

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Day-time missing OH reactivity binned by ambient temperature for the 6 m height for 

temperatures ranging from 292 and 308 K. Error bars represent the standard deviation on missing OH 

reactivity calculated for each temperature bin. 
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Another way to investigate the origin of missing OH reactivity is by examining its co-variability 

with compounds such as acetic acid as well as MACR+MVK+ISOPOOH, knowing that MACR 

and MVK are oxidation products of isoprene. First, for higher day-time missing OH reactivity 

observed for Wd days (within and above the canopy), Fig. 3.8.c shows that the missing 

reactivity increases with acetic acid (mixing ratio up to 5 ppbv). Acetic acid can be directly 

emitted by the trees and the soil (Kesselmeier and Staudt, 1999) and could also be an oxidation 

product of BVOCs, including isoprene (Paulot et al., 2011). This compound showed a diurnal 

cycle similar to that of isoprene (Fig. 3.5.c), and was not used to calculate the OH reactivity. 

Despite its relatively low reactivity with OH, this compound showed a maximum calculated 

OH reactivity during Wd days that was, on average (0.07 s-1), 4 times higher than that of Cd 

days. Thus it could explain, with other compounds exhibiting a similar temporal behavior, part 

of the missing OH reactivity seen during warm days. MACR+ MVK + ISOPOOH showed a 

general trend with higher values during the day and lower values during the night, suggesting 

that oxidation products of isoprene could be responsible of the day-time missing OH reactivity. 

These levels were generally higher for Wd days than for Cd reflecting a higher yield of 

secondary products and a more intense photochemistry during warm days. 

 

- Night-time missing OH reactivity 

On average the highest night-time missing OH reactivity inside canopy (13.1 s-1) was observed 

on the stable/ warm night of the 4th- 5th, July. Whereas, during stable/cool and unstable/warm 

nights, no significant missing OH reactivity was found (< LOD). Interestingly, the stable/warm 

night of the 6th-7th, July, did not show a significant missing OH reactivity, meaning that the 

missing fraction inside canopy during night, was not only influenced by meteorological 

parameters, even if, as shown before, BVOCs concentrations and total OH reactivity were. So 

what was the difference between these two nights with similar meteorological conditions?  

Checking monoterpenes’ oxidation products variabilities (nopinone and pinonaldehyde), both 

nights exhibited higher concentration levels of these species, however their contribution to OH 

reactivity remained relatively low, and did not exceed 1 s-1, on average for both nights, keeping 

in mind that this is a lower limit of their contribution (since the reported measurements do not 

account for potential fragmentation in the PTR-MS). Thus, only a small fraction of the missing 

fraction can be explained by these species. Interestingly, isoprene, acetic acid and MVK+ 

MACR+ISOPOOH exhibited higher concentration levels during the night of the 4th- 5th, July, 
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which was not the case for the 6th-7th, July night. Indeed, these species marked relatively high 

nocturnal/ inside canopy levels. When looking at air masses backward trajectories (Fig. 3.10), 

the 4th-5th night was characterized by an air mass originally coming from the ocean, which 

spent at least 48 hours above the continent before reaching the site. This could have led to the 

enrichment of the air mass with species emitted by the widely spread Landes forests and their 

oxidation products. Thus, the significant missing OH reactivity observed during the mentioned 

night is likely related to unconsidered compounds of biogenic origin characterized by a similar 

behavior to that of isoprene, acetic acid and MVK+MACR+ISOPOOH, which accumulated in 

the stable nocturnal boundary layer. In contrast, air masses spent approximately 12-18 hours 

above the continent during the 6th-7th of July, with more time above the ocean. Marine air 

masses are generally known to be clean, with relatively low levels of reactive species. Even 

though, the night of the 5th-6th, July shows similar air mass backward trajectories to the night 

of the 4th-5th, the higher turbulence during this night prevents the accumulation of reactive 

species (including long-lived oxidation products) due to a higher boundary layer height, 

lowering the reactivity and the missing OH reactivity (Fig. 3.10).    

  

 

 

Figure 3.10: Air masses backward trajectories for the 4th-5th and the 6th- 7th, July nights. Red lines 

represent air masses arriving around mid-night UTC (around 02:00 local time), to the site. The time 

difference between 2 points is 6 hours. 
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Regarding above canopy measurements (10th- 12th and 15th- 18th, July), the night-time average 

missing OH reactivity was 5.6 s-1 (all the nights were characterized by stable/ cool atmospheric 

conditions). Monoterpenes oxidation products had similar concentration levels above and inside 

canopy. Their maximum contribution was around 0.4 s-1 on average for the SU/W night of the 

17th-18th, July. Therefore, these monoterpenes night-time oxidation products are only 

responsible for a small fraction of the missing OH reactivity observed above canopy during the 

night. Sesquiterpenes (SQT) exhibited a similar temporal trend than monoterpenes, showing 

higher mixing ratios during night-time. Interestingly, sesquiterpenes mixing ratios were higher 

inside the canopy compared to above and the difference was significant during stable nights. 

O3 mixing ratios during these nights decreased to very low levels. Plotting the ratio 

SQT(above)/MTs(above) with the ratio SQT(inside)/MTs(inside) shows a good linear 

correlation with a slope of 0.73 and an R2 of 0.6. Knowing that sesquiterpenes are highly 

reactive with ozone (Ciccioli et al., 1999), which can dominate the chemistry during dark hours, 

this observation suggests that a larger fraction of these species (≈30 %) could be consumed by 

ozonolysis above canopy, leading to the formation of unidentified secondary compounds. 

However, sesquiterpenes were present at relatively low concentrations (max of 0.25 ppbv and 

0.11 ppbv, inside and above canopy, respectively). Assuming that all sesquiterpenes are β-

caryophyllene and considering that 30 % are transformed into first generation oxidation 

products through ozonolysis reactions, the maximum mixing ratio of these products would be 

around 0.07 ppbv each assuming a yield of 1. However, it was reported by Winterhalter et al. 

(2009) that oxidation products of β-caryophyllene were much less reactive (100 times) than 

their precursor. Thus, the contribution of sesquiterpenes night-time oxidation products to the 

missing OH reactivity is likely negligible.  

Finally, it is worth noting that Holzinger et al. (2005) reported the emission of highly reactive 

BVOCs in a coniferous forest, which is 6-30 times the emission of monoterpenes in the studied 

Ponderosa pine forest. This large fraction of BVOCs is subject to oxidation by ozone and OH 

leading to unidentified, non-accounted for secondary molecules. These oxidation products can 

participate to the growth of new particles. Indeed, new particle formation episodes were 

recently reported on this site (Kammer et al., 2018).  

To summarize, higher day-time missing OH reactivity was observed for warm days (Wd), 

inside and above the canopy, exhibiting a dependency on temperature profiles and showing that 

trace gases leading to the missing OH reactivity could be linked to an enhancement of primary 

species as well as secondary products formation. Regarding night-time missing OH reactivity, 
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higher levels were seen for the stable and warm night of the 4th-5th, July, showing that these 

conditions could have been favorable for the accumulation of long-lived species (primary and 

secondary species) during the transport of the air mass from nearby forests. 

 

3.4. Conclusion 
 

During summer 2017, total OH reactivity measurements were conducted as part of the 

LANDEX field campaign, in the Landes maritime pine forest (France). During this campaign, 

two instruments (LSCE-CRM and UL-FAGE) were deployed to measure total OH reactivity 

inside and above the canopy as well as at two different locations inside the canopy level. The 

comparison between both instruments, based on measurements done at the same location at the 

end of the campaign, showed a good agreement within instruments uncertainties (slope of 1.28 

on a linear correlation plot). Measuring at two different locations demonstrated a good 

horizontal homogeneity inside the canopy, even during episodes of vertical stratification that 

was observed during some nights.  

Total OH reactivity recorded an average of 19.2 s-1 at 6 m height, 1.2 times higher than that 

observed above the canopy level at 12 m height. It varied similarly at both heights, following a 

diurnal cycle with two maxima, one during day-time following isoprene’s profile and a higher 

one during night-time when monoterpenes concentrations reached their maxima. The later were 

the main emitted compounds in this forest ecosystem.  

The variability of BVOC concentrations and OH reactivity were strongly dependant on 

meteorological parameters. Day-time OH reactivity was linked to ambient temperatures and 

light, two parameters governing the emissions of temperature and/ or light dependent 

compounds (like isoprene), whereas night-time OH reactivity was influenced by night-time 

temperatures and vertical turbulence intensity. Indeed, low turbulence, high temperature and 

lower oxidation rates than during day-time, led to higher concentrations of monoterpenes and 

thus higher OH reactivity during stable and warm nights. In addition, higher differences in 

BVOCs levels and total OH reactivity were observed between the two studied heights 

particularly during stable nights. 

Furthermore, monoterpenes showed to be the main contributors to total OH reactivity during 

both day-time and night-time. These species accounted for more than 60 % of the OH reactivity 

during day-time, followed by isoprene (25- 27 %), acetaldehyde (3%) and MACR+ MVK+ 
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ISOPOOH (2- 3 %). However, the contributions of isoprene and OVOCs were much lower at 

both levels during the night, leading to a higher contribution of monoterpenes, which was 

slightly more important inside the canopy level due to the stratified conditions.   

An investigation of the missing OH reactivity indicated averages of 22 % and 33 %, inside and 

above the canopy, respectively, over the whole campaign, when comparing the measured OH 

reactivity to the calculated one from PTR-MS and other available measurements. However, it 

showed some diurnal variability at both heights. During day-time, higher missing OH reactivity 

was observed on warmer days inside and above the canopy. Plotted against temperature, inside 

canopy missing OH reactivity showed a dependency on temperature. The analysis suggested 

that the missing OH reactivity may be due to unmeasured primary emitted compounds and 

oxidation products. In this context, OH reactivity measurements from a Pinus pinaster Aiton 

branch enclosure, could be of great interest to verify the contribution of 

unaccounted/unmeasured BVOCs emissions to OH reactivity as done by Kim et al. (2011), for 

red oak and white pine branch enclosures. Furthermore, higher levels of isoprene oxidation 

products on warmer days also suggest that the missing reactivity could be due to the formation 

of unmeasured oxidation products. Regarding the night-time period, the highest missing OH 

reactivity was found inside canopy for the 4th-5th, July night. This night was characterized by 

higher levels of isoprene and its oxidation products, compared to the night of the 6th-7th, July 

with similar atmospheric conditions. Air masses backward trajectories showed a continental 

origin for this night, suggesting that species, emitted by the largely spread Landes forest, could 

have been imported to the site and accumulated due to the stable nocturnal boundary layer. 

These species, unmeasured by the deployed analytical instruments and hence not considered in 

OH reactivity calculations, could explain the higher missing OH fraction for the 4th-5th, July 

night. The investigation of sesquiterpenes and monoterpenes oxidation products (nopinone and 

pinonaldehyde) measured by PTR-MS highlighted their small contribution in terms of OH 

reactivity. They only explained a small fraction of the observed missing OH reactivity inside 

and above canopy during night. Finally, seen the time needed and the data required, no 

modeling study was performed, however, it would be interesting to run a box model in order to 

get more insights into the origin of the missing OH reactivity. 
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Conclusion chapitre 3 
 

Les mesures réalisées dans une forêt de pins maritimes au sud de la France, montrent 

une variabilité diurne de la réactivité OH, sur les deux niveaux de mesure, avec des maximas 

de nuit arrivant jusqu’à 99 s-1 dans la canopée et 70 s-1 au-dessus de la canopée, des niveaux 

parmi les plus élevés en milieux forestiers. Cette variabilité diurne s’est révélée similaire à celle 

des composés majoritairement émis dans cet écosystème : les monoterpènes. En effet, et sous 

l’influence de la couche limite plus basse durant les nuits stables, où la turbulence verticale est 

relativement faible (moyenne u*≤ 0.2 m s-1), les monoterpènes se trouvaient plus concentrés, 

même s’ils présentent de moindres émissions par rapport au jour, conduisant à une réactivité 

OH plus élevée la nuit. Ils sont les principaux contributeurs à la réactivité OH avec des niveaux 

similaires durant le jour ou la nuit, dans et au-dessus de la canopée. Pas de différence 

significative, en terme de composition chimique, a été trouvée dans et au-dessus de la canopée. 

La comparaison de la réactivité mesurée à celle calculée, en se basant sur les composés 

individuellement mesurés aux deux niveaux, révèle une réactivité manquante de 22% et 33% 

en moyenne, dans et au-dessus de la canopée, respectivement. Cependant, cette réactivité 

manquante montre aussi une certaine variabilité diurne intéressante à discuter : durant le jour, 

une réactivité manquante plus importante a été trouvée pour les jours les plus chauds, ce qui 

suggère que la fraction qui manque est apparemment due à des composés dont la présence est 

favorisée par des températures plus hautes. La corrélation entre réactivité manquante et 

température, a révélé qu’elle est due, non seulement à des émissions primaires renforcées par 

la chaleur, mais aussi, à la présence de produits d’oxydation secondaires, dont la formation est 

accentuée par les hautes températures. Durant la nuit, la réactivité manquante la plus 

importante, été obtenue pour la nuit du 4-5 juillet, une nuit stable et chaude. Cependant, une 

autre nuit montre des conditions météorologiques similaires sans observer une différence 

significative entre la réactivité mesurée et celle calculée. L’origine des masses d’air pour cette 

nuit du 4-5 juillet, calculée à partir des rétro-trajectoires, révèle des masses d’air continentales, 

ayant passé 48 h au moins au-dessus des forêts environnantes, transportant avec elles des 

émissions primaires et leurs produits secondaires de longue durée de vie. Apparemment, les 

conditions stables de la nuit du 4-5 juillet s’avèrent favorables à l’accumulation de ces 

composés dans la basse couche limite nocturne. Dans ce contexte, des mesures de réactivité OH 

en sortie d’une chambre dynamique d’une branche de pin maritime, aiderait certainement à 

avoir une idée plus claire sur l’origine de la réactivité manquante. L’utilisation d’un modèle de 

chimie atmosphérique serait aussi une approche complémentaire, pour ce type d’étude, afin de 
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mieux comprendre les processus prenant lieu dans et au-dessus de la canopée ainsi que les 

origines potentielles de la fraction manquante. 
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4. Characterization of total OH 

reactivity in a rapeseed field: 

Results from the COV3ER 

experiment in April 2017 
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Introduction chapitre 4 
 

Suite au développement technique au laboratoire, la CRM a été déployée dans une première 

campagne de mesures, dont les conditions expérimentales et les résultats sont présentés dans ce 

chapitre. 

Organisée dans le cadre du projet ADEME-COV3ER, une collaboration entre l’INRA-ECOSYS 

et le LSCE, une campagne de mesures a eu lieu dans un champ de Colza, à Grignon, Sud-Ouest 

de Paris, durant la période de floraison (Avril 2017). L’objectif principal était de caractériser 

les composés organiques volatils (COVs) et leur réactivité OH à l’échelle de la culture comme 

étant une source agricole, ainsi qu’en air ambient. Dans ce contexte, un jeune brin de colza, non 

fleuri, a été sélectionné pour installer une chambre dynamique, pendant à peu près un mois. Des 

mesures de réactivité OH ont été effectuées par CRM, en entrée et en sortie de la chambre. Des 

mesures complémentaires de composés organiques volatils (COVs, méthane) ainsi que d’autres 

espèces inorganiques (NOx, CO) ont été réalisées, afin de calculer une réactivité attendue, en 

se basant sur les concentrations de ces espèces et leurs constantes cinétiques de réaction avec 

le radical OH.  
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Abstract 
 

Croplands remain poorly studied ecosystems in terms of total hydroxyl radical (OH) reactivity, 

compared to forests. As part of the COV3ER project, total OH reactivity (ROH), defined as the 

total loss rate of OH due to its reaction with reactive species in the atmosphere, was 

characterized in a rapeseed field (Grignon- France) during the blooming season in April 2017. 

Measurements were performed in a dynamic chamber as well as in ambient air using the 

Comparative Reactivity Method (CRM). Complementary measurements of organic (including 

a proton transfer reaction – time of flight – quadrupole ion - mass spectrometry, PTRQi-

ToFMS) and inorganic compounds were also performed in order to calculate the expected OH 

reactivity and evaluate the missing fraction. Measured ROH varied diurnally in the dynamic 

chamber (mROHchamber) with maxima around 20 to 30 s-1 at mid-day and minima during dark 

hours, following the variability of the enclosed branch VOCsrapeseed, which is light and 

temperature-dependent. Oxygenated VOCs were the major compounds emitted by the rapeseed 

crop. However, in terms of contribution to OH reactivity, isoprene accounted for 40 % during 

day-time, followed by acetaldehyde (21 %) and monoterpenes (18 %). The comparison between 

mROHchamber and calculated ROH (cROHchamber) exhibited little or no difference during dark 

hours, whereas a maximum difference appeared around mid-day, highlighting a significant 

mailto:valerie.gros@lsce.ipsl.fr
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missing fraction (46 % on average during day-time) mainly related to biogenic temperature 

and/or light dependent emissions. 

Keywords: OH reactivity, Biogenic VOCs, CRM-PTRMS, PTRQi-ToFMS, crops 
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4.1. Introduction 
 

Up to 104-105 of different organic species have been identified so far in the Earth’s atmosphere 

and this figure may only represent a small fraction of the number actually present (Goldstein 

and Galbally, 2007). They arise from anthropogenic and natural sources; the latter emissions 

being dominant (90%) on the global scale (Guenther, 1995). Once emitted in the atmosphere, 

volatile organic compounds (VOCs) are transformed by photochemical processes, leading to 

the formation of harmful secondary pollutants such as ozone (O3) and secondary organic 

aerosols (SOAs), which have serious impact on human health and the environment. The major 

depletion route of atmospheric VOCs is via reaction with OH radicals, representing the main 

tropospheric oxidant during day-time (Helmig et al., 2009).  

Natural sources of VOCs include forests, agricultural lands, grasslands, shrubs, biomass 

burning and oceans (De Gouw and Warneke, 2007). They are involved in growth, reproduction 

and defense mechanisms of the plant and they play an important role in the allelopathic 

interactions (Laothawornkitkul et al., 2009). It has been reported that biogenic VOCs (BVOCs) 

chemical composition and emission rates are linked to internal factors to the plant like genetics 

and biochemical processes. They can be affected by abiotic and biotic external factors such as 

temperature, radiation, water availability and interactions with other living species 

(Kesselmeier and Staudt, 1999; Penuelas and Llusia, 2001). Biogenic VOCs exhibit a large 

chemical diversity. They include terpenoids, which are dominant in the global atmosphere 

(isoprene, monoterpenes, sesquiterpenes, …), oxygenated VOCs (OVOCs such as methanol, 

acetone, acetaldehyde, formaldehyde, …) and other classes such as sulfur and nitrogen 

containing compounds, organic halides, alkanes and alkenes (Guenther, 2013). All these 

compounds represent a strong potential sink for atmospheric oxidants and hence to the hydroxyl 

radical.   

One way to characterize the overall sink of OH in a given environment and to evaluate the 

importance of atmospheric photochemistry is to measure total OH reactivity. Total OH 

reactivity is defined as the total loss rate of OH, which is the inverse of OH lifetime (s-1). It 

represents the sum of the reaction frequencies with OH of all chemicals, calculated as the 

product of each compound concentration by the compound coefficient rate of reaction with OH 

(Williams and Brune, 2015). Measurements of total OH reactivity have been performed using 

Laser Induced Fluorescence systems (pump-and-probe or flow reactor) and the Comparative 

Reactivity Method (CRM) using a Proton-Transfer-Reaction Mass Spectrometer (PTR-MS) as 
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a detector or a fast Gas-Chromatographic/ Photo-Ionization Detector, each system exhibiting 

advantages and limitations (Fuchs et al., 2017). Total OH reactivity proved to be an effective 

parameter for quantifying the contribution of VOCs to atmospheric chemistry in various 

environments. However, the comparison between the measured and the calculated OH 

reactivity from measured species often revealed differences, showing that there are still some 

unidentified or unquantified OH sinks (Yang et al., 2016).  

Since the 1960s, focus was mainly made on BVOCs emissions from forests, and little interest 

was shown for BVOC emissions from agriculture (Guenther, 2013). Karl et al. (2009) 

introduced a new plant-specific emission inventory where they showed that, on the Pan-Europe 

scale, agriculture contributes up to 27% to total BVOC emissions. These emissions are 

dominated by OVOCs (65%), followed by monoterpenes (26%) and isoprene (7%). However, 

they also reported a lack of experimental data on terpenes, sesquiterpenes and oxygenated 

VOCs, especially from crops, leading to higher uncertainties on BVOCs emission estimates 

from agriculture included in inventories. Similarly, in terms of OH reactivity, most of the 

studies conducted in natural ecosystems were in forested areas. Only two took place in suburban 

areas, near agricultural lands (Lou et al., 2010; Ren et al., 2005) where different observations 

were reported. Ren et al. (2005) found a mean OH reactivity of 6.1 s-1, with little diurnal 

variation, in an agricultural research farm in Pennsylvania, US, between May and June. 

Whereas, Lou et al. (2010), described a diurnal cycle of OH reactivity in a regional background 

site surrounded by farmlands in the Pearl River Delta- China, during summer, with a mean 

maximum of 50 s-1 at dawn dominated by anthropogenic emissions and a mean minimum of 20 

s-1 at noon more influenced by local biogenic emissions. These differences highlighted the need 

to better characterize the OH reactivity in rural environments, in which BVOC emissions can 

add a significant contribution of photochemical pollution due to the surrounding abiotic VOC 

emissions (Chameides, 1988). In particular, assessment of the OH reactivity at the branch scale, 

using dynamic chambers, would be a relevant approach to improve our understanding of the 

photochemical impacts of agriculture. So far, two studies were found to investigate the OH 

reactivity, using dynamic branch enclosures (Kim et al., 2011; Nölscher et al., 2013). The first 

one, conducted by Kim et al. (2011) on four different tree species (red oak, white pine, beech, 

and red maple) and the second by Nölscher et al., (2013) on Norway spruce trees studying total 

OH reactivity emission rates (TOHRE). No study was found on OH reactivity from a crop 

dynamic chamber.  
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Agricultural lands occupy around 37% of land use, worldwide (FAOSTAT, 2016). With the 

increase in global human population (10.2 billion by year 2100), the increased demand for food 

and nutrition would require an additional ≈ 2 billion hectares of cropland (Tilman et al., 2011). 

Furthermore, in order to meet the increasing need of energy in the modern society, biofuels 

from plants appeared to be an important mitigation strategy for the impact of fossil fuels on the 

environment (Rodionova et al., 2017). Thus, a new era of agriculture is encouraging the 

cultivation of biofuel producing crops such as soybean, corn, rapeseed, etc. Oilseed rape or 

rapeseed (Brassica napus) is one of the main oil and protein producing plants grown in Europe 

(De Bouille et al., 1989; McEwan and Macfarlane Smith, 1998). It represents up to 69% of 

oleaginous crops and 13% of total agricultural area of cereals, oil and protein producing crops 

in France (Agreste, 2017). Rapeseed flowering period is considered as a period of high 

photochemical activity, especially on clear days, where the light yellow surface of the crop 

reflects the sunlight, increasing the radiation density and leading to the emission of various 

amounts of BVOCs (Müller et al., 2002). Some studies have reported that oilseed growing can 

also be responsible of allergic effects especially at the mid-flowering stage of development 

(McEwan and Macfarlane Smith, 1998; Parratt, D , Macfarlane Smith, W.H., Thomson, G., 

Cameron, L.A. and Butcher, 1995). Previous studies investigated the variety and amount of 

BVOCs emitted by the spring rapeseed, showing that OVOCs and monoterpenes were the main 

emitted compounds. Gonzaga Gomez et al., (2019), found methanol to be the most emitted 

compound, whereas McEwan and Macfarlane Smith, (1998), reported high levels of 

monoterpenes from spring rapeseed, with limonene exhibiting the highest concentration, 

followed by β-myrcene and sabinene. In the light of all these observations, a better 

characterization of BVOCs and their contribution to OH reactivity in croplands, among which 

rapeseed fields, is of great importance. 

This study aims to investigate BVOCs and their total OH reactivity on a rapeseed crop level in 

a typical agricultural ecosystem, based on the CRM/ PTR-MS. A dynamic chamber was 

installed in April 2017 on a healthy, initially non-flowered rapeseed plant to perform 

measurements during the blooming period. In parallel, VOCs were also sampled in the 

incoming and the outgoing chamber air using a proton transfer reaction – time of flight – 

quadrupole ion - mass spectrometry (PTRQi-ToFMS). An expected OH reactivity was 

calculated from PTRQi-ToFMS data and other complementary measurements of organic and 

inorganic compounds. Thereby, it was possible to estimate the amount of a potential missing 

OH reactivity and to discuss its possible sources on diel basis. 
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4.2. Methodology 
 

 

4.2.1. Field site description 
 

 

As part of the ADEME- COV3ER project (Biogenic Volatile Organic Compounds: 

Emissions by managed ecosystems), a field campaign was conducted from the 7th to the 25th 

of April 2017. The ICOS FR-Gri measurement site (Figure 4.1) is a 19 ha field belonging to 

the AgroParisTech experimental farm of Grignon (48°51’N, 1°58’E) and located about 30 km 

West from Paris, France. The usual crop rotation at the field site is winter wheat – silage maize 

– winter barley, with only one former occasional occurrence of rapeseed in 2013. From the 

South, the East, the North-West and the South-West, the site is surrounded by roads with 

substantial traffic (5000 to 15000 vehicles per day, 2010 counts, “Statistiques du département 

des Yvelines pour 2010”). From the North, the South and the East, other agricultural lands 

surround the site. The small (1100 inhabitants, Insee 2015) village of Grignon is located around 

700 m West of the measurement site, and an animal farm (more than 200 cows and 1000 sheep) 

is situated 400 m to the South-West. The main wind directions are North-West during clear 

days and South-West during cloudy and rainy days (Laufs et al., 2017; Loubet et al., 2012; 

Figure 4.1: Satellite image of Grignon farm, the surrounding area and the 

chamber used for this study. 
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Vuolo et al., 2017). Rapeseed was sown on the 16th, August 2016, with a density of 460 000 

plants/ ha. The canopy height was around 134 cm. 

 

4.2.2. Plant dynamic chamber and air sampling 
 

In order to determine the chemical nature and the concentration of BVOCs emitted from a 

rapeseed plant as well as their OH reactivity, a young, healthy, non-flowered rapeseed plant 

(Brassica napus), was selected for the installation of an enclosure system (a dynamic chamber) 

from which the measurements were made. The enclosure system was a 60 L 

polytetrafluoroethylene (PTFE) cylindrical frame closed by a sealed 50 μm thick PTFE film to 

which ambient air was introduced at 15 L min-1 using a PTFE pump, leading to a residence 

time of about 4 min. A rapid mixing of the chamber air and a slight overpressure were ensured 

using a PTFE fan. Temperature (T °C), photosynthetic active radiation (PAR μmol m-2 s-1), 

relative humidity (RH %), carbon dioxide (CO2 µmol mol-1) and water vapor (H2O mmol mol-

1) were continuously monitored inside the chamber. For more details about the enclosure system 

refer to Genard-Zielinski et al. (2015). 

 

4.2.3. Meteorological measurements 
 

Measurements of meteorological variables were carried out at the FR-Gri ICOS site, 

according to the ICOS standard protocols (http://www.icos-etc.eu/icos/documents/). They 

include two profiles of air temperature and relative humidity (measurement heights at 1, 2.7 

and 5 m) and wind speed/direction (measurement heights at 0.5, 1, 2, 3 and 5 m), radiation 

measurements (short- and long-wave incoming and reflected radiation, photosynthetically 

active radiation, albedo), soil temperature and humidity profiles from the surface down to 90 

cm, and soil surface heat flux. The data were acquired continuously with dataloggers (Campbell 

Inc., USA) at rates from 20 s to 1 min, quality-checked and post-processed to get half-hourly 

averages. All sensors were regularly maintained and calibrated to ensure good quality data. 
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4.2.4. Instrumentation 
 

4.2.4.1. Comparative reactivity method (CRM) and instrument performance 

 

Total OH reactivity measurements were performed using the CRM, first developed and 

described by Sinha et al. (2008). This technique relies on quantifying the competition between 

a reference molecule (pyrrole C4H5N) and ambient reactive species to react with in-situ 

generated OH radicals. The whole experiment can be summarized in three main analytical steps: 

pyrrole, which is not normally present in ambient air, is introduced with dry zero air and dry 

nitrogen, in a glass reactor. The latter is equipped with a UV mercury lamp and connected to a 

detector which in our case is a proton transfer reaction – quadrupole - mass spectrometer (PTR-

MS). During this first step, no OH radicals are generated due to dry conditions in the system. 

The pyrrole concentration is monitored at the protonated m/z 68 as C1 which corresponds to the 

initial concentration of pyrrole available in the reactor after potential photolysis. Then, dry N2 

is humidified in order to generate OH radicals by H2O photolysis under the 184.9 nm 

wavelength emitted by the lamp. Pyrrole concentration at this stage is C2, lower than C1, due 

to its reaction with OH. The third and final step consists in introducing ambient air instead of 

zero air. The various species present in ambient air compete with pyrrole for the available OH, 

leading to an increase in pyrrole concentration measured as C3. Measurements of C1, C2 and 

C3 allow determining the OH reactivity of the sampled air in a quantitative manner where the 

difference between C2 and C3 is dependent on the amount and reactivity of VOC present in the 

sampled air. Total OH reactivity is derived from equation (4.1), where it is assumed that pyrrole 

reacts with OH following the pseudo –first order kinetical regime i.e. [Pyrrole] >> [OH]: 

ROH= 
(𝐶3−𝐶2)

(𝐶1−𝐶3)
 . 𝑘𝑝 . 𝐶1 (4.1) 

With kp the reaction rate of pyrrole with OH (1.2 x 10-10 cm3 molecule-1 s-1 (Atkinson, 1985)). 

However, three main measurement artifacts can occur while operating the CRM, for which 

corrections should be applied on OH reactivity raw values: (1) changes in the relative humidity 

within the set-up between zero air (C2) and ambient air (C3), leading to different OH levels, 

(2) recycling of OH in the presence of nitrogen oxide (NO) due to the NO + HO2 reaction and 

(3) deviation from pseudo-first order kinetics. An additional correction is applied due to the 

dilution of ambient air inside the reactor by N2 and pyrrole flows. 
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- CRM/PTR-MS system characterization 

In order to assess the performance of the instrument and to apply adequate corrections on OH 

reactivity raw data, a set of tests have been performed throughout the field campaign (see S4.1). 

The PTR-MS was calibrated at the beginning and the end of the campaign showing a good 

stability in dry and wet conditions. The photolysis rate ((C0-C1))/C0 was determined to be 

around 6 % since pyrrole can absorb at some of the wavelengths emitted by the UV mercury 

lamp. And C1 was 70.5 ± 0.3 ppbv on average for the measurement period presented herein.  

Even though a catalytic converter was used to generate zero air from ambient air, small 

differences in humidity are still observed between ambient and zero air. These changes can 

influence the level of OH radicals between C2 and C3, leading to an artifact in the C2 

measurement. Therefore, six humidity tests were done, measuring the change in C2 (ΔC2) with 

the change of RH, tracked using the variation in the m/z 37-to-m/z 19 ratio (Δ [m/z 37-to-m/z 

19 ratios]) (with m/z 37 being H3O
+.H2O the first water cluster and m/z 19 being H3O

+, the 

number of primary ions and their ratio being proportional to the absolute humidity inside the 

reactor). These tests, performed on incoming and outgoing chamber air were in good agreement, 

showing a linear relationship between ΔC2 (ppbv) and Δ (m/z 37-to-m/z 19 ratio) with a slope 

(mean humidity correction factor) of -119.68 ± 3.2 and R2= 0.84. The application of this factor 

on C2 (Equation (4.1)) gives a corrected C2 (C2*). 

As mentioned before, OH radicals are artificially generated inside the reactor using the 

photolysis of water vapor. This reaction also results in hydrogen atoms that can be associated 

to oxygen molecules present in air leading to the formation of HO2. In the presence of high 

levels of NO in sampled air, HO2 radicals can be rapidly converted into OH radicals resulting 

in different levels of OH between C2 and C3 and leading to an artifact on C3 measurements. 

Therefore, tests were performed by introducing different levels of NO (1.2 to 19.6 ppbv) inside 

the reactor while sampling humid zero air. When the NO level in the system increases, the 

pyrrole mixing ratio in C3 decreases. The variation of C3 (ΔC3) was thus monitored as the 

difference between an expected C3 and the measured C3, where the expected C3 is calculated 

using C1, C2 and an expected OH reactivity due to NO. The relationship between ΔC3 and NO 

mixing ratio is not linear. It follows a quadratic regression (S1.b), ΔC3 = a [NO]2 + b[NO], 

where [NO] is in ppbv with the following parameters fitted during this pre-experimental test a 

= -0.0013 and b= 0.3214 (see also Michoud et al., 2015). This correction leads to corrected C3 

(C3*). We note that this correction was minor most of the time as the NO mixing ratio was low 

during the campaign (0.7 ± 0.5 ppbv on average during the considered period except for one 
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peak recorded on the morning of the 21st April, 2017 when the NO mixing ratio reached 46 

ppbv around 06:00 UTC (Local time= UTC + 2).  

Regarding nitrogen dioxide (NO2), no tests have been performed on site, since NO2 is not 

expected to lead to the formation of secondary OH inside the reactor. However, its conversion 

into NO showed that it can cause an artifact (Michoud et al., 2015). During the intercomparison 

of OH reactivity instruments over the SAPHIR chamber (Fuchs et al., 2017), our CRM/PTR-

MS suffered from an artifact from high (≥ 10 ppbv) NO2 concentration, even if this effect was 

on a lower extent compared to other CRM instruments. The absolute change in OH reactivity 

values was about + 1.9 s-1 in the presence of 10 ppbv of NO2. This correction was only 

considered in order to estimate the weight of the NO2 interference on OH reactivity 

measurements. As NO2 was on average 12 ppbv during the campaign, this could have led to an 

underestimation of about 2 s-1 of the corresponding OH reactivity. 

OH reactivity values are determined based on equation (4.1). This equation assumes that the 

instrument is operated under pseudo-first order conditions (i.e. [Pyrrole] >> [OH]), which is 

not the case with current CRM instruments. To assess this correction, injections of known 

concentrations of propane and isoprene were performed during the field campaign. These two 

gas standards represent extreme cases since propane is a medium reactive VOCs in the 

atmosphere (k(propane-OH) = 1.09 x 10-12 cm3 molecules-1 s-1), while isoprene is one of the most 

reactive (k(isoprene-OH) = 1.0 x 10-10 cm3 molecules-1 s-1). The measured OH reactivity obtained 

from these tests is then compared with the expected OH reactivity, which allows extracting a 

correction factor that depends on pyrrole-to-OH ratio [34]. Therefore, standard OH reactivity 

experiments were conducted at various pyrrole-to-OH ratios ranging between 1.7 and 2.7, 

which is the range observed most of the time during the COV3ER campaign, leading to a 

correction factor F = 1.59x2 – 7.22x + 9.46 with x = pyrrole/OH.  Finally, correction on 

reactivity values due to dilution was around 1.44 during the campaign (D).  

Taking all mentioned corrections into account, final OH reactivity was determined following 

equation (4.2):  

ROH= 
(𝐶3∗−𝐶2∗)

(𝐶1−𝐶3∗)
 . 𝑘𝑝 . 𝐶1 . 𝐹. 𝐷 (4.2) 

The limit of detection was about 3 s-1 (3σ) and overall uncertainties have been estimated at 35 

% (1σ) for the measured OH reactivity by our CRM/PTR-MS (Zannoni, 2015).   
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- Ambient air sampling 

The sampling lines were shared with the PTRQi-ToFMS. In total 8 ¼’ internal diameter PFA 

20 m lines were sampled at a flow rate of ~ 7 L min-1. Among these 8 lines, the line from the 

rapeseed enclosure and the line sampling ambient air at 270 cm height were subsampled to the 

4 port-valve of the CRM system, with a flow rate around 1 L min-1, through a 1/8’ internal 

diameter PFA line, using two pumps: the first one is a PTFE coated pump located upstream of 

the reactor and the other one is from the Gas Calibration Unit (GCU) used to generate humid 

zero air from ambient air (Figure S4.2). All Teflon lines were heated to 50°C. 

Since the PTRQi-ToFMS was used during this campaign to measure gradients, eddy covariance 

fluxes and the air out of the dynamic chambers, the measurement sequence was programmed 

as following: 20 min of eddy covariance measurements followed by 5 min of gradient 

measurement, 3 min in the chamber out and 2 min of background. 

 

4.2.4.2. Proton transfer reaction Quadrupole ion-Time of Flight Mass Spectrometer 

(PTRQi-ToFMS) 

 

  

- Instrument setup 

 

A PTRQi-ToFMS (Ionicon Analytik GmbH, Innsbruck, Austria) was used for continuous 

online measurements of VOC mixing ratios at 10 Hz. The analyzer was described in details 

before (Abis et al., 2018; Gonzaga Gomez et al., 2019; Sulzer et al., 2014) and the set up used 

in this study is detailed in Gonzaga Gomez et al. (2019). VOCs are protonated inside a reaction 

tube, then injected into a quadrupole ion guide and electromagnetic lenses that focuses the ions 

into the time-of-flight mass spectrometer (ToF, TofWerk, Switzerland) which separates the ions 

by inertia prior to their detection on a multi-channel-plate (MCP) coupled to a time-to-digital 

converter (Burle Industries Inc., Lancaster, PA, USA). The drift tube pressure was tuned to 4 ± 

0.0001 mbar, drift temperature was 80 ± 0.06 °C, and drift voltage E was 995 ± 0.03 V. These 

conditions ensured an E/N ratio (where E is the electric field strength and N the gas density) of 

132 ± 0.03 Td (1 townsend = 10−17 V cm2), which was chosen as a good compromise to avoid 

fragmentation and limit clustering (Pang, 2015; Tani et al., 2003). The number of detection 

channels was set to 240 000 and the mass spectrum spanned 15 to 530 m/z. The extraction rate 

of ions in the ToF was set to 40 µs (25 kHz). 2500 extracted spectra were averaged prior to 
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recording at 10 Hz. The proton transfer reaction is effective for compounds having a proton 

affinity higher than that of water (691.7 kJ mol-1), which means that the major atmospheric 

compounds are not protonated (N2, O2, CO2, CH4, N2O) allowing for detection of trace 

compounds.  

 

- Acquisition and pre-processing of PTRQi-ToFMS data 

 

Data acquisition was performed with home-made Labview® software which logged a list of 

ion peaks integrated online by the TOFDaq software (TOFWERK, SW). The desired ion peak 

list was set up at the start of the experiment based on measured air sampled at the site, analyzed 

by a home-made Labview peak analyzer. Every 5 min, the data were stored on the hard drive, 

and a mass calibration was performed with the automatic TOFDaq software feature using ions 

m/z 21.0221 (H3
18O+) and m/z 59.049 (acetone C3H6OH+), and a 2-seconds moving average. 

Mass calibration was quality checked online by computing the peak mass of m/z 21.022 and 

m/z 59.049 after calibration and was found to be stable throughout most of the experiment. 

Unstable mass calibration periods were discarded at the computation stage. The channels 

number of the 16-way valve embedded in the PTRQi-TOFMS was also recorded. The 

synchronized data were pre-processed with another Labview program that computed the mean 

and standard deviation of the cps at the entry and exit of the chamber as well as at reference 

level (2.7 m) and in the canopy at 1.34 m. In this pre-processing step, the first 15 seconds and 

the last 5 seconds of a record were removed prior to computing cps statistics to avoid unstable 

drift pressures that occurred after each valve switching.  

 

- PTRQi-ToFMS calibration 

 

In order to account for the sensitivity changes the PTRQi-ToFMS was regularly calibrated. We 

used a standard cylinder containing 102 ppbv of benzene, 104 ppbv of toluene, 130 ppbv of 

ethylbenzene and 336 ppbv of xylene (122 ppbv Ortho, 121 ppbv Meta, 123 ppbv Para; BTEX, 

Messer). Gas from this cylinder was diluted with synthetic air (alphagaz 1, Air Liquide, FR) 

using two fluorinert coated mass flow controllers (Bronkhorst), to generate concentrations from 

0 to 50 ppbv of BTEX. The calibration was done almost every week. The zero check was 

performed every 30 minutes by passing through a hydrocarbon filter (Supelco ref 22445-12 ou 

Restek ref 21991) for 2 minutes and keeping the last 30 seconds. The zero was withdrawn from 
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the normalized cps every 30 min as shown in equation (S4.3.1). The sensitivity 𝑆𝑖 was 

calculated as the slope with zero intercept of the regression between mixing ratio in equation 

(S4.3.1) assuming 𝑆𝑖 = 1 and the known mixing ratio. The procedure was applied for the three 

compounds cited above for the calibration. We found that the sensitivity was 2 ± 0.15. Based 

on an inter-comparison between our PTRQi-ToFMS and a PTR-MS inter-compared within the 

ACTRIS network (Holzinger et al., 2019) we adjusted methanol sensitivity to 𝑆𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 = 14 

as explained in Gonzaga Gomez et al. (2019). Except for methanol, a single sensitivity value 

was applied for all masses, since the protonation reaction constant was assumed equal for all 

masses. 

 

4.2.4.3. Gas chromatography- flame ionization detector (GC- FID) 

 

A gas chromatograph equipped with a Flame Ionization Detector (airmoVOC C2- C6, 

Chromatotec, Saint Antoine, France) was used to measure hydrocarbons in the C2- C6 fraction. 

The sampling was done for 10 min with a flow rate of 11 sccm via a stainless steel inlet, 

followed by a 20 min analysis. After going through a Nafion dryer, ambient air arrives to a 

preconcentration unit cooled down to -8°C, filled with Carboxen, Carbopack B and Carbotrap 

C. A thermodesorption at 220 °C follows and the sample is injected into a metal capillary 

column (Porous Layer Open Tubular Column PLOT, Al2O3/ KCL; 0.53 mm inner diameter and 

25 m length, Varian Inc, USA). Calibrations were performed frequently using a certified 

standard VOC mixture (National Physical Laboratory, UK). The overall uncertainty was 

estimated to be 15 % (1σ) (Gros et al., 2011).  

  

4.2.4.4. NOx concentration measurements 

 

Nitrogen oxides (NOx) concentrations in ambient air were measured with a NO-NO2-NOx 

chemiluminescence analyzer (Model 42-CTL, Thermo Environnement, Mégatec, France). Data 

were acquired continuously at 1 Hz using a datalogger (Model CR10, Campbell Inc., USA). 

The NO-NO2-NOx instrument was calibrated in the laboratory before being installed on the 

field, and the span was regularly checked during the campaign (about once every two weeks). 

The inlet was placed at a height of 2.5 m, on the side of the FR-Gri field. 
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4.2.4.5. CO and CH4 measurements 

 

A 48i-TL, thermo-Environnement was used to measure carbon monoxide (CO), by the 

absorption of light in the infrared range. A zero was done every 4 h, and the calibration was 

checked several times through the campaign, by the injection of a pre-calibrated air bottle (≈ 

200 ppbv).  

Regarding methane (CH4), a G2201-i Picarro based on Cavity Ring Down Spectroscopy 

(CRDS), was deployed. CRDS uses a single frequency laser diode to measure specific gas-

phase molecules which scatter and absorb light in the near infrared absorption spectrum. By 

measuring the height of absorption peaks, the concentrations can be determined. More details 

on the instrument and setup used in this campaign can be found in Assan, et al. (2017). 

 

All deployed instruments are summarized in Table 4.1 and Figure 4.2.   

 

Table 4.1: Instruments deployed in the campaign and used for data analysis. 

Technique Measurement Time resolution 

CRM Total OH Reactivity (ROH) 10 min 

PTRQi-ToFMS 

VOCs 

Formaldehyde, Methanol, Acetaldehyde, Butanol, 

Acetone, Acetic acid, Isoprene, MethylEthylKetone 

(MEK), Hexadiene/ GLV, Styrene, Monoterpenes 

0.1 sec  

GC-FID 

C2- C6 HCs 

Alkanes: Ethane, Propane, I-butane, N-butane, I-Pentane,       

N-Pentane, 2-MethylPentane, N-hexane 

Alkenes: Ethene, Propene, Trans-2-butene, 1-butene, I-

butene, Cis-2-butene, 1,3-butadiene, Trans-2-pentene, 1-

pentene 

Alkynes: Acetylene 

30 min 

NO-NO2-NOx 

chemiluminescence 

analyzer 

NO, NO2 1 min 

G2201-i Picarro CH4 1 min 

48i-TL, thermo-

Environnement 
CO 1 min 
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4.2.5. Calculation of OH reactivity  
 

Based on the available trace gases observations, mentioned in section 4.2.3, an expected 

OH reactivity (calculated OH reactivity, cROH) could be determined using the following 

equation:  

cROH= ΣcROHi = Σ ki-OH . Xi (4.3) 

where cROHi is the calculated OH reactivity of a compound i, Xi its concentration and ki-OH its 

respective rate coefficient of the reaction with the hydroxyl radical OH.  

While cROHambient was calculated considering VOCsambient (PTRQi-ToFMS), light (C2-C6) 

hydrocarbons, NOx, CO and CH4, measured in ambient air (Figure 4.2), cROHchamber was 

determined using VOCschamber (PTRQi-ToFMS) measured in the outgoing chamber air and the 

Figure 4.2: Schematic representation of the system used for the measurements in the incoming and the 

outgoing chamber air. mROHambient and mROHchamber stand for measured OH reactivity in the incoming 

and the outgoing air, respectively. cROHambient and cROHchamber represent the calculated OH reactivity in 

the incoming and the outgoing chamber air, respectively. cROHrapeseed is calculated using VOCsrapeseed, 

determined from VOCschamber – VOCsambient (both measured with the PTRQi-ToFMS).  
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organic and inorganic species measured in ambient air, assuming that inorganic compounds and 

light hydrocarbons were not emitted nor deposited in the rapeseed chamber.  

As reported in Gonzaga Gomez et al. (2019), the PTRQi-ToFMS deployed during the 

COV3ER campaign, detected 1078 ions (fragments and isotopes included) with a mass-to-

charge ratio (m/z) ranging from 31 to 500. For rapeseed, around 420 ions exceeded the set 

threshold (signal/ noise ratio > 3), from which 24 masses were selected as the main contributors 

to rapeseed BVOCs emission fluxes, based on their mean net flux. This list of 24 masses was 

considered first, including m/z 31.018, m/z 33.034, m/z 41.038, m/z 43.018, m/z 45.033, m/z 

57.069, m/z 59.048, m/z 61.028, m/z 69.070, m/z 79.063, m/z 81.069, m/z 83.084, m/z 90.946, 

m/z 91.053, m/z 93.035, m/z 105.069, m/z 108.956, m/z 125.957, m/z 137.131, m/z 153.052, m/z 

190.962, m/z 192.960, m/z 223.061, m/z 225.043. However, when it came to consider 

VOCsambient and VOCschamber in cROHambient and cROHchamber, respectively, this list was 

shortened to 12 masses, with known chemical nature and established rate coefficients for the 

reaction with OH. It is important to note that, in our case, total monoterpenes are represented 

by the sum of m/z 81.068 and m/z 137.129, since m/z 81.068 was mainly a monoterpene 

fragment. Isoprene, detected at m/z 69.070 also exhibited a fragment at m/z 41.038, therefore, 

the corresponding signal was corrected for the potential fragmentation with a factor of 1.3. 

Formaldehyde could be detected and quantified at m/z 31.018. Indeed, Warneke et al. (2011) 

reported that PTR-MS can be used for formaldehyde measurements, even though HCHO 

detection by PTR-MS can be strongly dependent on humidity and can be less sensitive than for 

other compounds. The 12 selected PTRQi-ToFMS masses as well as the other organic and 

inorganic measured trace gases are listed in Table 4.2, together with their respective rate 

coefficients for the reaction with OH used for calculations. It is worth noting that, the OH 

reactivity of monoterpenes was calculated as the product of the concentration of total 

monoterpenes (m/z 137 and m/z 81) and the rate constant of the reaction of limonene with OH. 

This assumption was based on previous studies, where limonene was reported to be the 

dominant monoterpene emitted by Brassica napus (McEwan and Macfarlane Smith, 1998).  

Finally, this list of compounds mentioned in Table 4.2, contains species known to be biogenic 

compounds (isoprene, monoterpenes) as well as several OVOCs (formaldehyde, methanol, 

acetaldehyde, acetone, …). OVOCs can be of anthropogenic or biogenic origins and can be 

primary emitted by plants or generated from secondary reactions (acetaldehyde, acetic acid, 

…). Therefore, it is important to distinguish between rapeseed BVOCs emissions and 
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background air emissions. In this context, we determined the concentration of VOCs related to 

the enclosed plant emissions as VOCsrapeseed = VOCschamber – VOCsambient (Figure 4.2).  

 

  

Protonated 

theoretical 

mass 

Chemical compound Name 

Rate constant  

(x 10-12  

cm3 molecule-1 s-1) 

Ref 

PTR-ToF-

MS 

protonated 

masses 

m31.018 (CH2O)H+ Formaldehyde 8.5 (Atkinson et al., 2006) 

m33.033 (CH3OH)H+ Methanol 0.9 (Atkinson et al., 2006) 

m45.033 (CH3CHO)H+ Acetaldehyde 15 (Atkinson et al., 2006) 

m57.069 (C4H8)H+ Butanol fragment 8.5 (Atkinson et al., 2006) 

m59.049 (C3H6O)H+ Acetone 0.18 (Atkinson et al., 2006) 

m61.029 (C4H4O2)H+ Acetic Acid 0.74 (Atkinson et al., 2006) 

m69.070 (C5H8)H+ Isoprene 100 (Atkinson et al., 2006) 

m73.064 (C4H8O)H+ Butanone/ MEK 1.2 (Atkinson et al., 2006) 

m81.068 (C6H8)H+ MTs fragment 165 (Atkinson et al., 2003) 

m83.084 (C6H10)H+ Hexadiene/ C6 GLV 69.1 (Peeters et al., 2007) 

m105.066 (C8H8)H+ Styrene 53 (Bignozzi et al., 1981) 

m137.129 (C10H16)H+ Monoterpenes (MTs) 165 (Atkinson et al., 2003) 

GC-FID 

  C2H6 Ethane 0.24 (Atkinson et al., 2006) 

  C2H4 Ethene 7.9 (Atkinson et al., 2006) 

  C3H8 Propane 1.1 (Atkinson et al., 2006) 

  C3H6 Propene 29 (Atkinson et al., 2006) 

  C4H10 I-butane 2.35 (Atkinson et al., 2003) 

  C4H10 N-butane 2.35 (Atkinson et al., 2003) 

  C2H2 Acetylene 0.75 (Atkinson et al., 2003) 

  (E)-2-C4H8 Trans-2-butene 63.7 (Atkinson, 1985) 

  1- C4H8 1-butene 31.5 (Atkinson, 1985) 

  I- C4H8 I-butene 51.5 (Atkinson, 1985) 

  (Z)-2-C4H8 Cis-2-butene 56 (Atkinson, 1985) 

  iso-C5H12  I-pentane 3.65 (Wilson et al., 2006) 

  n-C5H12 N-pentane 3.92 (Sivaramakrishnan and Michael, 2009) 

  CH2=CH-CH=CH2 1,3-butadiene 58 (Grosjean and Williams, 1992) 

  2- (E)- C5H10 Trans-2-pentene 57.1 (Grosjean and Williams, 1992) 

  1-C5H10 1-pentene 35 (Grosjean and Williams, 1992) 

  (CH3)2CH(CH2)2CH3 2-Me-pentane 5.2 (Atkinson and Arey, 2003) 

  C6H14 N-hexane 5.38 (Sivaramakrishnan and Michael, 2009) 

Other 

compounds 

  CO Carbon monoxide 0.228 (Atkinson et al., 2003) 

  CH4 Methane 0.0064 (Atkinson et al., 2003) 

  NO Nitrogen oxide 9.7 (Atkinson et al., 2003) 

  NO2 Nitrogen dioxide 11.3 (Atkinson et al., 2003) 

 

 

 

 

Table 4.2: List of selected compounds used for OH reactivity calculations with their respective ki-OH  

at 298 K and pressure 1 atm.   
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4.2.6. Data availability 
 

The CRM/PTR-MS system operated from the 7th to the 25th, April 2017. However, final 

experimental conditions, including heating the sampling lines and sampling ambient air from a 

mast at ≈ 2.7 m height, were only set starting from the 10th, April 2017. All other instruments 

were operational between the 10th and the 25th, April except for the NOx analyzer due to 

technical problems between the 14th and the 19th, April. Since NO data is important to correct 

for the CRM artifact due to the recycling of OH radicals (NO + HO2), only OH reactivity data 

corrected for the NO interference are presented. It should be noted that one to two days were 

dedicated at the beginning, the middle and the end of the campaign, to perform some tests 

aiming to check the stability of the CRM system. In addition, enclosure measurements were 

interrupted for 2 days during the campaign (between the 15th and the 17th, April 2017), since a 

fungicide application was planned for this period. Therefore, taking into account the 

CRM/PTR-MS availability as well as the availability of the other deployed instruments, only 

the results from the 20th to the 23rd of April, representing the later stage of the blooming period, 

are presented and further discussed.   

 

4.3. Results and discussion 
 

In the first part of the result section, the variability of measured total OH reactivity in 

the outgoing chamber air (mROHchamber) as well as in the incoming ambient air (mROHambient) 

is described, linked to some meteorological parameters. In a second part, calculated OH 

reactivity is determined in ambient air (cROHambient) as well as from the rapeseed branch 

(cROHrapeseed), with a description of the individual contribution of biogenic and abiotic 

compounds to mROHchamber. The final part is dedicated to discuss the possible origins of missing 

OH reactivity, based on the investigation of further masses measured with the PTRQi-ToFMS. 

 

4.3.1. Total OH reactivity  
 

Figures 4.3.b and c report the variability of measured total OH reactivity from the rapeseed 

dynamic chamber (mROHchamber) with temperature, PAR and RH, from the 20th to the 23rd of 

April, 2017. mROHchamber varied diurnally between the limit of detection and 47.6 s-1, with an 

average of 12.0 ± 6.7 s-1. Higher values were measured during day-time and minimum values 
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during night-time, following PAR and temperature profiles. The average day and night 

mROHchamber was 14.9 ± 7.1 and 8.1 ± 3.1 s-1, respectively. The night-time mROHchamber was in 

the same order of magnitude of the mean total OH reactivity measured in the incoming chamber 

air (mean mROHambient= 7.5 ± 2.4 s-1). However, the latter did not show a clear diurnal cycle as 

in the chamber reactivity. Such findings were similar to the observations made by Ren et al. 

(2005) during a field experiment conducted in an agricultural research farm, where averaged 

ambient OH reactivity was 6.1 s-1 with little diurnal variation. However, our results are lower 

than the mean values (20 s-1 at noon and 50 s-1 at day-break) recorded in ambient air by Lou et 

al. (2010) during the PRIDE-PRD2006 campaign at a rural site which was dominated by 

anthropogenic pollutants (CO, NOx, …) at night and strongly influenced by local biogenic 

emissions of isoprene during the day (Lou et al., 2010). Our results were also lower than the 25 

s-1 OH reactivity reported by (Nölscher et al., 2013) from a dynamic branch cuvette enclosure 

system mounted on a Norway spruce and much lower than the OH reactivity recorded by Kim 

et al. (2011) from red oak, white pine, beech, and red maple branch enclosures and which ranged 

between tens and hundreds of s-1 (Kim et al., 2011). Thus, recorded levels of OH reactivity in 

ambient air and in dynamic chamber, were in the lower range of total OH reactivity, compared 

to various forest ecosystems, where OH reactivity reached maximum levels between 30 and 

100 s-1 ((Bsaibes et al., 2019; Edwards et al., 2013; Kim et al., 2011; Nölscher et al., 2013; 

Ramasamy et al., 2016; Sinha et al., 2010; Zannoni et al., 2017). 

During this period of the campaign (20th- 23rd, April 2017), the crop growth was relatively 

stable as shown by the stem length, the leaves total length and the fraction of open flowers 

evolution (see S4.4). mROHchamber showed to be clearly correlated to environmental abiotic 

factors rather than changes in plant physiology. As mentioned before, mROHchamber minima 

recorded during nights were close to the levels measured in ambient air. It means that at night 

there was no or little contribution from the plant emissions to OH reactivity. This observation 

is confirmed by ΔmROH = mROHchamber – mROHambient (Figure 4.3.a), with relatively low 

values during the night. Whereas, during the day, ΔmROH reached a maximum of 10 s-1 on 

average at mid-day (between 11h and 14h UTC). This difference appeared around 05:00 (UTC) 

when the sun rose (PAR > 0 μmol m-2 s-1), peaked around noon in parallel with maximal solar 

radiations and temperatures, and decreased in the late afternoon down to a minimum around 

19:00 (UTC). Mid-day difference was the highest on the 21st of April (ΔmROH = 14.3 s-1), 

when a higher day-time temperature and a more intense solar radiation were recorded inside 

the enclosure. These observations show that the contribution of plant emissions to OH reactivity 
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were temperature and/ or light dependent. It is worth noting that a higher temperature was 

recorded inside the chamber compared to ambient air (mean difference = 8.5°C, see S4.5), this 

should be kept in mind when analyzing ΔmROH.  

It is worth noting that an extra day-time peak of mROHchamber (Figure 4.3.b) was recorded 

in the morning of the 21st of April (05:00 – 07:30 UTC), that did not appear on the other days 

and was also seen on ΔmROH (Figure 4.3.a). This peak of ΔmROH is likely due to the 

subtraction of a mROHambient (an average of 7.5 s-1) not representative of the atmospheric 

conditions at that hour of the day; indeed, we remind that mROHambient was only recorded 1 

hour each 4 hours, and that the ambient air composition can change quickly. In addition, higher 

night-time levels were observed during the nights of 21st and the 22nd, April (around 01:00 

UTC). These events are further discussed in section 4.3.2 while investigating the contribution 

of measured compounds to total measured OH reactivity. 

 

Figure 4.3 : Variability of a) ΔmROH = mROHchamber - mROHambient and b) total mROHchamber (blue dots 

represent the original OH reactivity data and black dots represent the trend obtained after smoothing the 

original data) and total mROHambient (red dots) from the 20th to the 23rd, April 2017 with temperature 

(T°C- yellow), c) photosynthetic active radiation (PAR μmol m-2 s-1- purple) and relative humidity 

(RH%- blue), all three parameters measured inside the chamber. 
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4.3.1.1. Ambient air measurements and their calculated OH reactivity (cROHambient) 

 

Measurements in ambient air included NO, NO2, CO, CH4, C2-C6 hydrocarbons and other 

VOCs (Figure S4.6.a). As already stated, NO was around 0.7 ± 0.5 ppbv on average for the 

considered period, except for one peak recorded on the morning of the 21st April, 2017 when 

the NO mixing ratio reached 46 ppbv around 06:00 UTC. NO2 showed higher mixing ratios 

than NO and was around 12 ppbv on average. CO was on average 151 ± 21 ppbv with a higher 

mixing ratio on the morning of the 21st April, occurring at the same time as the NO peak and 

reaching 243 ppbv around 07:00 UTC. These high peaks of NO and CO, observed on the 

morning of the 21st, April correspond to the hours of the day when the wind was mainly coming 

from the east of the site (wind direction ≈ 50°) and had a low speed, which means little mixing 

in the surface layer. These peaks lasted for 2-3 hours and they are most probably related to 

traffic from the road nearby and advection from Paris and its suburbs. In terms of calculated 

OH reactivity, these two inorganic compounds, accounted for 4.6 s-1 on average to the ambient 

measured OH reactivity, with a maximum of 14.3 s-1 on the morning of the 21st, April 2017 

(S4.6.b).  

Regarding VOCs, CH4 presented an average of 2100 ppbv, with a higher level on the night 

between the 20th and the 21st, April and a high/ sharp peak around 01:00 UTC of the 22nd. The 

same observation was made on the sum of C2-C6 hydrocarbons (GC-FID) and the oxygenated 

VOCsambient (PTRQi-ToFMS). In terms of OH reactivity, CH4, non-methane hydrocarbons in 

the C2-C6 fraction and OVOCs accounted, each, for 0.3 – 0.4 s-1 on average, with a maximum 

of 0.7, 1 and 1.2 s-1, respectively around midnight on the 22nd. Monoterpenes accounted for 0.7 

s-1 on average and isoprene had a negligible contribution, around 0.1 s-1, both showing 

surprisingly the same midnight peak reaching 3.2 and 0.7 s-1, respectively. This peak coincides 

with a wind mainly coming from the north of the site and highlights possible emissions from a 

nearby waste treatment plant (Font et al., 2011).  

All the mentioned compounds, accounted for 6.5 s-1 on average of mROHambient, representing a 

relative mean contribution of 87 %.  

It should be reminded that, assuming that the inorganic compounds and light hydrocarbons were 

not emitted nor deposited in the rapeseed chamber, all the compounds present in the incoming 

chamber air (ambient air) contribute to mROHchamber. This contribution was around 89 % and 

41 % during night-time and day-time, respectively. 
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4.3.1.2. BVOCs from the rapeseed plant (VOCsrapeseed) and their calculated OH 

reactivity (cROHrapeseed) 

 

As mentioned before, the PTRQi-ToFMS was the only instrument measuring VOCs 

from the dynamic chamber (VOCschamber) as well as in ambient air (VOCsambient). Thereby, it 

was possible to characterize VOCs originating directly from the enclosed plant (VOCsrapeseed = 

VOCschamber - VOCsambient), on which we focus in the following part.  

The summed mean mixing ratios of the 11 VOCsrapeseed, is presented in Figure 4.4.a. It 

exhibits a diel variability with a maximum of 11 ppbv on average around mid-day (11h-14h 

UTC) and a minimum during the night (≈ LOD), similar to temperature and light profiles. This 

observation confirms that BVOCs emissions from rapeseed and their concentrations in the 

enclosure are generally light and/or temperature dependent. It also highlights that these 

compounds are the main drivers of the day/ night variability seen on mROHchamber.  

Between the 20th and the 23rd, April, biogenic OVOCs (listed in Table 4.2) accounted 

for the major (92 %) part of VOCsrapeseed. Among the measured biogenic OVOCs, methanol 

was dominant with 1.4 ppbv on average, representing 38 % of the oxygenated compounds 

emitted, followed by acetaldehyde and acetone, with 0.8 ppbv each, accounting for 21- 22 %. 

Acetic acid (0.4 ppbv) presented around 11 %, whereas the others (formaldehyde, butanol and 

MEK) did not exceed 8 % together. Regarding isoprene and monoterpenes, they had relatively 

low contributions to the total VOCsrapeseed, with 0.2 and 0.01 ppbv on average, amounting to 5.2 

% and 0.2 %, respectively. These observations during the blooming period are in agreement 

with other studies on rapeseed. König et al. (1995) classified rapeseed as OVOCs- emitter with 

other crop species. Müller et al. (2002), reported an important emission and/or rapid formation 

of carbonyl compounds from flowering rape as an important source of biogenic OVOCs in the 

studied ecosystem. Furthermore, these relatively high levels of OVOCs, recorded during the 

blooming period, were also observed later during the senescence period, starting at the end of 

April 2017, in the study conducted by Gonzaga Gomez et al. (2019) on the same field site. 

However, few studies presented rapeseed as an important emitter of monoterpenes, which 

accounted for 60-90 % of the total VOCs identified in spring oilseed rape, whereas non-

terpenoid components, including OVOCs (acetaldehyde, acetone, and 3-methyl-2-butanone) 

were found at low levels (McEwan and Macfarlane Smith, 1998).   
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 When looking at individual BVOCs variability (S4.7), all compounds had a clear 

diurnal cycle, except for acetic acid whose variability followed neither temperature nor light. 

Emissions of isoprene, as well as of the rest of the OVOCs and hexadiene/Green Leaf Volatiles 

(GLV), were correlated to light and/or temperature, since they exhibited higher levels during 

day-time compared to the night-time, and for night-time levels, they showed higher levels 

during the 22nd night when higher night-time temperatures were recorded. Finally, 

monoterpenes did not show the same behavior and their emissions were close to zero during 

the night. 

Figure 4.4.b, illustrates the mean contribution of each VOCrapeseed to the mean 

calculated OH reactivity (cROHrapessed), that exhibited an average diurnal variation between the 

LOD and 4.4 s-1. Interestingly, the major contributors to cROHrapeseed during day-time were 

isoprene with 40 %, followed by acetaldehyde (21 %) and monoterpenes (18 %). Hexadiene/ 

Figure 4.4 : Averaged diurnal variation of a) the mixing ratio of each BVOC measured with the 

PTRQi-ToFMS (ppbv) and b) their contribution to OH reactivity (s-1). 
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GLV accounted for 12 % and the rest (formaldehyde, methanol, butanol, acetone, acetic acid, 

MEK and styrene), did not exceed 10 % all together. Despite that methanol was the most 

abundant compound in the chamber, its contribution to OH reactivity remains low, compared 

to less emitted but more reactive species, like isoprene and monoterpenes.  

Compared to measured OH reactivity in the outgoing chamber air (mROHchamber), all of 

the considered biogenic VOCsrapeseed explained 13 % on average of the mROHchamber during 

day-time with a maximum contribution at mid-day (11:00- 14:00 UTC) reaching 24 % on 

average, whereas during night-time, biogenic VOCsrapeseed contribution to mROHchamber was 

negligible. Contributions of ambient species and rapeseed emissions to mROHchamber are 

resumed in Table 4.3.  

 

 
Day-time 

Avg ± STD 

Night-time 

Avg ± STD 

cROH NOx (s-1) 3.6 ± 2.2 3.8 ± 0.9 

cROH HCs C2- C6 (s
-1) 0.4 ± 0.2 0.5 ± 0.2 

cROH CO (s-1) 0.8 ± 0.1 0.9 ± 0.1 

cROH CH4 (s
-1) 0.3 ± 0.01 0.3 ± 0.07 

cROH VOCambient (s
-1) 0.8 ± 0.7 1.5 ± 1.0 

cROH VOCrapeseed (s
-1) 1.9 ± 1.7 < LOD ± 0.7 

Mean cROHchamber (s
-1) 7.8 ± 2.6 7.0 ± 1.5 

Mean mROHchamber (s
-1) 14.4 ± 7.0 8.0 ± 2.6 

Mean Missing ROH (s-1) 6.6 ± 5.0 1.0 ± 1.7 

Mean relative Missing ROH (%) 46 13 

 

 

 

 

 

 

 

 

 

Table 4.3: Summary of the mean contribution of all the measured species (same time step) 

in the incoming and the outgoing chamber air to mROHchamber and the resulting missing OH 

fraction. 
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4.3.2. Investigation of the missing OH reactivity 
 

 The comparison between measured OH reactivity (mROHchamber) and the reactivity 

calculated by the sum of individually measured reactive compounds (cROHchamber) enabled us 

to assess the known reactive carbon budget and to determine the “unaccounted for OH sink”, 

known as missing OH reactivity (ROHmissing). Figure 4.5 shows the variability of mROHchamber 

and cROHchamber. Little or no missing OH reactivity was observed during the night, whereas, a 

more important difference was seen around mid-day (mean mid-day missing OH reactivity ≈ 8 

s-1), suggesting that this missing OH reactivity was mainly related to light and/ or temperature-

dependent compounds either primarily emitted or secondarily formed in the chamber.   

 

 

Among the approaches used to explore the origin of missing reactivity, one consists of 

correlating the missing OH reactivity with temperature (Figure 4.6). As such, we tried to fit the 

missing OH reactivity with the equation applied by Di Carlo et al. (2004), adapted from the one 

normally used to describe temperature-dependent emissions of monoterpenes (Guenther et al., 

1993). 

ROHmissing(T)= ROHmissing(293)exp(β(T-293) (4.4) 

with ROHmissing(T) and ROHmissing(293) representing the missing OH reactivity at a given 

temperature T(K) and 293 K, respectively and β (K-1), the temperature sensitivity factor.  

The β value obtained was around 0.14 K-1 with a correlation coefficient (R2) of 0.8. In other 

studies, β ranged between 0.054 and 1.144 K-1 suggesting that in this study the day-time missing 

Figure 4.5: mROHchamber and cROHchamber from individual calculated ROH of VOCs (PTR-MS), VOCs 

(GC-FID), NOx, CH4 and CO summed up and the resulting missing ROH. 
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OH reactivity may be related to temperature-dependent monoterpene-like emissions. 

Furthermore, missing OH reactivity moderately correlated with PAR, following an exponential 

relationship with a R2 of 0.7, which suggests that the missing OH reactivity may also be due to 

light-dependent emissions, although it is difficult to disentangle radiation and temperature 

effects in field conditions, since both are correlated by the energy balance of the plant.   

 

Figure 4.5 also demonstrates the clear diurnal co-variability between cROHVOCsrapeseed (orange) 

and ROHmissing (the difference between the dashed line of mROHchamber and the sum of 

calculated OH reactivity of the individually measured species), with higher levels around mid-

day, suggesting that primary biogenic VOCsrapeseed, whose emissions are driven by temperature 

and/or light, are potential candidates for the day-time missing OH reactivity.  

Mid-day missing OH reactivity: In order to investigate the potential species behind the 

observed mid-day missing OH reactivity, we looked at the PTRQi-ToFMS masses that 

correlated up to 80 % and more with isoprene. These correlations were done based on the fact 

that isoprene is a primary compound, which emission is known to be light and temperature 

dependent. As a result, 201 additional ions were investigated (See Table S4.8). However, when 

it came to estimate their contribution to total OH reactivity, this list was reduced to only 9 

masses which were tentatively identified and which kOH rate coefficients could be found (Table 

4.4). Using their mixing ratios related to plant emissions (VOCsrapeseed), the selected 9 

compounds exhibited a diurnal cycle with a maximum contribution of 1 to 1.2 s-1 around noon, 

and a negligible contribution during night hours (Figure 4.7). This observation is an evidence 

Figure 4.6 : Variability of missing OH reactivity as function of air temperature in the chamber. The 

regression curve equation is ROHmissing = 0.23exp(0.14(T)) (R2 = 0.8). 
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that mid-day missing OH reactivity can be related to unaccounted primary emitted compounds, 

but the identified compounds only explained a part of the missing reactivity (12 % on average 

of mid-day missing OH reactivity). It is worth noting that, among the investigated ions (Table 

S4.8), m/z 41.038 was identified, as mentioned before (section 4.2.5), as potential fragment of 

isoprene. Considering its mixing ratio in the calculation of isoprene’s OH reactivity, induces a 

maximum increase of 3 s-1 and an average increase of 1.9 s-1 around mid-day, explaining 24 % 

on average of mid-day missing OH reactivity. Thus, this test (S4.9) should be kept in mind 

while calculating OH reactivity and investigating the missing OH reactivity.  

Considering the masses that correlated 90 % and more with m/z 69.070 (excluding the masses 

already investigated and mentioned in Tables 4.2 and 4.4), their summed mixing ratios in the 

chamber air out, ranged between the LOD and 0.8 ppbv. If all of them had a comparable 

reactivity to that of isoprene, towards the hydroxyl radical, their contribution to total OH 

reactivity would reach a maximum of 2.1 s-1 and would explain 16 % on average of mid-day 

missing OH reactivity. This contribution would reach a maximum of 0.02 s-1
 only if all the 

investigated compounds had a reactivity comparable to that of methanol, explaining only 0.1 

% on average of mid-day missing OH reactivity. Regarding the masses that correlated between 

80 % and 90 % with m/z 69.070, their summed mixing ratios accounted for a maximum of 2.7 

ppbv, contributing up to 6.9 s-1 and 0.06 s-1, if all of them had a comparable reactivity to that of 

isoprene or methanol, respectively. These masses would explain up to 52 % and only 0.5 % on 

average of mid-day missing OH reactivity with a reactivity as high as that of isoprene or as low 

as that of methanol, respectively. 
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Table 4.4: List of the 9 selected masses which presented a correlation of 80% and more with isoprene 

(m/z 69.070). 

 

 

Protonated 

theoretical 

mass 

Chemical 

formula 
Chemical compound 

Rate constant  

(x 10-12 cm3 

molecule-1 s-1) 

Max 

mixing 

ratio 

(ppbv) 

Max 

calculated 

ROH (s-1) 

Ref 

57.033 C3H4O Propenal 19.6 0.23 0.11 (Atkinson, 1985) 

85.064 C5H8O Ethylvinylketone 36 a 0.06 0.06 
(Grosjean and 

Williams, 1992) 

85.1 C6H12 Hexene 37 a 0.18 0.17 
(Grosjean and 

Williams, 1992) 

87.078 C5H10O 2-Methylbutanal b 32.8 c 0.06 0.05 
(D’Anna et al., 

2001) 

97.098 C7H12 Methylcyclohexene 96.1 d 0.3 0.66 (Darnall et al., 1976) 

109.1 C8H12 4-Ethenylcyclohexene 63.9 a 0.23 0.36 
(Grosjean and 

Williams, 1992) 

119.082 C9H10 Indan 19.1 e 0.02 0.01 (Kwok et al., 1997) 

133.098 C10H12 
Benzene, (2-methyl-1-

propenyl)- 
33 0.01 0.01 

(Chiorboll et al., 

1983) 

157.105 C12H12 Dimethylnaphtalene 74.9 f 0.03 0.06 
(Phousongphouang 

and Arey, 2002) 

a: Theoretical rate constant at 298 K and 1 atm 
b: Other compounds may exist, 3-Methylbutanal and 2-pentanone.  

c: The rate coefficient of the reaction of sec-C4H9CHO (2-Methylbutanal) was considered and this rate constant is higher than that of 2-

pentanone (kOH= 4.56 x 10-12 cm3 molecule-1 s-1 (Atkinson et al., 2000) 
d: Rate constant at 305 K 

e: Rate constant at 297 K 

f: Rate constant of 1,3-dimethylnaphtalene, which is the highest among the rate coefficients of dimethylnaphtalene isomers with OH and 

which range between 57.9 x 10-12 cm3 molecule-1 s-1 and 74.9 x 10-12 cm3 molecule-1 s-1 

Figure 4.7: Summed calculated OH reactivity of the 9 additionally selected compounds. The mixing 

ratios used for the calculation correspond to the ones from the rapeseed branch (VOCsrapeseed) and the ki-

OH are the ones mentioned in Table 4.4. 
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Other masses: Gonzaga Gomez et al. (2019) reported the presence of other masses which were 

not necessarily observed in previous studies on Brassica napus (König et al., 1995; Morrison 

et al., 2016; Müller et al., 2002; Veromann et al., 2013). Among these masses, m/z 43.018 

exhibited relatively large mixing ratios, reaching 5 ppbv. This observation is not surprising, 

knowing that this mass represents a fragment of several oxygenated compounds. This implies 

that the mixing ratios of some oxygenated compounds were underestimated, leading to an 

underestimation of the calculated OH reactivity. Based on an intercomparison exercise 

(Eurochamp, Orléans, 2019), in which the deployed PTRQi-ToFMS participated along with 

many other PTR-MS instruments, the fragmentation rates on m/z 43.018 on the deployed 

PTRQi-ToFMS were as following: acetone 3.4 %, acetaldehyde 3.6 %, acetic acid 20 %, MVK 

13%, MEK 1.0% (Lafouge F. personal communication). Taking these rates into account and 

correcting the mixing ratios of acetone, acetaldehyde, acetic acid and MEK for potential 

fragmentation in OH reactivity calculations, increased the calculated OH reactivity by 0.05 s-1 

maximum. This result highlights that, not accounting for fragmentation that can occur on some 

oxygenated VOCs, is not responsible of the observed missing OH reactivity.  

 

Other missing OH reactivity events 

In addition to mid-day missing OH reactivity, a higher missing OH reactivity was also observed 

in the early morning of the 21st April (around 07:00 UTC) and in the beginning of the evening 

(around 18:00 UTC) as well as on the mid-night and during the night of the 22ndApril, 2017 

(Figure 4.8). Regarding the night of the 22nd April, higher night-time mixing ratios of some 

BVOCs in the chamber were recorded (i.e. isoprene), meaning that this event could be 

explained by unknown biogenic emissions from the plant. Interestingly, acetic acid, whose 

emission did not follow clearly temperature or light, also exhibited larger concentration levels 

during this night. Studies showed that acetic acid can be primary emitted by vegetation or 

generated from secondary reactions (Seco et al., 2007). Gonzaga Gomez et al. (2019), reported 

emissions of acetic acid from rapeseed during the senescence period. Furthermore, Veromann 

et al. (2013), reported higher acetic acid emissions from rapeseed after nitrogen fertilization, 

which could be the case in our experiment, since N-treatment was applied twice before the 

campaign. Seen the relatively short residence time and the relatively rapid air renewal in the 

dynamic enclosure, chances for acetic acid formation via secondary chemistry are low. These 

post N-treatment emissions could also be detected under several masses (Table S4.8) which 

were identified as N-containing compounds (Kammer et al., 2019). This includes m/z 100.074, 
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m/z 116.074, m/z 124.117, m/z 138.059 and m/z 252.158, identified as C5H9NO, C5H9NO2, 

C8H13N, C7H7NO2 and C14H21NO3. 

No specific behavior related to BVOCs emissions from the enclosed plant could explain the 

higher missing OH reactivity observed in the early morning of the 21st, April (around 07:00 

UTC) and in the beginning of the evening (around 18:00 UTC) as well as on the mid-night of 

the 22ndApril (Figure 4.8).  However, investigating known anthropogenic VOCs, such as 

benzene (m/z 79.053) and benzaldehyde (m/z 107.049), detected with the PTRQi-ToFMS, 

demonstrated the higher ambient mixing ratios of these compounds during the mentioned 

events. Therefore, these events of missing OH reactivity could be mainly attributed to emissions 

of anthropogenic origin. 

 

 

 

 

 

 

 



164 
 

 

 

 

Figure 4.8: a) Variability of relative missing OH reactivity (ROHmissing/mROHchamber) with b) 

Isoprene (rapeseed), c) Acetic acid (rapeseed) and d) Benzene (orange) and Benzaldehyde (blue) 

in ambient air. Green areas indicate missing OH reactivity mainly due to biogenic emissions and 

grey areas indicate missing OH mainly linked to anthropogenic emissions. 
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4.4. Conclusion 
 

OH reactivity, defined as the total loss rate of the hydroxyl radical in the atmosphere, has 

showed to be an effective parameter to evaluate the loading of reactive species in ambient air. 

Despite that total OH reactivity measurements were performed in various environments, little 

was done over agricultural ecosystems. This study, presents the first characterization of total 

OH reactivity from rapeseed (Brassica napus) by means of a dynamic enclosure chamber 

during the blooming period in the Fr-Gri ICOS site, southwestern Paris, April 2017.  

The average total OH reactivity measured from the dynamic chamber during day-time was 15 

± 7 s-1, against 8 ± 3 s-1 during night-time. OH reactivity varied diurnally in a similar manner 

as BVOCs emissions, which were driven by temperature and/or light. Rapeseed emissions were 

dominated by oxygenated compounds, which is in agreement with some previous studies. 

However, in terms of OH reactivity, isoprene had the largest contribution during the day, 

followed by acetaldehyde and monoterpenes, whereas during the night, biogenic VOCs had a 

negligible contribution to OH reactivity. This shows the interest to measure OH reactivity in 

addition to VOC abundance. No significant difference was observed between measured and 

calculated OH reactivity during night-time, whereas a missing fraction of up to 8 s-1 on average 

was observed around mid-day. During day-time, missing OH reactivity was exponentially 

correlated mainly to temperature but also to light. Further investigation of PTRQi-ToFMS 

masses suggested that day-time missing OH reactivity fraction is mostly related to primary 

emitted compounds, especially because the short residence time in the chamber (4 min) lowers 

the chances for secondary chemistry. 

One main strength of this field experiment is to have carried out parallel measurements with 

the CRM and the PTRQi-ToFMS, which reflected the presence of “unaccounted for” reactive 

species. However, we were limited in terms of missing OH reactivity estimation, in particular 

due to challenges in identifying the chemical compounds behind the detected ions as well as 

their reaction rate coefficients for the reaction with OH. This study demonstrated the need for 

coupling PTR-MS and GC techniques in order to identify the compounds behind the masses 

detected by the PTR-MS, especially when several possible compounds are suggested for the 

same molecular mass. Finally, it could be of great interest to perform more laboratory work 

aiming to broaden our knowledge on the gas-phase chemistry and kinetics of a wider variety of 

atmospheric compounds with the hydroxyl radical, such as for some N-containing compounds 
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(C5H9NO, C5H9NO2, C8H13N and C7H7NO2), which exhibited, a diurnal cycle in the chamber 

air out.  

Our work highlights that the studied rapeseed crop is a relatively low contributor to the amount 

of reactive species released in the atmosphere, and a relatively low contributor to total OH 

chemistry compared to forest ecosystems. If this is confirmed, this may mean that the expansion 

of bioenergy crops, like rapeseed, may have a limited impact on atmospheric OH chemistry. 

We should bear in mind, though, that bioenergy crops production has other impacts on the 

atmosphere and terrestrial ecosystems through ammonia and nitrous oxides emissions or nitrate 

leaching, and represent critical food security issues. 

 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S4.1.a. 

Linear least square fit of  ΔC2 (ppbv) vs. Δ(m37/m19) for the tests conducted on the field to assess the 

correction for humidity differences between C2 and C3. Green dots and red dots correspond to tests 

performed with ambient air and outgoing chamber air, respectively, Figure S4.1.b. Experimental 

parameterization to correct for the NO interference, representing changes in C3 (ΔC3 ppb = C3expected - 

C3measured) as function of NO mixing ratios (ppbv) in the reactor, Figure S4.1.c. Measured ROH vs. the 

theoretical ROH for propane and isoprene, introduced at different concentrations and under different 

pyrrole/OH ratios. Circles and diamonds correspond to propane and isoprene tests, respectively, Figure 

S4.2. Schematic of the CRM/PTR-MS sampling system, Table S4.3. Standard Ionicon transmission 

curve used for computing the mixing ratio, Figure S4.4. Rapeseed branch evolution in the dynamic 

enclosure. The left vertical axis represents the length of the stem, total leafs and total flowers (in cm). 

The right vertical axis represents the percentage of open flowers. The red line indicates the day when 

the chamber was re-installed after the planned fungicide application, Figure S4.5. Temperature recorded 

inside the dynamic chamber (yellow) and in ambient air (green) during the measurement period between 

the 20th and the 23rd, April 2017, Figure S4.6.a. Variability of NOx (NO, NO2), CO, CH4, propane, 

propene, acetaldehyde and acetone in ambient air, with wind direction and wind speed, Figure S4.6.b. 

Variability of calculated OH reactivity of NOx, CO, CH4, total HCs C2-C6 and total VOCsambient (PTRQi-

ToFMS), Figure S4.7. Variability of calculated OH reactivity of some biogenic VOCs emitted by the 

rapeseed plant (VOCsrapeseed = VOCschamber – VOCsambient), Table S4.8. List of the 201 masses that 

correlate for 80 % and more with isoprene (m/z 69.070), Figure S9. Variability of calculated OH 

reactivity using PTR-MS data with a correction of the isoprene signal (m/z 69.070) by a factor of 1.3 

(blue) and by summing the m/z 69.070 with the potential fragment on m/z 41.038 (yellow). 
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Conclusion chapitre 4 
 

Les résultats obtenus durant la campagne COV3ER-2017, montrent que la réactivité en 

sortie de la chambre de colza (ROHchambre) se situe dans la limite inférieure des réactivités 

préalablement mesurées dans d’autres écosystèmes. En effet, la ROHchambre, variait suivant un 

cycle diurne, avec des maximas de jour ne dépassant pas les 20- 30 s-1 et des minimas de nuit, 

ayant le même ordre de grandeur que les niveaux de réactivité en entrée de la chambre (7.5 s-

1). Ceci indique les faibles émissions de COVBs par la plante ou même leur absence, durant la 

nuit.  

Les mesures en parallèle avec le PTR-ToF-MS présentaient un gros avantage. Parmi les 

≈ 500 masses détectées, une première liste de 12 composés a été sélectionnée, comme étant les 

masses les plus échangées au niveau de la chambre dynamique dont la nature chimique et la 

constante cinétique sont connues. Parmi ces composés, les COVs oxygénés se sont avérés 

majoritaires, alors que l’isoprène et les monoterpènes ont montrés des niveaux relativement 

faibles. Ceci est en bon accord avec les observations de Gonzaga Gomez et al. (2019), sur une 

chambre dynamique de colza, durant la période de senescence du même champ agricole. Malgré 

leurs faibles niveaux, l’isoprène et les monoterpènes se présentaient, comme les principaux 

contributeurs à la réactivité OH en sortie de la chambre durant le jour, alors que les oxygénés, 

avec leurs faibles constantes cinétiques avaient une moindre contribution. La comparaison entre 

la réactivité mesurée et celle calculée des données PTR-ToF-MS, GC-FID, NOx, CO, CH4, 

montre une différence. Plus spécifiquement, la réactivité mesurée et celle calculée étaient 

généralement en bon accord durant la nuit, alors que, dès l’apparition du rayonnement solaire, 

la différence augmentait progressivement, pour atteindre un maximum en milieu de journée (≈ 

46% en moyenne), et rediminuer dans l’après-midi. Ce comportement montre que la réactivité 

manquante est liée à la présence de composés réactifs, dont l’émission et par la suite la 

concentration dans la chambre, sont dépendants de la température et/ ou la lumière. Cependant, 

une réactivité manquante observée durant une nuit plus chaude, suggère plutôt une dépendance 

à la température. 

Comme déjà mentionné, un grand nombre de masses mesurées au niveau de la chambre 

dynamique, étaient mis à notre disposition grâce au PTR-ToF-MS. L’idée était d’aller chercher 

des composés pouvant potentiellement expliquer la réactivité manquante de jour en vérifiant 

leur corrélation avec l’isoprène, dont l’émission est connue d’être température et lumière- 

dépendante. 201 masses supplémentaires ont été sélectionnées. Pour 9/201, des composés 

chimiques ont été proposés pour lesquels des constantes cinétiques ont été trouvées. Cependant, 
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ces composés, présentant un cycle diurne, n’ont pas pu expliquer plus que 1 à 1.2 s-1 au 

maximum de la réactivité manquante de jour.  
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Introduction Chapitre 5 
 

Les deux études précédentes, effectuées l’une dans un écosystème agricole et l’autre dans un 

écosystème forestier, mettent en évidence le rôle important que peuvent jouer les monoterpènes, 

même s’ils sont faiblement émis. Ce chapitre, présente l’étude visant à caractériser la variabilité 

des monoterpènes spéciés, avec une résolution temporelle fine. En effet, et comme montré dans 

les deux premières études, les monoterpènes sont des contributeurs importants à la réactivité 

OH, même s’ils sont émis sous faibles quantités, comme pour le colza. En plus, leur oxydation 

peut conduire à la formation d’aérosols organiques secondaires et le rendement varie 

normalement d’un monoterpène à l’autre. Ainsi, il s’avère important d’avoir une information 

détaillée de ces monoterpènes, afin de mieux comprendre leur rôle dans la chimie de 

l’atmosphère. 

Parmi les instruments utilisés pour les mesures des COVBs, la chromatographie en phase 

gazeuse fournit une information détaillée sur les isomères, cependant avec une résolution 

temporelle comprise entre 30 min et 1h 30 min.  Le PTR-MS est une autre technique 

révolutionnaire qui trouve plusieurs types d’application dans le domaine de la qualité et chimie 

de l’air, vu sa sensibilité et sa sélectivité. Cependant, cet instrument demeure incapable de 

distinguer les isomères, ce qui risque d’être une des limitations de son utilisation. Ainsi et dans 

le but de combiner les avantages de ces deux instruments, un système FastGC/PTR-MS a 

récemment été développé. Déployé dans des études en sciences alimentaires et atmosphériques, 

ce système s’avère efficace dans la séparation rapide des monoterpènes avec une résolution 

satisfaisante. Cependant, des améliorations se sont révélées pour une meilleure séparation de 

certains composés qui co-éluent et pour une analyse plus rapide. De notre côté, on a travaillé 

sur le couplage d’une nouvelle version du prototype d’une FastGC avec le PTR-QuadMS 

présent dans notre laboratoire. Des expériences de laboratoire, ont permis d’optimiser au mieux 

les paramètres opérationnels pour une meilleure séparation des principaux monoterpènes dans 

un écosystème forestier. Plusieurs rampes de températures, et différents débits du gaz vecteur 

ont été testés ; une combinaison des deux a montré des résultats satisfaisants à appliquer sur le 

terrain. L’hélium a été choisi comme gaz vecteur pour une séparation de bonne qualité et rapide 

par rapport à l’azote. Finalement, la limite de détection du système a été déterminée, aux 

alentours de 500 pptv/monoterpène. 
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Abstract 
 

Monoterpenes represent an important family of biogenic VOCs in terms of amount and 

chemical diversity. They can have very different lifetimes towards atmospheric oxidants with 

variable contributions to tropospheric ozone and secondary organic aerosols formation, which 

arises the attention to investigate their role in atmospheric chemistry. This family of BVOCs 

has been extensively studied in various environments using gas chromatography and proton-

transfer-reaction mass spectrometry. The first technique provides detailed information on 

isomers chemical speciation, however with a time resolution higher than 30 min, and the second 

technique brings the advantage of real-time/ higher sensitivity measurements, without the 

ability of isomers differentiation. To overcome these limitations; FastGC was introduced few 

years ago and was commercialized with the PTR-ToF-MS, showing promising results in real-

time separation of isomers, with the need of further improvements depending on the application. 

In this context, a new version of a FastGC prototype was coupled to a PTR-QuadMS available 

in our laboratory. Extensive laboratory experiments were performed, in order to test the 

system’s performance and to optimize its operational parameters for monoterpenes separation. 

Several temperature ramps and carrier gas flow rates were tested, showing satisfying results. 

Helium was selected as carrier gas, with a flow rate of 3 sccm, and the detection limit was 

mailto:valerie.gros@lsce.ipsl.fr
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determined to be around 500 pptv/monoterpene. The system was afterwards deployed in a three-

weeks field campaign, taking place in the green oak forest located in Puechabon, South of 

France. Known for its important monoterpenes emissions, dynamic enclosures were installed 

at four different branches of four different oak trees. BVOCs and speciated monoterpenes were 

measured in the incoming and the outgoing chambers air. Results demonstrated the feasibility 

of the FastGC/PTR-MS system for continuous measurements in the field. It also allowed to 

distinguish between three types of green oak trees, having different proportions of the emitted 

monoterpenes: pinene-type, myrcene-type and limonene-type. The type of emissions is 

genetically fixed, with a diurnal variability that showed to be dependent on solar radiation.  

 

5.1. Introduction 
 

Terrestrial vegetation, including forests, crops, grasslands and shrubs, represents the dominant 

source of volatile organic compounds released in the atmosphere. With 750 - 1150 TgC yr-1 

estimated annual global emissions, they account for about 90% of total VOCs emissions 

(Guenther et al., 1995; Lathière et al., 2006). Plant-produced VOCs are of particular interest, 

seen their abundance and their considerable role in gas phase and heterogeneous chemistry of 

the troposphere. Indeed, they are subject to photochemical processes, involving atmospheric 

oxidants like OH, O3 and NO, leading to the formation of harmful tropospheric ozone and 

secondary organic aerosols. Despite the considerable effort invested to better understand 

BVOCs-mediated tropospheric photochemistry, substantial uncertainties still exist, highlighted 

by discrepancies often found between measured total OH reactivity and the estimated OH 

reactivity derived from simultaneous VOCs measurements, with total OH reactivity defined as 

the sum of the concentration of each compound, multiplied by the respective k rate coefficient 

of the reaction with OH. These differences, noted as missing OH reactivity, are due to 

unmeasured or unidentified primary emitted and/ or secondary formed reactive species. They 

highlight the need of a more detailed characterization of BVOCs, especially in forest 

environments where higher values of OH reactivity and missing OH reactivity were reported 

(Hansen et al., 2014; Mao et al., 2012; Nölscher et al., 2012a, 2016; Sinha et al., 2010; Zannoni 

et al., 2017).  

In natural ecosystems, VOCs are emitted from all plants organs, namely flowers, stems, roots 

and most importantly foliage, with a large chemical diversity. They serve as communication 

intermediates and can be released as part of the plant defense strategy against herbivores, 
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pathogens and abiotic stresses. Their amount as well as their chemical composition show a 

genotypic variation as well as a dependency on biotic (plants, animals, microorganisms) and 

abiotic external factors such as temperature, light and water availability (Penuelas & Llusia, 

2001). The most prominent compound groups, are isoprene and monoterpenes, representing 

70% and 11%, respectively of BVOCs global estimated flux (Sindelarova et al., 2014). While 

isoprene has a single known k rate coefficient in respect to atmospheric oxidants, monoterpenes 

consist of multiple structural isomers with greatly varying reactivities. Furthermore, they 

contribute to the formation of secondary organic aerosols (SOA), with variable yields. Indeed, 

limonene photooxidation showed a relatively high SOA yield (58%), compared to α-pinene and 

β-pinene which SOA yields are around 32 and 31%, respectively (Lee et al., 2006). As such, it 

is of great interest to quantify each individual monoterpenes isomer in order to achieve a better 

characterization of BVOCs implications in the oxidative capacity of the atmosphere. In 

addition, monoterpenes were reported to be dominant in some forests ecosystems, with pool 

emissions depending only on temperature or de novo emissions depending on light and 

temperature, in the same manner as isoprene emissions. Seen their variable emission rates and 

their relatively high reactivities, ambient air concentrations of monoterpenes can show 

significant short-term variabilities, which requires high-time resolution measurement 

techniques.   

Several analytical techniques have been used to characterize monoterpenes emissions from 

plants. Conventional gas chromatography methods, providing detailed information regarding 

the chemical composition, is one of them. As such, monoterpenes isomers could be separated 

and quantified, however with a frequency varying between 30 min and 1 h 30 min. PTR-MS is 

another revolutionary technique allowing real-time determination of monoterpenes at low 

atmospheric levels (ppbv- pptv). However, PTR-MS is limited by its inability to distinguish 

compounds with the same molecular mass. In order to combine the advantages of both 

techniques, a FastGC/PTR-MS system was developed, tested and deployed in food (Romano et 

al., 2014) and atmospheric sciences (Materić et al., 2015; Pallozzi et al., 2016; Papurello et al., 

2016). Indeed, PTR-MS provided real-time measurements of total monoterpenes and the GC 

method allowed the identification and the quantification of each one of them. While Romano 

et al. (2014), were the first to test a FastGC prototype coupled to a PTR-ToF-MS on wine, 

proving that the technique extended the analytical capabilities of the PTR-MS, Materić et al., 

(2015) deployed the system for plant monoterpenes research. In their study, laboratory 

experiments on monoterpenes standards, Scots pine, black pine and Norway spruce samples, 



175 
 

showed the potential of this method for the separation and the identification of low 

concentrations (4- 6 ppbv per individual monoterpene) of most abundant monoterpenes, 

through rapid chromatographic runs. However, the system was still subject to optimization, in 

terms of temperature ramp, injection time, flows, total run time, carrier gas and column type 

and length. Later on, Pallozi et al. (2016) used the built-in Fast-GC, coupled to a PTR-ToF-MS 

to characterize individual monoterpenes emissions from branch enclosures of young Quercus 

ilex (three-year-old) and E. camaldulensis (two-year-old) saplings, while changing the 

enclosure temperature. Their system appeared to be quite sensitive but not sufficiently selective, 

since sabinene and β-pinene co-eluted and p-limonene and cis-β-ocimene were partially 

separated. These studies showed that the FastGC/PTR-MS system is a promising technique for 

near real-time characterization of individual monoterpenes. They also confirmed the need for a 

further characterization in order to achieve a fast separation with a good resolution.  

BVOCs, and more particularly monoterpenes emissions from Quercus ilex, have been subject 

to extensive studies, in the last three decades. Abundant in the Mediterranean area, Quercus 

ilex is known as a strong emitter of monoterpenes, contrary to many deciduous oak species 

emitting large amounts of isoprene. The short-term control of monoterpenes emissions, 

involved not only temperature but also light. In that manner, the usual exponential function 

used to describe temperature-dependent emissions of monoterpenes was not sufficient, and the 

model developed for isoprene showed to be more suitable. These conclusions were confirmed 

by other observations demonstrating that, monoterpenes from Quercus ilex are formed in the 

chloroplast from photosynthesis intermediates, and they are emitted after synthesis as response 

to light induction, without being accumulated inside leaves or bark (Loreto et al., 1996; Staudt 

and Seufert, 1995). Previous studies, used chromatographic techniques and showed that α-

pinene, sabinene and β-pinene are the main emitted monoterpenes, representing about 80 % of 

total monoterpenes. This is the case of the dominant chemotype in Mediterranean oak forests. 

However, other studies highlighted the presence of other chemotypes with different genetically 

fixed emissions of monoterpenes, with a dominance of limonene or myrcene (Staudt et al., 

2001). 

Would the FastGC/PTR-MS be an adequate tool for continuous individual monoterpenes 

separation and detection, in a real environment? What are the challenges associated to the 

instrument deployment on the field? Are we able to detect all the previously reported 

monoterpenes with a better time resolution compared to classical chromatographic methods 
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used in previous studies? Do all detected monoterpenes exhibit the same variability with light, 

even with rapid changes in the radiation received by the branch? 

This study is the first one to deploy a non-commercialized FastGC/PTR-QuadMS system in a 

three-weeks field experiment. It aimed to (i) optimize monoterpenes measurements with the 

FastGC/PTR-MS system through extensive laboratory experiments and (ii) deploy it in a field 

experiment to characterize speciated monoterpenes emissions, with a relatively high time 

resolution (10 min). Measurements were performed from different branches and stem dynamic 

chambers, in the Puechabon forest, a region characterized by its Mediterranean climate with 

hot/ dry summers. The performance of the system was tested during this field work. Levels of 

individual monoterpenes were monitored and BVOCs fluxes were calculated for each branch 

and stem chamber, in order to evaluate the branch-to-branch and stem-to-stem emissions 

variabilities.  

 

5.2. Materials and methods 

 

5.2.1. Description of the measurement site 
 

The ADEME-COV3ER field campaign was conducted between June and July 2018 at the 

Puechabon experimental site. It is located 35 km northwestern Montpellier, south of France 

(43°44’30” N, 3°35’40” E). The forest is dominated by Quercus ilex which represents more 

than 80% of the vegetation. The average tree height is about 5.5 m and the density of stems is 

around 4700 stems per ha (2015). The main species composing the understory are Buxus 

sempervirens, Phyllirea latifolia, Pistacia terebinthus and Juniperus oxycedrus. The area is 

characterized by a Mediterranean climate, with rainfalls during autumn and winter and dry 

conditions during summer. This forest grows on a rocky soil from hard Jurassic limestone filled 

with clay. Because of the large fraction of rocks and stones in the soil profile available water 

cumulated over 4.5 m depth averages only 150 mm. As a consequence of this small soil water 

reserve, the vegetation undergoes very frequent drought stress during the summer (source: 

http://puechabon.cefe.cnrs.fr/spip.php?article1). 

 

 

http://puechabon.cefe.cnrs.fr/spip.php?article1
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5.2.2. Branch enclosure 
 

 

In order to achieve a better time resolution chemical speciation of monoterpenes and to monitor 

their mixing ratios variability, dynamic enclosure systems were deployed on Quercus ilex 

branches and stems (Figure 5.1). During the COV3ER- 2018 Puechabon field campaign, two 

branch dynamic chambers and two stem chambers were installed in parallel on 4 different 

branches and two different stems. The branches were enclosed in cylindrical shaped chambers 

with a 15 cm diameter. Each chamber consisted of two Plexiglas rings interconnected with 3 

thin metal braces that were adjusted in length to suit the branch size. The air flow was kept 

around 7- 11 L min-1 for a volume of approximatively 3.5 L.   

The stem chambers, consist of a U-shape stainless steel sheet (5 cm wide and 50 cm long) 

vertically fixed on the stem at a 3 cm distance to the bark, to which is clipped a coated 50 μm 

thin FEP film surrounding the stem. The ends of the film are pressed to the stem with bungee 

cords and flexible plastic rods are added to prevent the film being drawn to the stem during 

sampling. The estimated stem surface enclosed is between 1460 and 1760 cm². The air flow 

running through the stem chambers ranged between 4 and 7 L min-1 and the volume of the 

enclosed air around the stem section was about 5.6 – 6 L.  

Figure 5.1: Photos of the branch (left) and stem chambers (right) used during the COV3ER- 2018 

Puéchabon field experiment. 
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Unfiltered ambient air was drawn through the chambers so they were operated at slight under-

pressure. A small fan with Teflon blades allowed mixing of the chamber air and maintained 

heat exchange. Temperature and PAR were monitored continuously using a thermocouple 

placed inside and a quantum probe placed outside of the chamber, respectively. CO2 and H2O 

exchanges were measured with a LICOR 840 infra-red gas analyzer. Further details can be 

found in (Staudt et al., 2018). 

 

5.3. FastGC/PTR-MS system 
 

5.3.1. Description of the FastGC system and mode of operation 
 

 

 

 

 

 

 

 

 

 

 

This study focused on determining the variability of monoterpene speciation from different 

compartments of the studied oak forest ecosystem. For this purpose, PTR-QuadMS (IONICON 

Analytik, Innsbruck, Austria) was coupled to a prototype version of the FastGC add-on 

(IONICON Analytik, Innsbruck, Austria) allowing a rapid chromatographic separation of 

isomeric compounds in fast spectral runs (tens of seconds). A detailed description of the 

commercial FastGC can be found in Romano et al. (2014) and Ruzsanyi et al. (2013). The 

Figure 5.2: Schematic drawing of a PTR-QuadMS inlet system with a FastGC setup including a 

capillary column, a sample loop and a 10-port valve allowing the switching between real-time and 

FastGC measurements. 
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modified prototype we used is described in Malásková et al. (2019). Briefly, a 10 m nonpolar 

dimethyl polysiloxane column (MXT1, RESTEK, USA) with an I.D. of 0.53 mm and an active 

phase of 0.25 μm is resistively heated via a laboratory power supply (PSI 5000 A, EPS 

Stromversorgung GmbH, Germany). The laboratory power supply was controlled by a 

microcontroller (Arduino UNO ref3, Arduino, USA). Switching between real time 

measurements and spectral runs is realized by a two position 10-port diaphragm valve (VICI 

AG, Switzerland) combined with a 3-way solenoid valve as actuator (see Figure 5.2). The 

switching process was performed fully automated via PTR-MS Control v2.7. Make-up flow is 

injected into a custom made 5-port virtual valve, to ensure only sample from the carrier gas 

flow enters the drift tube.  

During real-time measurements, the sample loop, made from passivated stainless steel (v = 0.5 

mL) is constantly flushed. At this time, the sampling unit of the FastGC is isolated from the 

column which is continuously back flushed with the carrier gas. Regarding the FastGC cycle, 

it goes as follows: a first step consists of filling the sample loop with the air sample. Second, 

the valve is switched so the sample loop is connected in series with the GC column, allowing 

the injection of the air sample that is pushed through the column by a constant flow of the carrier 

gas. Finally, compounds are separated in the column and they elute at different times, heading 

to the PTR-MS to be analyzed. The efficiency of the separation and the quality of the resulting 

chromatograms can be influenced by operational parameters, such as temperature and carrier 

gas flow rates, which can play a role on the retention times as well as on the peaks shapes. For 

that reason, extensive laboratory experiments were performed prior to the campaign, in order 

to test the performance of the instrument under different operational parameters. The outcome 

of these tests is summarized in section 5.3.2.  

 

5.3.2. Laboratory optimization phase 
 

In order to achieve a fast and satisfying separation of monoterpenes, using the FastGC/PTR-

MS system, three main parameters were tuned: the column temperature program, the nature and 

the flow rate of the carrier gas. Sampling was made from the headspace of individual and 

mixture of five available monoterpenes solutions: α-pinene, myrcene, Δ-3-carene, limonene and 

terpinene. A first stage of tests, aimed to evaluate the effect of the temperature program on the 

peak shape and the retention times. Using N2 as the carrier gas, with an initial flow rate of 10 
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sccm, the application of a temperature ramp showed to be advantageous on the quality of the 

chromatographic separation, compared to isothermal conditions. Indeed, under a fixed 

temperature, some monoterpenes exhibited larger and less intense peaks, which can affect the 

resolution in the presence of several compounds. In a second stage, experiments were 

performed with different flow rates (ranging between 5 and 15 sccm) of N2 as carrier gas. Under 

the same temperature program, chromatograms demonstrated a better separation with relatively 

lower flow rates (see Figure 5.3). However, lower flow rates meant longer GC runs. This said, 

a compromise had to be done between a good separation, a satisfying peak resolution and a fast 

GC run. In this perspective, around 43 different tests were performed with different 

combinations of temperature ramps and N2 flow rates. Satisfying results were obtained applying 

temperature ramp in Table 5.1, with a carrier gas flow rate of 3 sccm. In a third stage, N2 was 

replaced by He as carrier gas. Under the same flow rate (3 sccm) and using the temperature 

ramp of Table 5.1, a good peak shape and a faster chromatographic run were obtained. This is 

expected seen helium’s higher velocity in the temperature range of 0- 300 °C, compared to H2. 

Finally, the quantitative analysis, using a NPL (National Physical Laboratory) gas standard with 

six monoterpenes, allowed us to check the limit of detection of the FastGC/PTR-MS system, 

that was around 500 pptv/monoterpene. It should be noted that, it was chosen to monitor 

monoterpenes chromatographic separation under m/z 81 (with a dwell time of 200 ms), seen the 

higher sensitivity of the PTR-MS for this mass compared to m/z 137.  

 

Table 5.1: The selected temperature ramp after several laboratory tests with different temperature 

programs.  

 

 

 

Time (s) 0 10 100 130 160 

Voltage (V) 5 35 45 50 50 
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5.3.3. Operating conditions during the campaign 
 

During the COV3ER- 2018 Puechabon field experiment, the temperature ramp was set as 

indicated in Table 5.2 and operational parameters were as following: 2.2 mbar drift pressure, 

600 V drift voltage and 60°C drift tube temperature, resulting in a reduced electric field (E/N) 

of 131 Td (1 Td = 10-17 V/cm²). 3 sccm of Helium and 15 sccm of N2 were used as carrier and 

make-up flow, respectively. The inlet line consisted of a PEEK capillary tube heated up to 60°C 

and the inlet flow was around 100 sccm. Real-time mode measurement was on the following 

m/z: m/z 21 (100 ms), m/z 25 (100 ms), m/z 30 (100 ms), m/z 32 (100 ms), m/z 37 (100 ms), m/z 

55 (100 ms), m/z 33 (100 ms), m/z 45 (100 ms), m/z 59 (100 ms), m/z 69 (200 ms), m/z 81 (200 

ms), m/z 137 (200 ms), m/z 139 (100 ms), m/z 151 (100 ms) and m/z 169 (100 ms). The FastGC 

mode was limited to m/z 21 (50 ms), m/z 32 (10 ms) and m/z 81 (200 ms). 

Figure 5.3: Comparison between two chromatograms of the same monoterpenes gas mixture, injected 

in the same conditions but with two different carrier gas flows: the upper graph corresponds to the 

experiment with a flow of 5 sccm and the lower graph, to the experiment with a carrier gas flow of 15 

sccm.  
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Table 5.2: Temperature ramp deployed for the measurement of monoterpenes during COV3ER- 2018 

field experiment. 

 

 

5.3.4. System calibration 
 

During the campaign, the PTR-MS was calibrated, for real-time measurements, using a 

calibration gas containing 16 VOCs in the 1 ppmv range (custom made standard, Praxair NV, 

Belgium), and the FastGC/ PTR-MS was calibrated, for monoterpenes chromatographic 

separation, using a NPL standard containing 6 monoterpenes: α-pinene (2.25±0.07 ppbv), β-

pinene (2.13±0.11 ppbv), myrcene (2.49±0.12 ppbv), Δ3-carene (2.34±0.12 ppbv), cis-ocimene 

(2.27 ppbv) and limonene (2.24±0.11 ppbv). The NPL gas mixture was injected daily at a fixed 

concentration, in order to check the retention time of each monoterpenes and detect potential 

shifts. A complete calibration consisted of introducing different concentrations of the gas 

standard, which permitted to derive a sensitivity coefficient, used to covert normalized counts 

(ncps) into ppbv.  All monoterpenes present in the standard had similar sensitivity coefficient 

ranging between 2.63 for myrcene and 3.40 for β-pinene. Since the NPL standard does not 

contain sabinene, a mean coefficient calculated from the obtained coefficients, was calculated 

to be around 3.01. Individual monoterpenes retention times and peaks intensities, used to 

identify and quantify peaks obtained from branch chambers sampled air are demonstrated in 

Figure 5.4 and summarized in Table 5.3.  

 

 

Time (s) 0 10 100 150 160 161 

Voltage (V) 5 35 45 50 50 0 

a-pinene                         

(2.25±0.07 ppb)

b-pinene               

(2.13±0.11 ppb)

myrcene                          

(2.49±0.12 ppb)

d-carene                           

(2.34±0.12 ppb)

limonene                

(2.24±0.11 ppb)/     

ocimene (2.27 ppb)

Mean tr (s) 94.09 108.27 111.45 120.82 127.82

STD (s) 2.39 2.72 2.66 2.82 2.82

Mean peak height (cps) 54.40 55.47 35.52 46.67 117.21

STD (cps) 8.47 9.35 6.21 6.71 23.26

Table 5.3: Mean retention time (±STD) and mean peak height (±STD) obtained for each of the 

monoterpenes present in the NPL calibration mixture.  
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5.3.5. FastGC/PTR-MS sampling system 
 

The air going in and the air going out of the dynamic chambers were sampled through two 7 m 

long, ¼” OD Teflon lines. The inlet air was sampled from an independent line located close to 

the chambers and the outlet air was taken from the main line drowning air through the chambers. 

Both lines led to a 4 port-valve (V1 in Figure 5.5) allowing quick switches between inlet and 

outlet air samples. While measuring in one line (i.e. outlet air), the other line was continuously 

flushed using a pump (P1 in Figure 5.5) and vice versa. Background measurements were also 

possible using the Gas Calibration Unit (GCU, IONICON, Analytik, Austria). For each branch 

and stem chamber, a sequence of 10 min inlet air/ 50 min outlet air measurements was adopted. 

The air flow through the lines was around 1- 1.2 L min-1. Continuous online monitoring of 

VOCs mixing ratios was made during the period from the 29th June to the 2nd July and from the 

6th to the 10th July, 2018 on four different branch chambers and two stem chambers.  

 

 

 

Figure 5.4: FastGC/PTR-MS chromatogram of a calibration mixture (NPL) containing: α-pinene, β-

pinene, myrcene, Δ-3-carene, limonene and o-cimene. This graph represents one of the daily replicates 

performed with the same standard. The drawn line represents m/z 81 (monoterpene fragment).  
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5.3.6. Data analysis 
 

Chromatograms were analyzed with costum written Matlab scripts (MATLAB R2019a). Since 

the signals recorded by the PTR-QMS are rather noisy at the short dwell times used, signals 

were first smoothed with a 5 point Savitzky Golay filter. To account for fluctuations in starting 

temperature and small delays in automated starting of the ramp, chromatograms were aligned 

on the O2 Peak. O2 traverses the column without interactions and is thus a good reference point. 

Signals were further baseline corrected and peaks identified with Matlab’s “findpeaks” 

function. The threshold for peaks was set to 3-times the standard deviation plus the average 

obtained from the first 100 datapoints. Peaks were then fitted using the custom peakfit.m 

function (https://terpconnect.umd.edu/~toh/spectrum/InteractivePeakFitter.htm) assuming a 

gaussian peakshape. 

 

 

 

 

Figure 5.5: Schematic of the sampling system going from the dynamic chamber to the FastGC/PTR-

MS. Po and Pi stand for the pumps drowning outlet and inlet air, respectively. P1 and P2 represent the 

flushing pumps connected to VICI valve 1 and 2, respectively. CIn and COut represent the incoming and 

the outgoing chamber air, respectively.    
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5.3.7. Evaluation of the system efficiency in the separation of monoterpenes 

with a higher time resolution 
 

Calibrations and tests performed prior to the campaign, as well as those done daily during the 

field experiment, were consistent in showing the ability to separate most of the main 

monoterpenes with FastGC runs. However, they also confirmed the limited resolution reached 

by the FastGC system. Indeed, it was not possible to separate limonene and ocimene, which co-

eluted, producing one intense peak. This reduced maximum resolution is most probably due to 

the column short length, its high initial temperature (30- 35°C) and the absence of a 

cryofocusing unit, which is useful to limit the excessive spreading of the injection band 

(Pallozzi et al., 2016). Regarding the sensitivity, it was satisfactory, seen the relatively low 

injected sample volume and the relatively low resolution (compared to conventional GC 

instruments). The minimum detected amount of a monoterpene peak was about 500 pptv.  

 

5.4. Results 
 

5.4.1. BVOCs concentrations for branch enclosures 
 

Figure 5.6 shows the variability of the sum of monoterpenes (m/z 81) mixing ratios, in respect 

to the photosynthetic active radiation (PAR).  

For all oak branches, monoterpenes were by far, the main emitted compounds (see Table 5.4). 

This evergreen oak, widespread in the Mediterranean forest, is well-known for its monoterpenes 

emissions, which exhibited a clear diurnal cycle, showing maxima during day-time and minima 

during night-time, following temperature and light profiles. However, two day-time peaks were 

generally observed for each branch, similarly to the PAR variation recorded on the level of each 

branch. This observation is a clear evidence that, monoterpenes emissions from green oak 

leaves, are linked to solar radiation, which is in agreement with previous studies on Quercus 

ilex. Indeed, monoterpenes emissions from the leaves of Quercus ilex were described, in a 

satisfying way, by Guenther’s algorithms used to describe light and temperature dependent 

emissions of isoprene (Bertin et al., 1997). This light-dependency also highlights the de novo 

emissions of monoterpenes, which are synthetized and directly emitted under the effect of light, 

and this is due to the absence of specialized structures for terpene storage, contrary to most 

monoterpenes emitting plants (Loreto et al., 1996). Hence, during dark hours, total MTs levels 
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were close to the LOD with similar values recorded in the outgoing and the ingoing air (ambient 

air). No emissions occurred from the leaves in the dark (Figure 5.6). Whereas, when the sun 

rose (PAR different from 0) around 04:00 UTC, light intensity as well as MTs levels started to 

increase, reaching a maximum at mid-day, decreasing in the afternoon and getting to a 

minimum starting 17:00- 18:00 UTC. Even though MTs mixing ratios recorded higher values 

during day-time, their maxima were observed at slightly different moments of the day, for the 

different branches. This is mainly due to the position of the branch chamber regarding sunlight.  

Figure 5.6: Diurnal variability of monoterpenes mixing ratios (COut – CIn) with the photosynthetic 

active radiation (PAR) for all four branch chambers. 
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5.4.2. BVOCs emission fluxes for branch enclosures 
 

In order to compare total monoterpenes emissions between the four branches, emission fluxes 

of monoterpenes, as well as of other measured compounds, were calculated using eq. (5.1).  

F =   
(Cout(𝑉𝑂𝐶) − Cin(𝑉𝑂𝐶)) × Q 

𝐷𝑊
       

 

where F is the VOC flux expressed in 𝜇𝑔. 𝑔−1(𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡). ℎ−1, Cout(𝑉𝑂𝐶) and 

Cin(𝑉𝑂𝐶) are the outlet and inlet VOC concentrations in 𝜇𝑔 𝑚−3, 𝐷𝑊 is the dry biomass (g) 

of plants (leaves and/or fruit organs) inside the enclosure, Q is the air flow rate in  𝑚3 ℎ−1. For 

each one hour of measurements, Cout was sampled for 50 min and Cin for 10 min. The 

concentrations were therefore interpolated at common time steps prior to compute the fluxes. 

Table 5.4 summarizes the operational conditions, meteorological parameters and the mixing 

ratios recorded for each enclosure. As mentioned before, monoterpenes were the main emitted 

compounds. Their emission fluxes exceeded significantly those of isoprene and the sum of 

OVOCs. Their average day-time emission flux ranged between 7.6 and 19.5 μg g-1 h-1, with a 

maximum reaching 83.5 μg g-1 h-1 for branch 3. Similar maxima were recorded by Staudt et al., 

(2002), on the same field site, between July and August (80 μg g-1 h-1).  In our study, branches 

3 and 4 had the highest emission rates (18.8 and 19.5 μg g-1 h-1) followed by branch 2 (12.3 μg 

g-1 h-1) and 1 (7.6 μg g-1 h-1). Since similar external conditions were observed for all four 

branches, differences in emission rates are most probably related to genotypic and physiological 

factors specific for each branch. One previous study reported that the emission rate from 

Quercus ilex increases as leaves become more developed (Pio et al., 1993). Thus, it suggests 

that leaves on branch 1 were younger than those on the other branches.   

 

 

 

 

(5.1) 
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5.4.3. Monoterpenes chemical speciation  

One of the main highlights of this field campaign, was the use of a FastGC/PTR-MS system to 

monitor individual monoterpenes variability from different oak branches. Even though this oak 

species was extensively investigated in the past (Bertin et al., 1997; Loreto et al., 1996; Staudt 

et al., 2001; Staudt and Seufert, 1995), measurements were often based on conventional 

analytical techniques, where monoterpenes are trapped on adsorption tubes, followed by an 

offline analysis using GC-FID, with six/ seven data points per day, or online analysis by GC-

MS with a data point each hour. Therefore, installing our system on this Quercus ilex dominated 

site, is a good opportunity to validate it in a well characterized environment. It provides also a 

near real-time monitoring of individual monoterpenes variability, helping to constraint previous 

observations on monoterpenes emission dependency on solar radiation.  

Figure 5.7 shows four chromatograms obtained for the four studied branches, at the same hour 

of different days (around 12h45 UTC). In total, six different peaks could be separated. Five of 

them were identified, from the first eluted to the last eluted peak, as α-pinene, sabinene, β-

pinene, myrcene and limonene, while the last one remained unknown. However, it should be 

noted that the limonene peak could also include ocimene, since limonene and ocimene could 

not be separated. These five identified compounds were already reported to be the main emitted 

monoterpenes from Quercus ilex leaves, where they can account for up to 90- 100% of total 

monoterpenes released (Bertin et al., 1997; Staudt et al., 2001). Other terpenes were also 

1 2 3 4

29th- 30th, Juin 2018 30th, Juin- 2nd, July 2018 6th-7th, July 2018 7th-8th, july 2018

10 10 8.3 8.3

2.231 2.388 2.654 3.541

15 - 37 14 - 37 14 - 39 16 - 40

0- 1691 0- 2013 0 - 2048 ______

Max day-time (ppb) 34.56 43.74 80.08 70.63

Mean day-time(ppb) 5.07 12.43 18.30 23.13

Max day-time flux (μg.g-1.h-1) 52.10 43.42 82.57 56.01

Mean day-time flux (μg.g-1.h-1) 7.64 12.34 18.78 19.52

Max day-time(ppb) 5.13 4.52 10.07 7.68

Mean day-time (ppb) 0.23 0.76 2.15 1.62

Max day-time flux (μg.g-1.h-1) 3.86 2.24 5.18 3.04

Mean day-time flux (μg.g-1.h-1) 0.23 0.38 1.10 0.68

Max day-time(ppb) 12.95 1.97 6.54 8.93

Mean day-time(ppb) 0.39 0.42 1.57 3.55

Max day-time flux (μg.g-1.h-1) 6.35 0.62 1.83 1.95

Mean day-time flux (μg.g-1.h-1) 0.28 0.10 0.53 0.77

BVOCs

MTs

Isoprene

OVOCs

Branch chamber

Measurement days

Chamber flow rate (L/min)

Dry weight (leaves + stem (g))

T (°C)

PAR

Table 5.4: Summary of the operational conditions, meteorological parameters, mean and maximum 

mixing ratios and emission fluxes of monoterpenes, isoprene and OVOCs (methanol, acetone, 

acetaldehyde) for the four branch chambers. 
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detected in previous studies (Loreto et al., 1996; Staudt et al., 2001), including α-thujene, 

camphene, γ-terpinene, p-cymene and linalool. However, these compounds were not detected 

by FastGC/PTR-MS, most probably due to their release in trace amounts as reported in these 

previous studies, which are apparently lower than our instrument LOD (≈500 pptv). 

 

 

 

When comparing the four chromatograms, we can clearly see that, the detected monoterpenes 

were emitted in distinctly different proportions. While Q. ilex 1 exhibited a major peak of 

myrcene, Q. ilex 2 had similar proportions of α-pinene, β-pinene and sabinene, and the last two 

investigated branch chambers showed important peaks of limonene (+ocimene). Indeed, these 

four branches represented three principal groups of holm oak trees, which are distinguished 

with respect to the proportions of the major compounds. Q. ilex 1 is a myrcene type oak, Q. ilex 

2 is a pinene type and Q. ilex 3 and 4 belong to the limonene-type. The presence of three 

different chemotypes in Q. ilex, was previously reported by Staudt et al. (2001) where authors 

suggested that these different chemotypes are related to genotypic differences rather than to 

environmental influences. In this same study, a cluster analysis of 146 Q. ilex trees in southern 

France, showed that the pinene chemotype is dominant in this region with 71% of the trees 

emitting mainly pinenes. 21% of investigated trees had higher proportions of limonene and 8% 

emitted a blend containing large proportions of myrcene. 

Figure 5.7: FastGC chromatograms from the four studied Quercus ilex branch enclosures at the same 

hour of different days (around 12h45 UTC). 
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The integration of the resulting chromatograms (6 chromatograms/ hour among which 5 

corresponded to outgoing air samples and 1 to an incoming air sample), allowed us to quantify 

the identified individual monoterpenes for each branch chamber. Figure 5.8 presents the 

variability of individual monoterpenes mixing ratios in the outgoing chamber air. In fact, total 

monoterpenes levels were quite low (max ≈ 9 ppbv around noon UTC) in the incoming chamber 

air (ambient air), most probably due to efficient mixing and dilution in the atmosphere, that 

individual monoterpenes levels were also quite low and generally below the FastGC/PTR-MS 

detection limit. Thus, monoterpenes were hardly detected and quantified in ambient air.  

Figure 5.8 shows that all speciated monoterpenes followed the solar radiation profile, and 

exhibited higher levels with higher photosynthetic active radiation. When the branch was in the 

shadow (i.e. branch chamber 2, around 11h UTC), all monoterpenes mixing ratios dropped 

down. These observations suggest that all detected monoterpenes have a light-dependent 

Figure 5.8: Variability of individual monoterpenes in the outgoing chambers air of the four studied 

branch chambers. 
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emission and most probably are released from the same physiological processes. As mentioned 

before, Q. ilex 1 was characterized by a higher level of myrcene compared to pinenes. Its mixing 

ratio was around 3.4 times higher than that of α-pinene at the maximum PAR (8h30- 9h30 

UTC). For Q. ilex 2, α-pinene was dominant almost all day long with similar levels of β-pinene 

and sabinene. At maximum PAR, α-pinene concentration in the outgoing chamber air was 

around 1.6 times higher than that of β-pinene. Interestingly, two different behaviors were 

observed for the limonene-type oak branches. For Q. ilex 3, limonene/ocimene was by far the 

dominant monoterpene. At maximum radiation, it showed a mixing ratio 2.6 times higher than 

that of α-pinene, whereas for Q. ilex 4, limonene/ocimene and α-pinene had close values, with 

slightly higher levels of limonene/ocimene. These compositions remained similar all day long.  

 

5.5. Conclusion 
 

Using the PTR-QuadMS available in our laboratory, an updated prototype of a FastGC was 

added, tested and optimized for monoterpenes speciation with a fine time resolution. The 

system was deployed during the COV3ER-2018 field campaign, conducted in the Puechabon 

forest, South of France. This forest is dominated by Quercus ilex, a green oak tree known for 

its important monoterpenes emissions. Enclosures were installed at four different branches. 

Real-time and chromatographic measurements were performed in the incoming and outgoing 

chambers air.  

This work highlights the ability of a FastGC/PTR-QuadMS system to provide an online 

separation and detection of individual monoterpenes. Indeed, using helium as carrier gas and 

optimizing the temperature ramp, we were able to monitor the variability of 5 monoterpenes: 

α-pinene, sabinene, β-pinene, myrcene and limonene (+ocimene), with a data point each 10 

min. However, even though our system was able to separate sabinene and β-pinene, which was 

an issue in a previous study (Pallozi et al., 2016), the sensitivity could be further improved, 

since limonene and ocimene still co-eluted. In addition, the FastGC/PTR-QuadMS used in this 

study, hardly detected individual monoterpenes at trace levels (< 500 pptv). Despite these 

limitations, near real time chromatographic separation allowed to monitor fast changes in 

individual monoterpenes mixing ratios and revealed the presence of 3 different green oak trees 

chemotypes: pinene-type for which monoterpenes emissions are dominated by α-pinene, β-

pinene and sabinene, myrcene-type, for which myrcene is the major emitted monoterpene and 
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limonene-type, exhibiting higher levels of limonene (+ocimene). These results come to confirm 

previous observations, showing that the type of monoterpenes emissions from Quercus ilex is 

genetically fixed, with a variability following diurnal and fast changes in the solar radiation 

received by the leaves.  
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Le système FastGC/PTR-MS, optimisé au laboratoire a été utilisé dans une campagne de 

mesure de trois semaines dans une forêt de chênes verts située dans la forêt domaniale de 

Puéchabon, au sud de la France. Faisant partie de la campagne de terrain du projet ADEME-

COV3ER de 2018, l’instrument a permis de mesurer les COVBs et les monoterpènes en entrée 

et en sortie de quatre chambres dynamiques de branches, de quatre chênes verts différents. Vu 

les faibles niveaux de monoterpènes en entrée des chambres (air ambient), il n’était pas possible 

de distinguer les monoterpènes spéciés à ce niveau. La performance de l’instrument a bien été 

testée sur le terrain, montrant qu’il est capable de séparer les principaux monoterpènes avec une 

résolution temporelle de 10 min. Cependant, des améliorations peuvent être apportées pour 

séparer le limonène et l’ocimène qui sortaient toujours sous un même pic plus intense, et pour 

mesurer des concentrations plus faibles que 500 pptv/monoterpènes.  

Les résultats de FastGC/PTR-MS ont permis de distinguer trois types de chênes verts dont la 

nature et les proportions des monoterpènes émis sont fixées génétiquement : le type pinène pour 

lequel α-pinène, β-pinène et sabinène sont les principaux monoterpènes émis. Le type myrcène, 

pour lequel le myrcène est majoritairement émis et le type limonène pour lequel le limonène 

est le principal monoterpène émis. Ces résultats viennent confirmer des observations faites 

précédemment sur cette espèce de chêne. Cependant, on a pu voir que tous les monoterpènes 

montraient une dépendance à la température et que leurs niveaux chutaient rapidement dès que 

la branche est à l’ombre et ne reçoit plus de lumière.  
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6. Conclusion and Perspectives 
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Aiming to characterize biogenic VOCs and their OH reactivity in agro-ecosystems, this thesis 

focused on: (i) improving an in-house “Comparative Reactivity Method” instrument for OH 

reactivity measurements, mainly for environments rich in reactive species, (ii) measuring OH 

reactivity in a forest and an agricultural land, in ambient air and from a dynamic chamber and 

(iii) optimizing as well as deploying a FastGC/PTR-MS system in a forest environment to better 

characterize individual monoterpenes with a high time resolution, species that showed to be 

important contributors to total OH reactivity in the first two studies.  

Since its development, the CRM or the Comparative Reactivity Method has proved to be an 

advantageous technique for OH reactivity measurements, with an extensive range of 

applications. Indeed, several CRM instruments were built throughout the world in the past few 

years and deployed in urban, rural and remote environments, for ambient air and 

chambers/enclosures measurements. In this context, a new version of the Comparative 

Reactivity Method was built and optimized during the first stage of this PhD. Several technical 

improvements were presented, compared to the previous version, among which, continuous 

monitoring of pressure, temperature and relative humidity, parameters that can have an effect 

on the measurements, and the automated control of the gas flows going in and out of the reactor. 

However, this method also requires careful corrections to derive ambient OH reactivity. Indeed, 

previous intercomparisons (Fuchs et al., 2017; Zannoni et al., 2015) including two or more 

CRM instruments, demonstrated the importance of instrument-specific corrections to be applied 

on OH reactivity raw data. Therefore, many laboratory and field tests, including an 

intercomparison exercise, were performed in order to characterize these correction factors for 

different environments. The main conclusions were: (i) the correction factor for the deviation 

from pseudo-first order kinetics depends on the injected gas as well as on the pyrrole-to-OH 

ratio: higher the pyrrole-to-OH ratio, lower the correction, (ii) highly reactive species (i.e. 

isoprene and α-pinene) require pyrrole-to-OH ratios higher than 4 for a correction factor closer 

to unity, (iii) similar trend, however different correction factors appear for different systems, 

confirming the need for individual-instrument characterization.  

LSCE-CRM was deployed in two field experiments targeting two different types of ecosystems. 

The first field campaign was conducted in a rapeseed field located in Grignon, southwestern 

Paris, as part of the ADEME- COV3ER project (Biogenic Volatile Organic Compounds: 

Emissions by managed ecosystems). Simultaneous measurements of OH reactivity and VOCs 

were performed, during the blooming season (April 2017), in the incoming and the outgoing 

air of a single rapeseed crop dynamic chamber. These measurements were used in order to: (i) 
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evaluate the individual contribution of a specific agricultural source (crop) to total OH reactivity 

and (ii) to constrain our knowledge of the emitted species from rapeseed. We found that, total 

OH reactivity was in the lower range compared to other studied ecosystems, with a maximum 

that did not exceed 20- 30 s-1 at mid-day in the outgoing chamber air (ROHchamber), and a mean 

value of 7.5 s-1 in ambient air (ROHambient). A good agreement was found between measured 

and calculated OH reactivity during night-time, whereas a higher difference appeared around 

mid-day, highlighting a missing fraction (46% on average), mostly related to primary 

temperature-dependent emissions. We tried to consider further masses provided by the PTR-

ToF-MS measurements in order to close the OH reactivity budget. 201 more masses were 

selected showing more than 80% correlation with isoprene (compounds with a clear diurnal 

cycle). Among these masses, 9 were considered since they could be attributed to known 

chemical compounds with well-established rate coefficients for the reaction with OH. Finally, 

these compounds could not explain more than 1- 1.2 s-1 of the missing OH reactivity in the 

outgoing chamber air during the day, showing that there are still some missing reactive species.  

The second field experiment took place in a maritime Pine forest in the Landes region, as part 

of the ADEME-LANDEX project. Total OH reactivity and BVOCs were monitored inside (6 

m) and above the canopy (12 m) between the 3rd and the 19th, July 2017. During this campaign, 

we had the opportunity to compare the CRM OH reactivity measurement to a FAGE 

(Fluorescence Assay by Gas Expansion) instrument measurement. The FAGE instrument 

performs direct measurements of the OH decay rate by laser-induced fluorescence (LIF). At the 

same location inside the canopy or at two different locations, measurements with both 

instruments showed a good agreement (slopes= 1.28 and R2= 0.87), within instruments 

uncertainties. Our results demonstrated a diurnal variability of total OH reactivity with maxima 

during stable nights, following higher mixing ratios of monoterpenes, due to lower 

mixing/dilution in the atmosphere. Levels up to 99 s-1 and 70 s-1 were recorded inside and above 

the canopy, respectively, among the highest seen in forest ecosystems. We found no substantial 

difference in the atmospheric chemical composition between both levels with monoterpenes 

being, by far, the main contributors to OH reactivity (68- 65% and 92- 89% during day-time 

and night-time, inside and above, respectively). When we compared the measured OH reactivity 

with the calculated one from available measurements at both heights, we obtained an average 

missing fraction of 22% inside the canopy and 33% above it. However, this missing fraction 

also showed a variability with the height and the time of the day. Indeed, we noticed a day-time 

difference that was dependent on temperature. Missing OH reactivity vs. temperature analysis 
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suggested that the day-time missing inside canopy was not only due to “unaccounted for” 

primary emissions, but also to unmeasured/unidentified secondary oxidation products. 

Regarding night-time, the transport of long-lived primary emissions and their oxidation 

products, from the widespread les Landes forests, is most probably behind the higher missing 

OH fraction seen for one stable/warm night. Apparently, these atmospheric conditions are 

favorable to their accumulation in the nocturnal boundary layer. These results highlighted that 

OH reactivity measurements on the branch scale could be of great interest, allowing to verify 

our observations on the missing OH fraction. In addition, modelling the oxidation of the 

biogenic precursors can add some valuable information to our measurements, helping to 

constrain the origin of missing OH reactivity.  

As it can be noticed, monoterpenes appeared to account for a significant fraction of total OH 

reactivity in each of the studied ecosystems. However, they are measured with the PTR-MS, as 

“total monoterpenes”, with no detailed information about their chemical speciation. This can 

be a limitation in terms of calculated OH reactivity and the evaluation of the missing fraction. 

Motivated by the need of high time resolution measurements of speciated monoterpenes, we 

worked on coupling a new version of a FastGC prototype (IONICON), with the PTR-QuadMS 

available in our laboratory. Laboratory experiments showed that this in-house, non-

commercialized system is promising in terms of rapid separation of the major monoterpenes (1 

data point each 10 min), when optimizing the main operational parameters: the column 

temperature ramp and the carrier gas flow rate. Afterwards, the system was successfully 

deployed during a three-weeks field campaign in the Puechabon green oak forest, south of 

France. As part of the ADEME-COV3ER 2018 field experiment, we monitored BVOCs and 

individual monoterpenes in the incoming and the outgoing air of four branch chambers of four 

different oak trees. We could separate and identify the major five monoterpenes in the outgoing 

chambers air, with a high time resolution: α-pinene, sabinene, β-pinene, myrcene and limonene 

(+ocimene). However, limited by the instrument LOD (≈500 pptv), it was difficult to identify 

and quantify monoterpenes in ambient air. For the first chamber we could see that monoterpenes 

are dominated by myrcene, for the second one, monoterpenes were mainly α-pinene, β-pinene 

and sabinene and for the last two branches, limonene was the main emitted monoterpene. These 

results allowed us to distinguish between three types of green oak trees and confirm previously 

reported observations in this ecosystem. We could clearly see differences in monoterpenes 

proportions, depending on the tree type and these proportions stayed the same, independently 

from the time of the day. Fast changes in the luminosity received by the branch induced quick 
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variations in individual monoterpenes levels. Finally, the instrument performance can certainly 

be improved by optimizing the operational parameters, in order to achieve a better separation 

in a shorter time.  

 

Perspectives for further research 

The work done during this PhD underlines the importance of measuring Total OH reactivity as 

a global parameter allowing to evaluate the total loading of reactive species in a specific 

environment. Indeed, comparing the measured OH reactivity with the calculated one, 

demonstrated that, there are still reactive compounds, contributing to the chemistry in the 

atmosphere, however still missing in the set of individually measured compounds, using 

available analytical techniques. This work highlights also the multiple applications of this 

technique, from the enclosure scale to different heights in ambient air. All these points, put the 

accent on the importance of accurate measurement of this parameter, for a better evaluation of 

the missing fraction.  

On the technical level, two axes can be developed in parallel: (i) seen the dependency of the 

correction factor for the deviation from pseudo-first order kinetics on the pyrrole-to-OH ratio 

and on the gas standard, it would be of great interest to perform calibration tests using a wider 

variety of chemical compounds with a wide range of reactivity with the hydroxyl radical and at 

different pyrrole-to-OH ratios. Such comprehensive characterization would require much more 

time, however, it will certainly bring better insight on this correction and its variability. Indeed, 

it will help choosing optimal conditions for a minimum correction for many slowly and highly 

reactive compounds. (ii) Knowing all the challenges that exist experimentally wise, the use of 

a model would be a valuable complement, in order to achieve a better understanding of the 

chemical processes taking place within the reactor. Michoud et al. (2015), followed this 

approach, trying to compare experimentally obtained correction factors to those resulting from 

a simple and more complex model.  

One of the main objectives of characterizing OH reactivity, is the comparison of the total 

reactivity measured with the one calculated from the measured species. This approach helps 

evaluating the amplitude of the unmeasured fraction as well as its potential origins. So far, the 

Total OH reactivity tool, helped to stress that many unknowns are still associated to natural 

emissions (forests, crops) and their chemical transformation. However, understanding the 

missing reactivity is often more complicated than it seems, particularly because most of the 
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time, the unmeasured compounds are a mixture of primary emissions and secondary generated 

products. In this perspective, several tools can be combined to OH reactivity measurements to 

disentangle the two processes and better understand field results of OH reactivity, more 

specifically, at biogenic dominated sites: 

(i) Branch enclosures allow to isolate one specific source, in order to distinguish its emissions 

from the atmospheric background. Measurements from a rapeseed dynamic enclosure system 

were performed during this PhD, with results demonstrating that the missing fraction was most 

probably related to unmeasured emitted compounds by the rapeseed crop. This approach can 

also be a valuable tool to constrain the conclusions made for the LANDEX campaign in terms 

of missing OH reactivity. Indeed, as done by Kim et al. (2011), measuring OH reactivity from 

a pine branch enclosure will certainly help in the understanding of the real source of the missing 

OH reactivity. In case the measured and the calculated OH reactivity were in good agreement, 

this will give confidence in the secondary nature of the unmeasured compounds contributing to 

the missing OH fraction.  

(ii) Another interesting application, is the measurement of OH reactivity fluxes as done by 

Nolscher et al., (2013). In their study, fluxes of OH reactivity were measured from Norway 

Spruce by using a plant cuvette. Their main focus was to highlight the drivers of the missing 

reactivity when the primary species are the unmeasured compounds. They confirmed that heat 

stress induced on plants trigger the emission of unknown/unmeasured compounds, therefore 

explaining the missing OH reactivity. This work could have been done for the rapeseed 

chamber. However, due to the system perturbation by frequent switches between incoming and 

outgoing chamber air (1h/1h), longer measurements were performed in the outgoing air and 

less frequent measurements in the incoming air. This limitation prevented us from doing OH 

reactivity fluxes, adding to this, that the dry mass at the end of the campaign was not really 

representative of the mass during measurements, since the plant was during its growth season. 

Hence, fluxes calculations were not possible. Despite these limitations, our system showed 

promising results in this perspective, requiring more adapted operational conditions for this 

type of measurements. 

(iii) Chemical models resembling the chemistry of the oxidation of BVOCs to different details 

would be of great benefit when combined to measurements. This would help to: (i) identify the 

unmeasured reactive compounds contributing to the measured reactivity in LANDEX, (ii) 

confirm the larger impact of local biogenic oxidation compared to long-range transported aged 

air masses, (ii) constrain our knowledge on the contribution of BVOCs in rural sites to the 

formation of ozone and SOAs. 
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(iv) Using the FastGC/PTRMS measurements in parallel with OH reactivity measurements in 

ambient air and from dynamic enclosures, would help in a more detailed calculation of the 

contribution of single isomers, such as monoterpenes, to total OH reactivity, reducing the 

uncertainties on calculated OH reactivity.   

(v) The observations made during this thesis, highlight the lower BVOCs emissions and OH 

reactivity from a specific agricultural source, compared to forests. However, it is of great 

interest to extend the investigations on VOCs from croplands, seen the multitude of different 

sources, the expansion of agricultural lands and changes in land cover/land use. A first step, 

presented in this manuscript, consisted on characterizing BVOCs and their OH reactivity from 

a rapeseed crop. More research in this field was done, in the frame of the ADEME- Agrimultipol 

project, in which I also participated. Indeed, VOCs were monitored inside and near livestock 

buildings. This work is the subject of the paper by Kammer et al. (2019), presented in the 

appendix.   

Finally, this thesis studied OH reactivity in "low-NOx" environments. However, it would be 

interesting to carry out biogenic VOC studies close to urban areas, to better characterize their 

contribution to the formation of secondary pollutants (aerosols, ozone) in pollution plumes 

events.  
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Conclusion et Perspectives 
 

Dans le but de caractériser les COVBs et leur réactivité OH dans divers 

agroécosystèmes, ce travail de thèse visait à : (i) améliorer le système de réactivité comparative 

(Comparative Réactivité Method CRM) du LSCE pour la mesure de la réactivité OH totale, 

surtout pour des écosystèmes riches en espèces réactives, (ii) mesurer la réactivité OH dans des 

écosystèmes forestier et agricole, en air ambient ainsi qu’en sortie de chambre dynamique, (iii) 

mettre en place, optimiser et déployer un système de chromatographie en phase gazeuse rapide 

(FastGC) dans un écosystème forestier pour la caractérisation des monoterpènes avec une 

résolution temporelle plus fine.  

Depuis son développement, la CRM s’est avérée une technique avantageuse pour la 

mesure de la réactivité OH. En effet, plusieurs systèmes existent à travers le monde et ont été 

déployés dans un nombre de sites urbains, ruraux, forestiers et côtiers (Yang et al., 2016).  Ainsi, 

la première phase de cette thèse, consistait à mettre en place une nouvelle version de la CRM. 

Plusieurs améliorations techniques ont été apportées au système par rapport à la version 

précédente, incluant un contrôle automatique des débits d’entrée et de sortie ainsi qu’un suivi 

continu de la température, de la pression et de l’humidité dans le réacteur. Cependant, les 

mesures par CRM exigent l’application de certaines corrections, qui ont été déterminées via 

différents tests effectués au laboratoire et durant les campagnes de mesure. Les principales 

conclusions à ce niveau sont les suivantes : La correction pour la déviation du pseudo-premier 

ordre s’est montrée dépendante de l’espèce injectée et du rapport pyrrole/OH (C1/OH). En effet, 

les expériences ont montré que : (1) la correction est plus faible pour les composés relativement 

moins réactifs (propane) avec OH, (2) plus le rapport est élevé, plus la correction est faible pour 

tous les composés testés et plus la différence dans le facteur de correction entre un composé 

peu réactif et un autre plus réactif est faible, (3) chaque système réagit différemment concernant 

ces corrections, ce qui met l’accent sur l’importance d’une caractérisation complète, spécifique 

à chaque système CRM. 

Après avoir testé la performance du système, la CRM a été déployée dans deux 

campagnes de mesures : une première campagne a eu lieu dans un champ de colza dans le cadre 

du projet ADEME-COV3ER (COV biogéniques : Emissions par les Ecosystèmes gERés) et une 

campagne dans la forêt des Landes dans le cadre du projet ADEME-LANDEX.  

La campagne de mesure LANDEX était effectuée dans une forêt de pins maritimes au 

sud de la France. La réactivité OH ainsi que les COVs ont été mesurés dans et au-dessus de la 
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canopée. Durant cette campagne, on avait l’opportunité de comparer les mesures CRM aux 

mesures d’un instrument FAGE (Fluorescence Assay by Gas Expansion). Les mesures au même 

endroit dans la canopée, ont montré un accord satisfaisant entre les deux mesures, en prenant 

en compte les incertitudes sur les mesures. La réactivité OH variait suivant un cycle diurne bien 

marqué sur les deux hauteurs de mesures, avec des maximas durant les nuits stables. En effet, 

la réactivité OH montrait une variabilité similaire à celle des monoterpènes, qui s’accumulaient 

dans la couche limite nocturne, conduisant à des réactivités plus fortes. Des maximums de 99 

s-1 et 70 s-1 ont été rapportés dans et au-dessus de la canopée, respectivement. La comparaison 

entre la réactivité mesurée et celle calculée révèle la présence d’une fraction manquante de 22 

et 33% en moyenne, dans et au-dessus de la canopée. Cependant, la réactivité manquante 

montrait également une variabilité diurne sur les deux hauteurs : pour les mesures de jour, cette 

fraction manquante dépendait de la température. L’analyse a montré qu’il s’agit non seulement 

de composés primaires mais aussi d’espèces secondaires non mesurées ou non identifiées. Pour 

les mesures de nuit, la fraction manquante était relativement importante pour une nuit chaude 

et stable. Les rétro trajectoires des masses d’air ont révélé l’origine continentale des masses 

d’air arrivant sur site pour cette nuit, suggérant que des composés primaires et leurs produits 

secondaires ont été transportés sur site des forets environnantes.  

En ce qui concerne la campagne colza, elle était liée au projet ADEME-COV3ER. Le 

projet visait à fournir de nouvelles références de flux de COVB au niveaux des grandes cultures 

et forêts gérées. Il avait comme objectif également de mieux caractériser les émissions liées aux 

pratiques agricoles, comme sources importantes de COVB (Karl et al., 2009). Des mesures 

simultanées de réactivité OH, de COVs et de composés inorganiques ont été effectuées en 

entrée et en sortie d’une chambre dynamique installée sur un jeune brin de colza en période de 

floraison. Les résultats obtenus mettent en évidence la réactivité relativement faible dans cet 

écosystème comparé aux écosystèmes forestiers. Une variabilité diurne de réactivité OH a été 

observée en sortie de la chambre, avec des maximums ne dépassant pas les 20- 30 s-1 en milieu 

de journée. Un bon accord a été trouvé entre la réactivité mesurée et celle calculée en sortie de 

la chambre pour les mesures de nuit, alors qu’une plus grande différence existait pour les 

mesures de jour. Cette variabilité de la fraction manquante suggère qu’elle est due à des 

composés primaires dépendants de la température et/ ou de la lumière. Parmi 201 masses du 

PTR-MS, examinées pour leur corrélation avec l’isoprène, l’un des principaux contributeurs à 

la réactivité OH, 9 masses ont été considérées dans la réactivité calculée, cependant 

n’expliquant qu’une fraction (1- 1.2 s-1) au maximum de la réactivité manquante de jour.   
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Finalement, et comme observé dans les deux premières campagnes de mesures, les 

monoterpènes, même émis sous faible quantité, peuvent contribuer significativement à la 

réactivité OH. Dans ce contexte, on était motivé de mettre en place et optimiser un système 

FastGC/PTR-MS dans le but de réaliser une séparation rapide des monoterpènes spéciés, ce qui 

peut être utile pour une meilleure considération dans les calculs de réactivité. Des travaux de 

laboratoire ont permis de tester la performance du système et de choisir les paramètres optimaux 

pour mesurer les principaux monoterpènes avec un point de mesure toutes les 10 minutes. Par 

la suite, le système a été déployé dans une forêt de chêne vert au sud la France. L’objectif était 

de tester la performance du système pour des mesures en continu dans un environnement réel 

et de suivre la variabilité des monoterpènes individuels émis par les branches de chênes. Les 

mesures nous ont permis de suivre la variabilité des principaux monoterpènes : α-pinène, 

sabinène, β-pinène, myrcène et limonène. Cette variabilité s’est avérée dépendante de la lumière 

principalement, avec des chutes pouvant être rapides, des niveaux de monoterpènes quand la 

branche ne recevait plus de lumière. Ces composés montraient des proportions différentes d’une 

branche à une autre, ce qui a mis en évidence la présence de trois types de chênes verts (Quercus 

ilex) : type pinene, type myrcène et type limonène, confirmant les observations rapportées 

précédemment mais apportant une résolution temporelle jamais atteinte et qui a permis de 

montrer que ces proportions restaient les mêmes tout au long de la journée.  

 

Perspectives 

Les travaux effectués durant cette thèse ont mis en évidence l’importance de mesurer la 

réactivité OH comme un paramètre global permettant d’évaluer la charge en espèces réactives 

dans l’atmosphère. Ce paramètre était aussi utilisé pour montrer la présence de composés 

primaires et secondaires non mesurés mais qui contribuent aussi à la réactivité OH. Cependant, 

au niveau technique, il reste important de bien caractériser les facteurs de corrections à 

appliquer sur les mesures de réactivité OH par CRM, surtout la correction pour la déviation du 

régime pseudo-premier ordre. En effet, il sera intéressant de calibrer le système avec une grande 

variété de composés différents, présentant des réactivités différentes avec le radical OH et sous 

une large gamme de rapport pyrrole/OH.  En plus, l’utilisation d’un model en parallèle, peut-

être une approche complémentaire, aidant à mieux comprendre les processus chimiques prenant 

lieu dans le réacteur.  
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Au niveau des champs d’application : 

- Vu les incertitudes sur l’origine de la réactivité manquante sur les mesures dans et au-dessus 

de la canopée dans la forêt de pins maritimes, il sera intéressant de déployer la CRM pour 

des mesures en sortie d’une chambre dynamique d’une branche, pour mieux comprendre la 

source de la réactivité manquante : primaire ou secondaire ?  

- Il serait intéressant d’effectuer des mesures de flux comme rapportées par Nolscher et al., 

2013, où l’objectif était de mettre en évidence les principaux « driver » de la réactivité 

manquante. Ce travail aurait pu être fait sur les mesures en sortie de la chambre dynamique 

de colza, cependant les mesures en ambiant étaient moins fréquentes, ce qui était une 

limitation pour le calcul de flux. De plus, la masse sèche de la plante à la fin de la campagne 

n’est pas vraiment représentative de sa masse durant la période de mesure comme elle était 

en voie de croissance.  

- Les modèles de chimie atmosphérique, peuvent être des outils utiles pour identifier les 

composés non mesurés contribuant à la réactivité OH et pour une meilleure compréhension 

de la contribution des COVB à la formation d’ozone et d’AOS en zones rurales.  

- Des mesures en parallèle de FastGC et CRM peuvent aider pour un calcul plus détaillé de 

la réactivité OH due aux monoterpènes par exemple, réduisant l’incertitude des calculs 

utilisant la somme des monoterpènes totaux. 

-  Les mesures de réactivité OH près d’une source agricole spécifique (culture) montrent des 

niveaux relativement faibles. Cependant, il sera intéressant de caractériser la réactivité 

d’autres sources agricoles également émettrices en COV, comme les bâtiments d’élevages, 

constituant le sujet d’un papier de Kammer et al., 2019 (auquel j’ai contribué) en annexe. 

-  Finalement, cette thèse a étudié la réactivité OH dans des environnements « low-NOx ». 

Cependant il sera intéressant d’effectuer des études de COV biogéniques proches des zones 

urbaines, pour mieux caractériser leur contribution à la formation de polluants secondaires 

(aérosols, ozone) dans une situation de panache de pollution. 
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Appendix A 

 
Supplement of chapter 3: Variability of hydroxyl radical (OH) reactivity in the 

Landes maritime Pine forest: results from the LANDEX campaign 2017 
 

Supplementary material 3.1: Data availability 

 

 

Table S3.1: Timetable of the data available from each instrument measuring inside and / or above the 

canopy. 
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Supplementary material 3.2: Consistency between GC-BVOC instruments and 

the PTR-MS on monoterpenes measurements 

 

 

Figure S3.2.a: Variability of α-pinene mixing ratios measured at 12 m by the GC-BVOC1 (blue) and at 

6 m by the GC BVOC2 (red). 
 

 

Before the 13th of July, the consistency between the two GC-BVOC instruments was 

checked, taking into account the intercomparison of the standard cylinders used to calibrate 

each GC-BVOC. In addition, the profiles of the 8 species commonly measured by both GCs, 

were compared. Figure S3.2.a, shows the variability of α-pinene mixing ratios recorded by the 

GC-BVOC1 at 12 m height (blue) and by the GC-BVOC2 at 6 m height (red). The diurnal 

variability was demonstrated at both heights. Both instruments measured similar values during 

day-time when the vertical turbulence was higher and the mixing was more efficient within the 

canopy. However, a difference in the values recorded by the two GCs was seen during most 

nights, mainly related to the lower turbulence and the higher vertical stratification.  

In order to verify the consistency between the GC instruments and the PTR-MS inside 

and above the canopy, the sum of the different monoterpenes concentrations measured by both 

GC-BVOCs and the sum of monoterpenes measured at m/z= 137 + m/z= 81 by the PTR-MS 

were compared.  
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Figure S3.2. Correlation between (b) the sum of monoterpenes measured by the GC-BVOC2 and the 

PTR-MS at 6 m height and (c) the sum of monoterpenes measured by GC-BVOC1 and the PTR-MS at 

12 m height. In Fig. S3.2.b, green dots consider the sum of all BVOCs measured by the GC-BVOC2 

whereas orange dots consider the sum of the monoterpenes measured by GC-BVOC2 which are 

commonly measured by the GC-BVOC1.  

 

Figures S3.2.b and c show that the concentrations are in good agreement most of the 

time. Higher concentrations were observed with the PTR-MS with a slope of 1.3 at 12 m. It is 

worth noting that a resampling of GC-BVOCs and PTR-MS datasets was made to get the same 

time base. As the GC-BVOC2 (6 m) has a time resolution of 90 min, the GC-BVOC1 (12 m) 

of 30 min and the PTR-MS of 30 min, a resampling using averaging with a time resolution of 

90 min of the PTR-MS data and a linear interpolation was chosen for the comparison at 6 m 

height and a linear interpolation with a time resolution of 30 min at 12 m height. 

The maximum difference between the sum of monoterpenes measured by the PTR-MS and all 

of the monoterpenes measured by the GC-BVOC2 at 6 m was 3.2 ppbv, whereas, the maximum 

difference between the sum of monoterpenes measured by the PTR-MS and the monoterpenes 

measured by the GC-BVOC1 at 12 m was 4.4 ppbv. 
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Supplementary material 3.3: Use of monoterpenes ratios in the weighted k rate 

coefficient calculation 

 

Ratios of the different monoterpenes were calculated using GC-BVOC data at both 

heights. Figure S3.3.a shows the ratios at 12 m height.  

 

 

 

Above canopy (12 m) 

 

The comparison of the calculated OH reactivity from each monoterpene with the one 

obtained from the ratios for the GC-BVOC1 data and the PTR-MS data, regarding the 

overlapping period, is shown in Fig. S3.3.b for the measurements at 12 m height. The use of 

the ratios in OH reactivity calculations is in good agreement with the use of individual 

monoterpenes and their respective k rate constants, except for some overestimations at the 

peaks, observed when using the PTR-MS data. It is worth noting that, cis-o-cimene is co-eluted 

with limonene. Therefore, the ratio of cis-o-cimene and limonene over their sum was calculated 

using the GC-BVOC2 data (average: 0.15/0.85 respectively). 

When plotting the calculated OH reactivity from the sum of GC-BVOC1 monoterpenes 

and kweighted with the calculated OH reactivity using each individual monoterpene and its 

respective k rate constant, a slope of 0.96 was obtained, reflecting a good agreement (Fig. 

S3.3.c). Whereas, a higher slope of 1.30 was obtained when considering the sum of 

monoterpenes from the PTR-QiToFMS data with kweighted (Fig. S3.3.d). This observation is in 

agreement with the one made in figure S3.2.c, when comparing the sum of monoterpenes 

Figure S3a: Ratio of all 8 monoterpenes calculated with the GC-BVOC1 data at 12 m height 

Figure S3.3.a: Ratio of all 8 monoterpenes calculated with the GC-BVOC1 data at 12 m height 
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concentrations from the GC-BVOC1 and the PTR-MS, and it is probably related to the 

underestimation of total monoterpene concentration by the GC technique. 

 

Figure S3.3.b: OH reactivity calculated for monoterpenes measured with the GC-BVOC1 at 12 m using 

the concentration and the k rate constant of each monoterpene (dark blue line), with the sum of the 

concentrations weighted by the ratio of each monoterpene multiplied by the respective rate constant 

(orange dots), with the sum of monoterpenes measured by the PTR-MS considering the weighted k rate 

constant reactivity from the monoterpenes measured by the GC-BVOC1 (light blue line).  

 

 

 

 

 

Figure S3.3.c: Correlation between the calculated OH reactivity from the sum of monoterpenes 

measured by the GC-BVOC1 multiplied by kweighted with the calculated OH reactivity from individual 

monoterpenes measured by the GC-BVOC1.  
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Figure S3.3.e: OH reactivity calculated from GC-BVOC2 monoterpenes measured at 6 m using the 

concentration and rate constant of each monoterpene (dark blue line), from GC-BVOC1 monoterpenes 

commonly measured by the GC-BVOC1 (LSCE) at 12m height (red dashed line), from the total 

monoterpenes concentration weighted by the ratio of each monoterpene multiplied by the respective rate 

constant (orange dashed line), from total monoterpenes measured by the PTR-MS considering the 

weighted reactivity from the monoterpenes measured by the GC-BVOC2 (blue) or the restricted list 

(corresponding to those commonly measured by the GC-BVOC1 (green)). 

 

 

 

 

Figure S3.3.d: Correlation between the calculated OH reactivity from the sum of monoterpenes 

measured by the PTR-MS multiplied by kweighted and the calculated OH reactivity from the sum of 

monoterpenes measured by GC-BVOC1 multiplied by kweighted. 
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Inside canopy (6 m) 

 

The calculated OH reactivity from each monoterpene was also compared at 6 m height, with 

the one obtained from the ratios for the GC-BVOC2 data and the PTR-MS data (fig. S3.3.e). 

Ratios calculations were made either by using all the monoterpenes measured by the GC-

BVOC2 (14 compounds). In this case the weighted k rate constant was 84.3 x 10-12 cm3 

molecule-1 s-1. Either based on 8 monoterpenes only, which are the ones commonly measured 

by the GC-BVOC1. In this case, the weighted k rate constant was 77.9 x 10-12 cm3 molecule-1 

s-1. As shown in figure S3.3.e, an overall good agreement was seen. However, some 

overestimations are seen at the peaks when using the data from the PTR-MS data. The 

calculated OH reactivity at the highest peak is overestimated by approximately 17.5 s-1 (36.7%) 

at the maximum when considering kweighted= 84.3 x 10-12 cm3 molecule-1 s-1 and by 12.5 s-1 (26.3 

%) when taking kweighted= 77.9 x 10-12 cm3 molecule-1 s-1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.3.f: Correlation between the calculated OH reactivity from 8 BVOCs measured by GC-

BVOC2 (the ones that are commonly measured by GC-BVOC1 (blue)), calculated OH reactivity from 

the sum of monoterpenes measured by the PTR-MS multiplied by kweighted= 84.3 x 10-12 cm3 molecule-1 

s-1 (based on all BVOCs/GC-BVOC2) (orange) and the calculated OH reactivity of the sum of 

monoterpenes measured by the PTR-MS and multiplied by the weighted k = 77.9 x 10-12 cm3 molecule-

1 s-1 (based on the 8 common BVOCs measured by both GCs) with the calculated OH reactivity from all 

individual monoterpenes measured by the GC-BVOC1.  
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Figure S3.3.g: Comparison between the calculated OH reactivity from the sum of monoterpenes 

measured with the PTR-MS and the ones calculated with all the monoterpenes measured by the GC-

BVOC2 (blue dots) or with only the monoterpenes commonly measured by the GC-BVOC1 and 2 

(orange dots). 

 

Regarding inside canopy measurements, a good agreement (R2=1, slope of 0.94) exists between 

the calculated OH reactivity taking each individual monoterpene and the one with the sum of 

monoterpenes and kweighted (from the mean ratios, k = 77.9 x 10-12 cm3 molecule-1 s-1). This 

agreement was also seen when comparing the sum of monoterpenes measured by the PTR-MS 

to the sum obtained by GC-BVOC2 (Fig. S3.2.b). It is worth noting that this value of kweighted 

obtained using GC-BVOC2 compounds commonly measured with the GC-BVOC1 is used for 

the final calculation of the reactivity and comparisons with measured ones, in order to compare 

similar data sets at both heights. Finally, when comparing the OH reactivity calculated from the 

sum of monoterpenes measured by the PTR-MS and kweighted (84.3 x 10-12 cm3 molecule-1 s-1) 

and the sum of the monoterpenes measured by the GC-BVOC2, a good agreement (Fig. S3.3.g, 

R2=0.97, slope of 1.05) was obtained. However, a higher slope was recorded when taking into 

account only the 8 monoterpenes commonly measured by both GC-BVOC (Fig S3.3.g, slope 

of 1.19).  
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Supplementary material 3.4: Correction of Isoprene concentration measured 

with the PTR-MS 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.4.a: Comparison of isoprene concentration measured by three different instruments: 

corrected data from the PTR-MS (blue points), NMHC (orange points), and OVOC (red points) from 

23th of June to 18th of July 2017. 

Figure S3.4.b: Calculated OH reactivity of isoprene measured with the PTR-MS (corrected/ blue) and 

the GC-NMHC (orange) at 12 m height.  
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Supplementary material 3.5: Contribution of OVOCs and NMHCs to OH 

reactivity above the canopy 

 

Figure S3.5: Graph representing the calculated OH reactivity from the GC-NMHC, the GC-OVOC, and 

the PTR-MS data (including butanol and corrected isoprene) (green dots), from the GC-NMHC and GC-

OVOC data alone (orange dots), and the percentage of OH reactivity due to NMHC and OVOC (blue 

dots). 
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Supplementary material 3.6: Butanol (from SMPS exhaust) contribution to 

OH reactivity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.6: Butanol contribution to calculated OH reactivity inside (upper graph) and above (lower 

graph) the canopy. 
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Supplementary material 3.7: Assumptions made for OH reactivity calculations 

 

Table S3.7: Summary of the assumptions taken into account for the calculation of OH reactivity and 

for the estimation of some compound’s contribution to OH reactivity from ancillary measurements.  

 

 

 

Supplementary material 3.8: Original and resampled data from the LSCE-

CRM and UL-FAGE instrument 

 

Problem Assumption considered 

Monoterpenes 

speciation 

Ratios of speciated monoterpenes from GC-BVOC (1 and 2) were taken into account to 

calculate a weighted k rate constant of the reaction of monoterpenes with OH. The kweighted 

was used to calculate the reactivity of monoterpenes measured by the PTR-MS. 

Measured 

species only at 

12 m 

NMHC and OVOC were not taken into account in the calculation of OH reactivity at 12 m 

and 6 m heights. Their contribution is discussed at 12 m height where they were measured. 

Interferences 

Isoprene (PTR-MS): A factor of 4% is considered to correct for the contribution of 

monoterpenes to the isoprene signal in the PTR-MS. 

MACR+MVK (m/z= 71 in PTR-MS):  The ratio has been calculated from the GC-OVOC. 

An average ratio of 0.3 of MACR over the total concentration has been found and used to 

weight the rate constant for this mass. 

Butanol 

contribution 

The contribution of butanol to OH reactivity is estimated at 12 m where it was weak and at 

6 m where it was more variable. 

Figure S3.8: Comparison between the original data set (**) from both OH reactivity instruments and the resampled 

data set (*). 
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Supplementary material 3.9: Summary of day/ night measured, calculated and 

missing OH reactivity, inside and above the canopy 

 

Table S3.9: Summary of day/ night averages of measured, calculated and missing OH reactivity, inside 

and above the canopy. The * indicates above canopy average values when measurements were 

performed at both heights. 

  Day/ Night 

Measured 

ROH/ 

LSCE-

CRM                          

(s-1) 

Calculated 

ROH PTR-

QiToFMS            

(s-1) 

Calculated 

ROH PTR-

QiToFMS +    

other 

measurements 

(s-1) 

Missing 

ROH 

considering 

PTR-

QiToFMS                        

(s-1) 

Missing ROH 

considering 

PTR-

QiToFMS + 

other 

measurements                      

(s-1) 

Mean 

Temperature 

(°C) 

Mean 

u*            

(m s-1) 

Day/ Night 

state 

Inside 

Canopy 

3rd, July  14.5 5.3 7.8 9.2 6.8 22.9 0.4 Cool 

3rd- 4th, July 25.7 16.1 20.1 9.6 5.6 15.6 0.1 Stable/ Cool 

4th, July 20.0 9.9 12.3 10.0 7.7 26.5 0.6 Warm 

4th- 5th, July 45.6 28.1 32.6 17.5 13.1 21.7 0.2 Stable/ Warm 

5th, July 16.8 8.1 10.8 8.7 6.0 28.1 0.4 Warm 

5th- 6th, July 12.6 4.8 8.5 7.8 4.2 18.9 0.3 
Unstable/ 

Stable/ Warm 

6th, July 22.1 11.0 13.9 11.1 8.2 24.2 0.4 Warm 

6th- 7th, July 37.5 33.6 37.3 3.9 < LOD 20.1 0.1 Stable/ Warm 

7th, July 28.1 18.6 21.6 9.5 6.5 28.3 0.4 Warm 

7th- 8th, July 17.9 9.6 13.1 8.3 4.8 21.2 0.4 
Unstable/ 

Warm 

8th, July 13.2 7.5 10.4 5.7 < LOD 23.0 0.5 Cool 

8th- 9th, July 7.3 2.5 5.3 4.9 <LOD 19.5 0.5 Unstable/Warm 

9th, July 7.4 3.0 5.3 4.4 < LOD 20.9 0.8 Cool 

9th- 10th, July 7.9 3.4 7.1 4.5 < LOD 18.2 0.3 
Unstable/ 

Stable/ Cool 

Above 

Canopy 

10th, July 7.7 2.6 4.3 5.1 3.4 20.6 0.5 Cool 

10th- 11th, 
July 

13.0 5.1 6.9 8.0 6.1 17.3 0.1 Stable/ Cool 

11th, July 9.5 3.4 5.2 6.1 4.3 20.9 0.4 Cool 

11th- 12th, 

July 
15.8 6.1 7.9 9.7 7.9 17.0 0.1 Stable/ Cool 

12th, July 10.9 3.0 4.7 7.9 6.2 20.5 0.7 Cool 

  
12th- 13th, 

July 
          18.0 0.1 Stable/ Cool 

Inside 
Canopy 

13th, July 6.7 3.1 6.3 3.6 < LOD 20.1 0.4 Cool 

13th- 14th, 
July 

18.7 15.6 19.3 3.1 < LOD 18.0 0.1 Stable/ Cool 

14th, July 8.9 6.7 9.1 < LOD < LOD 21.2 0.5 Cool 

14th- 15th, 
July 

17.1 13.2 16.3 3.9 < LOD 15.2 0.1 Stable/ Cool 

15th, July a.m 13.3 12.9 15.9 < LOD < LOD 
22.0 0.4 Cool 

Above 

Canopy 

15th, July p.m 7.0 4.2 5.9 < LOD < LOD 

15th- 16th, 

July 
15.6 10.8 12.7 4.5 < LOD 16.6 0.1 Stable/ Cool 

16th, July 10.0 8.1 9.9 < LOD < LOD 26.7 0.5 Warm 

16th- 17th, 

July 
          21.6 0.1 Stable/ Warm 

1h Inside/           

1h Above 

Canopy 

17th, July 
41.5/ 

35.4* 
23.3/ 20.4* 25.1/ 22.4* 18.2/ 15.1* 16.4/ 13.0* 28.9 0.4 Warm 

17th- 18th, 

July 

20.4/ 

20.5* 
15.3/ 13.4* 17.3/ 15.3* 5.2/ 7.1* 3.1/ 5.2* 23.2 0.3 

Unstable/ 

Warm 

18th, July 11.5/ 8.4* 7.9/ 6.4* 10.1/ 8.1* 3.6/ <LOD <LOD/ <LOD 30.3 0.5 Warm 
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Appendix B 

 
Supplement of chapter 4: Characterization of total OH reactivity in a rapeseed 

field: Results from the COV3ER experiment in April 2017 
 

Supplementary material 4.1: CRM characterization tests  

In order to test the performance and the stability of the CRM/ PTR-MS system, several 

experiments were performed at the beginning, the middle and the end of the campaign. These 

tests also aimed to determine three correction factors, for the difference in humidity between 

C2 and C3, for OH recycling due to high NO mixing ratios and for the deviation from pseudo-

first order kinetics.  

- Correction for the difference in humidity between the C2 and the C3 levels 

Experiments were performed by introducing a known amount of zero air at different humidity 

inside the reactor while the instrument is measuring C2. The dependency of the difference in 

the observed C2 on the difference of m/z 37-to-m/z 19 ratio is investigated and used to correct 

the ambient C2 value. A linear least squares fit describes the dependency of C2 on the m/z 37-

to-m/z 19 ratio. The slope of the fit obtained from the experimental tests is then used to correct 

the C2 value during ambient measurements in the following way: C2corrected = C2*= C2 + 

p[(m/z37/m/z19) during C3 − (m/z37/m/z19) during C2] 

 

 

 

 

 

 

 

 

Figure S4.1.a: Linear least square fit of ΔC2 (ppbv) vs. Δ(m37/m19) for the tests conducted on the field 

to assess the correction for humidity differences between C2 and C3. Green dots and red dots correspond 

to tests performed with ambient air and outgoing chamber air, respectively.  
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- Correction on C3 for the spurious OH production from the reaction between 

HO2 (formed from H2O photolysis) and NO 
 

To assess the required correction for C3 values, different amounts of NO were introduced inside 

the reactor while sampling humid zero air. The difference of measured C3 (ppbv) was plotted 

as function of NO concentration (ppbv). 

C3corrected = C3*= C3measured + ΔC3 

With ΔC3 = a [NO]2 + b[NO] as shown in figure S4.1.b.  

 

 

 

 

 

 

 

 

 

Figure S4.1.b: Experimental parameterization to correct for the NO interference, representing changes 

in C3 (ΔC3 ppb = C3expected - C3measured) as function of NO mixing ratios (ppbv) in the reactor.  

 

- Correction for not operating the CRM under pseudo-first-order conditions 

 

Tests were performed by introducing different concentrations of two gas standards: propane 

with a relatively low reactivity with OH and isoprene which is relatively highly reactive with 

OH. Different pyrrole/OH ratios were investigated ranging between 1.7 and 2.7. As shown in 

figure S4.1.c, measured reactivity during tests was plotted against the expected one form 

calculation (calculated OH reactivity is the product of the gas standard concentration and its 

rate constant for the reaction with OH). The inverse of the resulting slopes represents the 

correction factors that vary for each compound, as function of the pyrrole/OH ratio.  
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Figure S4.1.c: Measured ROH vs. the theoretical ROH for propane and isoprene, introduced at different 

concentrations and under different pyrrole/OH ratios. Circles and diamonds correspond to propane and 

isoprene tests, respectively.  

 

Supplementary material 4.2: CRM/PTR-MS samplig system 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.2: Schematic of the CRM/PTR-MS sampling system. 



222 
 

Supplementary material 4.3: PTRQi-ToFMS VOCs mixing ratio computation 
 

The pre-processing steps provided averages and standard deviations cps for the ion peaks 

selected Ri. The mixing ratio of the compound 𝜒𝑖,𝑝𝑡𝑟(in ppbv) was calculated as in Abis et al., 

(2018) and Gonzaga et al. (2019): 

𝜒𝑖,𝑝𝑡𝑟 = 1.657 𝑒−11 ×
Udrift Tdrift

2

k p
drift
2 × (

𝑐𝑝𝑠
RiH+
𝑛𝑜𝑟𝑚

𝑐𝑝𝑠
H3O

+
𝑛𝑜𝑟𝑚+𝑐𝑝𝑠

𝐻2O.H3O
+

𝑛𝑜𝑟𝑚 −
𝑐𝑝𝑠

RiH+
𝑛𝑜𝑟𝑚(𝑧𝑒𝑟𝑜𝑎𝑖𝑟)

𝑐𝑝𝑠
H3O

+
𝑛𝑜𝑟𝑚+𝑐𝑝𝑠

𝐻2O.H3O
+

𝑛𝑜𝑟𝑚 (𝑧𝑒𝑟𝑜𝑎𝑖𝑟)
) ×  𝑆𝑖                       (S4.3.1) 

𝑐𝑝𝑠
RiH+
𝑛𝑜𝑟𝑚 =

TR
H3O

+

TRRiH+  
× 𝑐𝑝𝑠RiH

+                                                           (S4.3.2) 

where Udrift  is the voltage of the drift tube (V), Tdrift is the drift tube temperature in Kelvin (K), 

𝑐𝑝𝑠RiH
+  is the count per second (cps) of the product ion, 𝑐𝑝𝑠H3O

+ and 𝑐𝑝𝑠𝐻2O.H3O
+ are the cps 

of the source ion and the first water cluster, k is the protonation reaction rate assumed constant 

for all compounds (2.5 10-9 cm3 s-1), norm stands for normalized, TRH3O
+ is the transmission 

factor for H3O
+, TRRiH+ is the transmission factor for mass of protonated compound Ri,  pdrift

 

is the pressure in the drift tube, and Si is the normalized sensitivity of the analyzer. Here 𝑧𝑒𝑟𝑜𝑎𝑖𝑟 

stands for cps measured for zero air in the same conditions of pressure, temperature and voltage. 

The standard transmission curve from supplier was used to compute the normalized counts per 

seconds 𝑐𝑝𝑠
RiH

+
𝑛𝑜𝑟𝑚 (Table S4.3). 𝑐𝑝𝑠

H3O
+

𝑛𝑜𝑟𝑚 was computed from ion m/z 21.022 (H3
18O+) by 

multiplying by the isotopic factor 487.56, the first water cluster was taken as the ion peak m/z 

37.028. In equation (S4.3.1), the number 1.657 𝑒−11 is a constant specific to the instrument, 

accounting for the reaction time in the drift tube. The calibration procedures used to determine 

the zero and 𝑆𝑖 are detailed in the manuscript. 
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Table S4.3: Standard Ionicon transmission curve used for computing the mixing ratio 

m / z TR 
TRH3O

+

TRRiH+  
 

< 21 0.018 1.000 

33 0.40 0.045 

59 0.65 0.028 

79 0.75 0.024 

107 0.86 0.021 

146 0.96 0.019 

> 181 1.00 0.018 
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Supplementary material 4.4: The rapeseed branch physiological evolution  

 

At the beginning of our measurements (7th till 15th, April), the rapeseed branch exhibited a rapid 

and more intensive growth, in terms of stem, leaves and flowers length as well as of number of 

open flowers, than during the last 10-day period (Figure S4.4), where the plant growth became 

more stable. Note that on the 15th, the chamber was uninstalled due to a planned fungicide 

application, and re-installed on the 17th, but on a higher part of the branch than before, including 

less stem, leaves and flowers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.4: Rapeseed branch evolution in the dynamic enclosure. The left vertical axis represents the 

length of the stem, total leafs and total flowers (in cm). The right vertical axis represents the percentage 

of open flowers. The red line indicates the day when the chamber was re-installed after the planned 

fungicide application.   
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Supplementary material 4.5: Comparison between temperatures recoded 

inside and outside the dynamic chamber  

 

 

Figure S4.5 shows the variability of temperatures recorded inside the chamber and in ambient 

air. Both temperatures had the same trend for the studied period, however a difference up to 

12°C could be observed. This should be kept in mind when analyzing BVOCs and OH reactivity 

variability related to the enclosed rapeseed plant. Indeed, some BVOCs emissions are known 

to be temperature-dependent and their emissions could be enhanced under higher temperatures. 

However, higher concentrations of known/ detected BVOCs should result in higher 

mROHchamber. Hence, these dicrepancies in temperature should not affect the discussion on 

missing OH reactivity.  

Figure S4.5: Temperature recorded inside the dynamic chamber (yellow) and in ambient air (green) 

during the measurement period between the 20th and the 23rd, April 2017. 
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Supplementary material 4.6: Anthropogenic VOCs and inorganic compounds 

in ambient air 

 

Figure S4.6.a: Variability of NOx (NO, NO2), CO, CH4, propane, propene, acetaldehyde and 

acetone in ambient air, with wind direction and wind speed.  
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Figure S4.6.b: Variability of calculated OH reactivity of NOx, CO, CH4, total HCs C2-C6 and total 

VOCsambient (PTRQi-ToFMS). 
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Supplementary material 4.7: Biogenic VOCs inside the chamber 

Figure S4.7: Variability of calculated OH reactivity of some biogenic VOCs emitted by the rapeseed 

plant (VOCsrapeseed = VOCschamber – VOCsambient). 
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Supplementary material 4.8: Selection of PTRQi-ToFMS masses for missing 

OH reativity investigation  

  

Protonated theoretical masses R2 

228.191, 248.981, 128.068, 180.101, 197.219, 72.017, 226.255, 376.073, 153.157, 196.212, 

211.235, 264.264, 108.053, 86.059, 208.206, 87.078, 375.062, 229.198, 142.08 

0.8 

116.074, 158.088, 236.237, 98.026, 252.158, 102.086, 207.202, 134.068, 38.963, 185.13, 

144.097, 85.027, 90.061, 183.206, 194.195, 170.191, 186.093, 85.064, 248.006, 184.207, 

269.248, 210.226, 101.023 

0.81 

212.236, 159.131, 130.147, 303.291, 116.037, 169.189, 211.14, 250.25, 290.281, 209.217, 

143.097, 172.096, 157.105, 193.187, 241.195, 154.166, 249.178, 182.196, 171.108, 255.218, 

232.202, 205.082, 173.145, 204.175 

0.82 

88.048, 209.141, 278.282, 251.168, 54.938, 250.179, 133.098, 244.212, 161.096, 155.085, 

141.09, 102.06, 155.175, 247.006, 235.227, 237.245, 187.076, 230.199, 263.263, 221.217, 

243.213 

0.83 

234.221, 80.997, 127.076, 84.044, 174.147, 98.062, 60.048, 206.192, 287.258, 168.18 

87.042, 100.074, 181.19, 138.059, 289.265, 233.218, 205.186, 101.059, 141.159, 99.008, 

142.163, 150.129 

0.84 

160.132, 262.244, 218.19, 148.116, 126.092, 260.238, 165.089, 187.155, 190.159, 57.033, 

219.202, 192.176, 277.272, 137.058, 167.174, 231.202, 259.232 

0.85 

162.089, 180.18, 166.163, 70.039, 248.237, 128.148, 188.147, 246.22, 195.202, 138.133, 

273.251, 245.219, 152.149, 201.171, 179.173 

0.86 

95.083, 146.119, 216.178, 106.037, 202.171, 165.158, 276.262, 217.183, 274.245, 191.172, 

139.143, 215.181 

0.87 

261.247, 96.088, 275.254, 140.149, 247.23, 123.042, 176.142, 147.11, 189.15, 145.118 0.88 

151.143, 117.087, 124.044 0.89 

175.141, 39.023, 119.082, 100.117, 127.144, 105.032, 149.127, 123.115, 56.058, 56.024 0.90 

68.052, 113.129, 44.055, 125.13, 124.117, 126.135, 178.161 0.91 

82.074, 164.149, 109.1 0.93 

110.103, 99.116, 72.088, 69.07, 177.157, 86.103, 112.119 0.94 

163.142, 111.115, 58.068, 97.098, 98.104, 85.1 0.95 

84.088 0.96 

70.073 0.97 

 

 

 

Table S4.8: List of the 201 masses that correlate for 80 % and more with isoprene (m/z 69.070) 
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Supplementary material 4.9: Sensitivity test on Isoprene’s calculated OH 

reactivity 

 

Figure S4.9: Variability of calculated OH reactivity using PTR-MS data with a correction of the 

isoprene signal (m/z 69.070) by a factor of 1.3 (blue) and by summing the m/z 69.070 with the potential 

fragment on m/z 41.038 (yellow). 

 

m/z 41.038 was identified as potential fragment of isoprene. In order to test the impact of taking this 

mass, or not, into account in OH reactivity calculation, this mass was accounted for by summing its 

mixing ratio with that of m/z 69.070. An increase in OH reactivity was obtained with a maximum 

increase of 3 s-1. This test explained 1.3 s-1 on average of day-time missing OH reactivity, meaning that 

the correction for potential fragmentation of isoprene would decrease the day-time missing OH 

reactivity by 20 % on average.  
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Abstract  

Agricultural activities highly contribute to atmospheric pollution, but the diversity and the 

magnitude of their emissions are still subject to large uncertainties. A field measurement 

campaign was conducted to characterize pollutant emissions from an experimental farm in 

France. In a sheepfold and a dairy stable, more than four hundred Volatile Organic Compounds 

(VOCs) were characterized using an original combination of both online and off-line 

measurements. CO2 and ammonia (NH3) were the most concentrated compounds inside the 

buildings (above the ppm level), followed by methanol, acetic acid and acetaldehyde. A CO2 

mass balance model were used to estimate NH3 and VOC emission rates. To our knowledge, 

this study constitutes the first evaluation of emission rates for most of the identified VOCs. We 

evidenced that the dairy stable emitted more VOCs than the sheepfold. Despite strong VOC 

and NH3 emissions, the chemical composition of particles indicates the gaseous farm emissions 

do not affect the fine particles loading inside the farm. This could be mainly explained by the 

low residence time inside both buildings. The dataset with new references will help to improve 

emissions inventories.  

Keywords: VOC emissions, Ammonia, Agriculture, Air quality, PTR-Qi-TOF-MS 

Highlights 

 More than 400 hundred VOCs have been identified in a dairy and sheep farm in France 

 VOC emission rates have been determined for the first time for several VOCs 

 VOC emissions from the dairy stable were higher than sheepfold emissions 

 Aerosol chemical composition was not affected by ammonia and VOC emissions  
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1. Introduction 

Agricultural activities are one of the major sources of pollutants in the atmosphere. Agricultural 

emissions can be both particulate and gaseous and affect the air quality as well as the climate. 

For example, at global scale, agriculture is the main source of ammonia (NH3) in the 

atmosphere; a gaseous compound which plays a central role in atmospheric particles formation 

and chemistry (Behera et al., 2013; Massad and Loubet, 2015; Yao et al., 2018; Yu et al., 2012). 

Among all agricultural activities, livestock management is recognized as a significant source of 

NH3, and was estimated to contribute to around 34 to 40 % of global NH3 emissions (Behera et 

al., 2013; Schmithausen et al., 2018). Livestock is also a strong emitter of greenhouse gases 

such as methane (CH4) or carbon dioxide (CO2) (Hempel et al., 2016; Huang et al., 2015; 

Maldaner et al., 2018; Ngwabie et al., 2014). Other studies have shown that farm buildings 

emitting numerous volatile organic compounds (VOCs) may be as important as traffic road 

contributions (Ciganek and Neca, 2008; Ngwabie et al., 2008; Shaw et al., 2007; Yuan et al., 

2017). VOCs are key species for atmospheric chemistry and climate that are able to produce 

secondary pollutants, such as ozone or aerosols (Atkinson and Arey, 2003; Curci et al., 2009; 

Derognat, 2003; Hallquist et al., 2009; Seinfeld and Pandis, 2006). The chemical structure of 

VOCs strongly affects their ability to generate ozone and aerosols. It is therefore essential to 

identify the chemical structure of the VOCs emitted by farm buildings, and evaluate the 

magnitude of their emissions. Despite the great number of compounds that may be emitted, 

only a few studies have proposed a complete VOCs identification list (Blunden et al., 2005; 

Ciganek and Neca, 2008; Feilberg et al., 2010; Schiffman et al., 2001; Yuan et al., 2017). To 

achieve a complete VOCs screening, it is recommended to conduct studies combining both on-

line (such as PTR-MS techniques) and off-line (using chromatographic techniques) 

measurements (Ni et al., 2012). However, studies combining both methodologies remain 

scarce, and only a limited number has provided emission factors, which are crucial parameters 

for evaluating environmental impacts of livestock management at various scales. For example, 

Feilberg et al. (2010) combined on-line and off-line techniques to estimate VOC emissions from 

an intensive pig production, but they were limited to few compounds due to the use of a 

quadrupole PTR-MS. Ciganek and Neca (2008) reported the identification of more than one 

hundred VOCs using gas chromatography-mass spectrometry (GC-MS) at both pig and cattle 

farm. The authors reported concentrations inside and outside the buildings, without estimating 

their emissions. Schiffman et al. (2001) identified 331 VOCs during swine operations using off-

line GC-MS, but emissions were not estimated. From the few studies providing VOC emission 
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rates from farm buildings, there is a review focused on swine facilities where Ni et al. (2012) 

pointed out that there were only three studies measuring emission factors from swine facilities, 

with huge differences; up to three orders of magnitude for some compounds. Most of the 

reported studies dealt with pig, dairy or poultry farming, but little is known about other 

livestock. To date, there are only two studies dealing with VOCs emissions from sheep farming 

(Ngwabie et al., 2007; Yuan et al., 2017). Therefore, more studies about VOCs emissions from 

farm buildings are needed to better constrain VOC emission inventories.  

For that purpose, a field campaign was carried out at an experimental farm in the western region 

of Paris (France). The aim of the study was first to characterize VOCs fingerprint inside a dairy 

stable and a sheepfold, which were both naturally ventilated buildings. On-line (Proton Transfer 

Reaction – Quadrupole ion guide – Time Of Flight – Mass Spectrometry, PTR-Qi-TOF-MS) 

and off-line (Thermal Desorption-Gas Chromatography – Mass Spectrometry, GC-MS and Gas 

Chromatography – Flame Ionization Detector, GC-FID) measurements were carried out outside 

and inside both buildings. Then, fine aerosol chemical composition (using an aerosol chemical 

speciation monitor, ACSM) was measured to characterize the contribution of livestock to fine 

aerosol loading. Finally, a CO2 mass balance model was used to estimate NH3 and VOC 

emission rates and emission factors from both buildings.  

2. Materials and methods 

 

2.1. Experimental set up 

A field measurement campaign was conducted in an experimental farm located at Grignon, in 

the western region of Paris, France (35 km west from Paris, 48°50'28.89" N, 1°56'56.03" E, 

altitude: 131 m above sea level). The experimental set up consisted of a mobile laboratory van 

where the instruments were placed. Three different locations were investigated: inside a dairy 

stable, inside a sheepfold, and outdoor in the vicinity of the two former buildings (Figure S1). 

The PTR-Qi-TOF-MS (used to measure VOCs) and the ACSM (used to measure the fine 

aerosol chemical composition) were not available at the same time (only one day in common, 

during the outside period). As a result, the field campaign was divided in two main parts: during 

the first one, when only the PTR-Qi-TOFMS was available, and the second part when the 

ACSM was available. All the other instruments described below were available all along the 

field campaign. The first place investigated was the dairy stable, between the 16th and the 20th 

of November 2017 (with the PTR-Qi-TOF-MS), then between the 28th of November and the 1st 
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of December 2017 (with the ACSM). The van was located in a corner of the stable, which was 

naturally ventilated (Figure S1). The number of animals inside the stable along the experiment 

was 205 animals: 173 dairies and 32 calves, with a mean weight of about 550 kg by animal. For 

dairies, the milk yield was 30 kg per day by animals. The second location investigated was the 

sheepfold between the 20th and the 22nd of November 2017 (with the PTR-Qi-TOF-MS), then 

between the 24th and the 28th of November 2017 (with the ACSM). The building was also 

naturally ventilated, but with a priori a lower air exchange rate than the dairy stable. 1041 

animals were in the building during measurement period, 488 ewes, 534 lambs (males and 

females) and 19 rams. The mean body weight for sheep was estimated to be about 80 kg per 

animal. Finally, we moved the mobile laboratory outside in the farm, directly nearby the 

sheepfold and close to the dairy barn between the 22th and the 24th of November 2017 (with the 

PTR-Qi-TOF-MS, then the ACSM). At this last location, there were some animal-feeding 

storages, a manure storage and a methanisor close to the mobile laboratory (Figure S1). Tractors 

were moving in the farm both outdoor and inside the farm buildings which would have also 

influenced our measurements. 

 

2.2. Sampling and instrumentation 

Wind speed and direction were measured inside the buildings and outside using a 3-dimension 

sonic anemometer (R3, Gill instruments). CO2 was measured with an open path infrared gas 

analyser (LI-7500, LI-COR biosciences). The mobile laboratory van used in this study was 

designed for atmospheric studies, with air conditioning and tubing dedicated to gas and aerosols 

sampling. All measurements were performed at heights between 1.5 and 2 m above ground 

level. Nitrogen oxides (NOx, being the sum of NO and NO2) were monitored with a 

chemiluminescent gas analyser (model 42C, Thermo Fischer scientific). The NOx analyser 

sampled the air through a 1.5 m Teflon non-heated inlet at 2 L min-1 and was calibrated before 

the campaign. 

NH3 measurement were performed every 2 minutes using a commercial laser photoacoustic-

based analyser (LSE Monitors B.V., the Netherlands). The inlet was 1.2 m Teflon tubing (⅛ 

inches diameter) heated at 40/45 °C; the inlet flow inside the analyzer was 0.040 L min-1. A 

Teflon filter was added at the inlet of the tubing to prevent particle penetration inside the 

instrument. The NH3 analyzer was calibrated before the campaign by the manufacturer, and had 

a detection limit of 1-2 ppb. 

VOCs were measured online using a proton transfer reaction - quadrupole ion guide - time of 

flight - mass spectrometer (PTR-Qi-TOF-MS, Ionicon analytik GmbH), that have been fully 



236 
 

described by Abis et al. (2018). Air was sampled using 1.5 m long Teflon tubing with a 1/8 

inches diameter. The inlet airflow was set at 0.2 L min-1, and the inlet was heated at 80°C to 

avoid semi volatile compounds condensation inside tubing. A Teflon filter (Ø = 0.45 µM, Pall 

Life Sciences 4785 Ion Chromatography (IC) Acrodisc Syringe Filters) was placed at the entry 

of the sampling line to remove particles from the air to analyse. The PTR-Qi-TOF-MS operated 

in standard conditions, with a drift pressure set between 3 mbar (in the sheepfold and outside) 

and 3.5 mbar (in the stable), a drift temperature of 80 °C and a drift voltage close to 751 V (in 

the sheepfold and outside) and 878 V (in the stable). These conditions were set to ensure a 

constant E/N ratio (where E is the electric field strength and N the gas number density) about 

133 Td (1 Td = 10-17 V cm-2). Such range of the E/N ratio limit fragmentation and sensitivity 

of the protonation rate to variations in relative humidity (Pang, 2015; Tani et al., 2003). Blanks 

were daily performed with high purity zero air (Alphagaz 1, zero air: 80% nitrogen, 20% 

oxygen, purity: 99.9999%, Air Liquide) to check instrument background signal, and 

calibrations were frequently achieved with a toluene gas standard (102±10 ppb, Messer) diluted 

in the zero air. During the experiment, the mass spectra up to m/z 510 were recorded every 

second with a TOF scan of 25 kHz. 

To complete PTR-Qi-TOF-MS analysis, off-line analysis was performed. For TD-GC-MS 

measurements, VOCs were trapped on cartridges using two different adsorbents (Tenax TA and 

carbotrap 300). Before the campaign, the tubes were pre-conditioned by heating at 80 °C under 

a helium stream of 60 L min-1 for 6 hours. Then, ambient air was sampled during 3 to 5 hours 

at 0.5 L min-1, and regulated with a mass flow controller (Bronkhorst) (Table S3). After 

exposure, cartridges were stored in the dark at a temperature about 4°C until their analysis. 

Tubes were desorbed using a thermo-desorption unit (TDU) from Gerstel. The TDU was 

programmed to desorb the tubes from 50 to 260 °C for 10 min at a rate of 60 °C/min. VOCs 

were cryo-focused in the Programmable Temperature Vaporization (PTV) at -20 °C using a 

carbotrap liner. VOCs separation were carried out using an Agilent 7890B gas chromatograph 

on a capillary column (30 m length, 0.25 mm inner diameter, 0.25 μm df, DB624 column, 

Restek). The oven temperature was initially set at 40 ºC for 5 min, heated at a rate of 11 ºC/min 

to 60 ºC, then heated at a rate of 20°C/min to 220°C and maintained during 2 minutes. Helium 

was used as carrier gas. VOCs detection was performed with an Agilent 5977A mass 

spectrometric detector. The Electronic Impact (EI) mode was at +70 eV; the monitoring was 

from m/z 36 to 300. The ion source and Quadruple analyser temperature were respectively set 

at 230 and 150 °C. 
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Canister sampling was also performed by sampling the air during 15 minutes every 4 hours 

(Table S3). Air sampled by canisters was analysed by GC-FID (HP 6890) equipped with a CP-

Al2O3 Na2SO4 column, providing a complementary analysis of small hydrocarbons. A pre-

concentrator (Entech 7200) was placed at the inlet of the instrument to allow automatic 

injections. A standard cylinder with 5 non methane hydrocarbons (NMHC, Messer) was used 

to check the instrument functioning, and an internationally reference standard containing 32 

NMHC from C2 to C10 (NPL, National Physics Laboratory, Teddington, UK) was used to 

calibrate. 

In order to characterise the aerosol composition inside the farm buildings, an Aerosol Chemical 

Speciation Monitor (ACSM) was used during the field campaign, providing near real time 

concentrations of submicron organic matter (OM), nitrate (NO3
-); sulphate (SO4

2-), ammonium 

(NH4
+) and chloride (Cl-). Measurement principle of the ACSM has been extensively described 

elsewhere (Ng et al., 2011). Briefly, submicron particles are successively sampled at 3 L min-

1, sub-sampled at 85 mL min-1, focused through an aerodynamic lens, and eventually flash-

vaporized over a 600°C-heated tungsten vaporizer, followed by ionization by EI at 70 keV. 

Fragments are separated by quadrupole, and a fragmentation table is applied to retrieve the 

concentrations of the above-listed components. The ACSM has been calibrated from the 

injection of 300 nm ammonium nitrate particles, as described in Ng et al. (2011). Comparison 

with few filter samplings allowed to validate the obtained calibrations values (Figure S4). 

 

3. Methodology 

 

3.1. Identification of emitted VOCs 

PTR-Qi-TOF mass spectrums were all analysed using PTR-Viewer 3.2.8.0 (Ionicon analytik 

GmbH). To identify the emitted VOCs, we determined a separate peak table for each location 

(stable, sheepfold, outdoor). For that purpose, we used 30 minutes averaged mass spectra to be 

statistically relevant. To exclude impurities from our analysis, the mass spectra obtained with 

pure zero air was subtracted to ambient mass spectra. In the case of the sheepfold dataset, we 

determined the peak table by scanning several 30 minutes mean mass spectra selected during 

different hours of the day and night. For the stable, we determined the peak table by analysing 

mass spectra corresponding to contrasting situations. We considered that CO2 may be a good 

tracer for animal activity and NH3 a good tracer for litter emissions. We hence kept the four 

following situations: high CO2/high NH3, high CO2/low NH3, low CO2/high NH3 and low CO2 
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/ low NH3. Mass spectra from these 4 situations were successively inspected, to cover all 

possible cases. For the outdoor measurements, we chose mass spectra at different time of the 

day and determined peak tables from these spectra. For each of the 3 locations, we excluded 

periods when NO and/or NO2 mixing ratios were too high, to avoid situations where an 

anthropogenic combustion source (e.g. tractor passing by) biasing our analysis. Once the peak 

tables were determined, the counts per second for each peak was integrated over each one-

second mass spectra using PTR-Viewer 3.2.8.0. We then averaged over 5 min the obtained data. 

For PTR-Qi-TOF-MS, molecular formula was proposed based on i) the exact m/z value, ii) the 

theoretical isotopic distribution of the associated molecular formula, and iii) the coherence of 

the atoms included in the compound, with respect to chemical rules such as valence of atoms, 

etc. 

TD-GC-MS data were processed by MassHunter (B.07.04.5560) software (Agilent 

Technologies Inc.). Automatic peak detection and mass spectrum deconvolution were 

performed using Unknowns Analysis (B.06.00) software. Each compound was accompanied by 

a deconvoluted spectrum, which was compared to the NIST (National Institute of Standards 

and Technology, 2011) Mass Spectrum database to allow its identification. A minimum match 

factor of 70 % between the reference mass spectrum and the observed one was required. Each 

compound was then manually scrutinized to confirm the proposed formula, and its retention 

time was analysed regarding the compounds physico-chemical properties (e.g. boiling point). 

 

3.2. Emission rates calculation 

Emission rates were calculated with a mass balance model (Pedersen et al., 1998; Schmithausen 

et al., 2018), based on the following equation: 

E(i) = Q ∗ (Cindoor (i) − Coutdoor (i)) (1) 

Where E (in g h-1) is emission rate of the compound i, Q (in m3 h-1) is the ventilation flow rate 

of the building, Cindoor (i) and Coutdoor (i) (in g m-3) are the compound i concentrations inside 

and outside the buildings. In equation (1), Cindoor (i) was averaged at half-hourly time steps, 

while Coutdoor (i) was averaged over the entire outside experimental period. 

The ventilation flow rate, which was considered the same for all gases, was estimated from CO2  

as (Hassouna et al., 2015; Pedersen et al., 2008): 

𝑄 =
CO2HPU×Aanimals×HPU

(CO2𝑖𝑛𝑑𝑜𝑜𝑟− CO2outdoor)×10−6 (2) 
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Where 𝐶𝑂2𝐻𝑃𝑈
 (in g h-1 hpu-1) is the CO2 production rate by heat production unit, A𝑎𝑛𝑖𝑚𝑎𝑙𝑠 

(unitless) is the relative animal activity, HPU is the number of heat production units (1 heat 

production unit = 1000 W), CO2𝑖𝑛𝑑𝑜𝑜𝑟
 and  CO2outdoor

 (in g m3) are the CO2 mixing ratios 

inside and outside the building, respectively. As recommended in the literature, 𝐶𝑂2𝐻𝑃𝑈
 for 

stable and sheepfold were set to 393 g h-1 hpu-1 and 344 g h-1 hpu-1, respectively (Hassouna et 

al., 2015; Pedersen et al., 2008; Schmithausen et al., 2018). These values are specifically 

recommended for farm buildings, and take into account for both animal respiration and CO2 

contribution from manure. A𝑎𝑛𝑖𝑚𝑎𝑙𝑠 was here estimated using equation 3 (Pederson et al., 

2002): 

Aanimals = 1 − a × sin (2 ×
𝜋

24
) × (h + 6 −  ℎ𝑚𝑖𝑛)   (3) 

Where a is a constant expressing the relative amplitude of the animal activity during the day 

(0.2 for dairy cows), h is the hour of the day and ℎ𝑚𝑖𝑛 is the time of the day with minimal 

activity (02:10 for dairy cows). 

The coefficients for animal activity concerning the sheepfold were not available in the literature. 

Thus, for sheepfold the CO2 production was not corrected for animal activity, and ventilation 

flow rate equation for sheepfold was estimated with Aanimals = 1.  

For both buildings, HPU were calculated by normalizing by 1000 the total heat produced by 

each building. The latter is obtained from the heat produced (𝐻𝑝, in W) by animals for a 

building multiplied by the total number of animals.  𝐻𝑝 has been calculated as following 

(Pederson et al., 2002; Schmithausen et al., 2018): 

 𝐻𝑝 = 𝛼 × 𝐵𝑊0.75 + 𝛽 × 𝑌          (4) 

Where 𝐻𝑝 is the heat produced by one cow (in W) BW is the mean body weight of animals (in 

kg) and 𝑌 is the milking yield of a cow or an ewe (30 and 0.25 kg per day, respectively) and 

represent the weight daily gain in the case of a lamb, 𝛼 and 𝛽 are coefficient from the 

literature (Pedersen et al., 2008, 1998; Pederson et al., 2002; Schmithausen et al., 2018). For a 

cow, 𝛼 is 5.6 and 𝛽 is 2. For sheep (ewe or lamb) 𝛼 is 6.4 and 𝛽 is 145.  

Finally, VOC emission rates can be calculated using the ventilation rate estimated and 

equation 1. 
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3.3. Statistical analysis 

All statistics were performed with R software (Rstudio version 1.0.153). First, the normality of 

each VOCs measured with the PTR-Qi-TOF-MS was tested using a Shapiro-Wilk test. Then, 

we computed the correlation between each VOCs for the sheepfold, the stable, and outside. As 

the distribution for each compound was not normal according to the Shapiro-Wilk tests, 

correlations were calculated using kendall correlation test. The p values lower than 0.005 were 

rejected and not considered as significant for correlation analysis in Figure 4. The optimal 

number of groups as represented on Figure 4 were determined by a k-means analysis, which 

allow to determine the optimum number of clusters for given dataset (number of clusters that 

best explain variance). 

Dairy stable and sheepfold emission rates were calculated only for compounds which mixing 

ratios were statistically different inside the building compared to outdoor mixing ratios. In the 

case of compounds only measured inside the buildings (not detected outdoor), we only 

considered compounds with mixing ratios statistically higher than the mixing ratio of the same 

compound in the zero air. Differences between ambient air and the outdoor/zero air were 

computed using a welsh t-test, as our samples were independents with different variances. If 

the obtained p-values were above 0.005, we considered that the samples were not significantly 

different. 

 

4. Results 

 

4.1. Time series 

Figure 1 presents, for the entire experiment (stable, sheepfold and outdoor), time series of CO2 

and NH3 mixing ratios (measured by the LSE Monitors analyzer), and two VOCs 

(trimethylamine and dimethylsulfide) previously reported in the literature as emitted by farm 

buildings (Feilberg et al., 2010; Ngwabie et al., 2008, 2007; Shaw et al., 2007; Sun et al., 2008). 

NH4
+ concentrations (in the particle phase) inside the farm and at SIRTA station (fixed 

measurement station 20 km south-east from the the farm at 48°42'32.0"N, 2°08'55.5"E and 

belonging to the European Research Infrastructure ACTRIS) are also presented in Figure 1. 

First, CO2 and NH3 mixing ratios were much higher in both buildings than outdoor. It also 

seems that both compounds roughly followed similar trends in both buildings and outside.  CO2 

and NH3 mixing ratios were quite similar during the two periods in the stable (orange area at 

the beginning and the end of the campaign in Figure 1). A similar observation can also be made 
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for the sheepfold. As a result, the PTR-Qi-TOF-MS and ACSM measurement periods can be 

compared, and we consider that conclusions deduced from one period can apply for all the 

campaign. In the sheepfold (delimited by the green fonts in Figure 1), clear and reproducible 

diurnal cycles of compounds concentrations can be observed and easily explained by the 

ventilation variability. Indeed, in the evening, the large lateral doors of the sheepfold are closed, 

leading to pollutants accumulation in the building during the night. As soon as the door are 

opened in the early morning, pollutants concentration dropped due to increased dilution with 

external air. 

Regarding VOCs, trimethylamine (C3H9N) was also higher in the farm buildings than outside. 

Its temporal evolution seems to be highly correlated to NH3, rather than CO2. This may indicate 

a similar origin between NH3 and trimethylamine. Such correlations between compounds will 

be further investigated later in the manuscript. Two VOCs that were identified as potential 

tracers for the dairy stable and the sheepfold are also represented on Figure 1. Acetaldehyde 

was found at high mixing ratios inside the stable, regarding the sheepfold and outdoor. As a 

result, acetaldehyde may be used as a tracer of the dairy stable. Dimethylsulfide (DMS, C2H6S) 

mixing ratios in the dairy stable were similar to the outside. Thus, it seems that the sheepfold is 

the main source of DMS in the farm, and that the dairy stable does not emit DMS. The absence 

of DMS emissions from the dairy stable differs from previous studies about dairy farm 

emissions, where DMS was often reported (Filipy et al., 2006; Ngwabie et al., 2007). NH4
+ 

concentration in PM1 (particles with an aerodynamic diameter lower than 1 μm) are available 

during the second part of the campaign. While NH3 was more concentrated inside the building, 

NH4
+ was surprisingly around the same levels in both farm buildings as outside. We also 

compared NH4
+ concentrations measured at the farm to measurements performed at the SIRTA 

station. Concentrations were in the same range, and followed exactly the same temporal trend. 

The same reasoning applied for the other components of the aerosol composition (see Figure 

S2). Only 3 peaks of organic matter were higher at the farm than at the SIRTA station, that 

could be attributed to a tractor passing close to the mobile laboratory. Thus, we can conclude 

that farm building emissions did not lead to significant modification to the chemical 

composition of fine aerosols. This will be further discussed later, in light of gaseous emissions, 

and residence time inside both buildings. 
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Figure 1: Time series of CO2 (in ppm), ammonia (NH3 in ppm), trimethylamine (C3H9N in ppb), 

acetaldehyde (C2H4O in ppb), dimethylsulfide (DMS, C2H6S in ppb), and ammonium (NH4
+, in μg m-3) for 

the experimental farm (light brown line) and the SIRTA station (brown points) during the whole experiment. 

Orange fonts correspond the measurement period in the dairy stable, the blue fonts to the sheepfold and the 

green font to the outdoor. Each vertical bar (continue and dashed) represents a new day, at 00:00 local time. 
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4.2. VOCs identification 

Combining the three techniques (GC-FID, TD-GC-MS and PTR-Qi-TOF-MS), more than 400 

compounds were detected during the whole experiment. All the identified compounds are listed 

in the associated data file, and the number of identified compounds by each technique can be 

found in Table S1. Information about the parameters used for identification, such as PTR-Qi-

TOF-MS mass resolution, or GC retention time can be found in the supplementary data file. 

Using the PTR-Qi-TOF-MS, 387 molecular formulas were successfully attributed. 62 

molecular formulas among the 387 detected by the PTR-Qi-TOF-MS were also identified using 

off-line TD-GC-MS, and 8 using GC-FID (Table S1). Considering that these measurement 

techniques are independent, the number of common compounds underline the consistency of 

the identification process. Only 3 compounds were identified on all the 3 techniques: benzene, 

toluene and C7H14 isomers. The number of compounds identified by the 3 techniques is 

logically low because the range of VOCs detected by the 3 techniques were very different. The 

GC-FID detected C2-C8 hydrocarbons (alkane, alkene or alkyne), whereas the TD-GC-MS was 

not set up to measure small hydrocarbons (the first hydrocarbon detected by TD-GC-MS is 

benzene), and the PTR-Qi-TOF-MS cannot measure linear alkanes. The only alkanes detected 

using the PTR-Qi-TOF-MS are cyclic alkanes. For example, C7H14 and C5H10, that were cyclic 

alkanes based on the chromatographic analysis (see the associated data file). Nevertheless, the 

possibility that a corresponding alkene, isomer to the cyclic alkane, was detected by the PTR-

Qi-TOF-MS and not detected by GC-FID cannot be fully excluded. A similar conclusion was 

drawn for TD-GC-MS and PTR-Qi-TOF-MS: only cyclic alkanes were measured by the PTR-

Qi-TOF-MS (e.g. cyclopentane or cyclobutane). Thus, the PTR-Qi-TOF-MS did not detect any 

linear alkane, except methane. Methane indeed provides a significant signal at m/z 17.038 

(corresponding to protonated methane, CH4H
+) despite its low proton affinity (118 kcal mol-1) 

probably due to very high mixing ratios inside the farm buildings (Chupka and Berkowitz, 

1971; Haque et al., 2017; Hempel et al., 2016; Schmithausen et al., 2018). But it cannot be 

considered as quantitative as methane proton affinity was lower than water proton affinity. We 

can hypothesize that methane is protonated in the lenses region of the PTR-Qi-TOF-M, as 

suggested for CO2 by Herbig et al. (2009). 

More compounds have been found in the dairy stable than in the sheepfold and outdoor (Table 

S1). About half of the compounds were oxygenated compounds, around a third were 

hydrocarbons, followed by nitrogen (N containing compounds) and sulfur containing 
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compounds (S containing compounds), at 13 % and 3 % respectively. Few halogenated 

compounds (1 % of the identified molecular formulas) were also detected. 

Note that according to off-line analysis (GC-FID and/or TD-GC-MS), some of the molecular 

formulas identified with the PTR-Qi-TOF-MS correspond to several compounds (Table S1). 

For example, the protonated ion corresponding to m/z 113.1325 was identified as C8H16 using 

PTR-Qi-TOF-MS. Behind this molecular formula, TD-GC-MS analysis identified 3 cyclic 

alkanes (Cyclohexane, ethyl- ; Cyclopentane, 1,2,3-trimethyl- ; Cyclohexane, 1,3-dimethyl-). 

Thus, there were certainly more compounds than the number of molecular formulas identified 

with the PTR-Qi-TOF-MS. 

4.3. Investigation of VOCs in the dairy stable, the sheepfold and outdoor 

Figure 2 shows the speciation of VOCs by functional groups in the stable, the sheepfold and 

outdoor. We first observe that the distributions of the chemical families (Figure 2) were roughly 

similar in the sheepfold and the dairy stable, and slightly different from outside. Thus, only a 

detailed VOC identification made it possible to clearly separate the chemical fingerprint of each 

building. This especially able by combining of techniques as performed in this study. Such 

identification may help to identify tracers for each building.  

In the stable, 33% of the molecular formulas identified correspond to hydrocarbons. Most of 

them are alkenes; many aromatic hydrocarbons were detected, such as BTEX (benzene, toluene, 

ethylbenzene and xylenes) or some polycyclic aromatic hydrocarbons (PAHs), as naphtalene 

or acenaphtene derivatives for example. Typical hydrocarbons frequently attributed to biogenic 

origin (isoprene, monoterpenes and sesquiterpenes) are also reported in the dairy stable 

(Schiffman et al., 2001). It is interesting to note that many molecular formulas identified have 

the same carbon chain (from 3 to 20 carbon atoms), with the number of hydrogens that increase 

by 2 (for example, from C12H10, C12H12, C12H14, to C12H22). Another useful observation is that 

isopentane, 1-butene and pentane 2,2,4-trimethyl were detected only in the stable. These 

compounds may hence be specific tracers of the dairy stable emissions in the whole farm 

activities. About half of the compounds (49%) are oxygenated compounds (compounds with 

molecular formulas CxHyOz). Most of them contain between one and three oxygen atoms, as 

shown in Figure 2. Only 6% of oxygenated compounds contain 4 or more oxygen atoms. Thus, 

the majority of the oxygenated compounds in the stable are not highly oxidized VOCs. As for 

hydrocarbons, oxygenated compounds with the same carbon chain and the same number of 

oxygen atoms were detected. The size of the carbon chains ranged from 3 to 16 carbon atoms. 
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Most of the hydrocarbons carbon chains have the same size as that of the oxygenated 

compounds (except for those with 17 carbon atoms). We can hypothesize that numerous 

oxygenated compounds may have been produced by the reaction of hydrocarbons with the 

atmospheric oxidants (as OH radical or ozone), in addition to the classical microbial 

degradation pathways. Many characteristic groups of oxygenated compounds were found in 

significant proportions inside the stable: alcohols or carboxylic acids, as well as ketones, ethers, 

aldehydes and even esters. We noticed that oxygenated VOCs with the highest masses were 

mostly ester compounds with a few long chain aldehydes (e.g. nonanal, decanal, pentadecanal). 

Nitrogen compounds represented 13 % of the identified molecular formulas. Most of them are 

small amines or amide compounds, such as dimethylamine (C2H7N), formamide (CH3NO), 

triazine (C3H3N3) or C4H5N. Triazine measurement is interesting as it was only measured inside 

the stable. We observed small-sulfured compounds, also known to be strongly odorant such as 

methanethiol (CH4S), dimethyl sulfide (C2H6S) and dimethylsulfoxyde (C2H6OS) (Feilberg et 

al., 2010; Schiffman et al., 2001). TD-GC-MS analysis confirmed the presence of benzothiazole 

(C7H5NS) in the emissions from the stable, and allowed to identify C5H7NS as thiazole, 2,4-

dimethyl-. Two chlorinated compounds were also measured: chloramide and dichloromethane. 

Dichloromethane was previously reported in emissions from pig and cattle buildings (Ciganek 

and Neca, 2008; Schiffman et al., 2001). But, to the best of our knowledge, chloramide is 

reported here for the first time in dairy stable emissions.  

 

Figure 2: Percentage of functional group among the gaseous molecular formulas identified inside the 

sheepfold, the stable, and outside. The oxygenated compounds were detailed by number pf oxygen 

atoms in the right part of each graph. The total number of identified molecular formulas is given between 

brackets. 
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In the sheepfold, hydrocarbons constitute 31 % of the 235 identified molecular formulas, while 

they represent around 33 % in the stable. Most of the hydrocarbons identified are cyclic alkanes, 

alkenes, and frequently aromatic compounds such as benzene and naphtalene derivatives (Table 

S1). The presence of several aromatic compounds was also observed and could have important 

implications for atmospheric chemistry, due to their reactivity and their ability to form 

secondary organic aerosols (Atkinson and Arey, 2007; Tomaz et al., 2017). We also noticed 

that isoprene was emitted inside the sheepfold, and no specific monoterpene was identified 

using TD-GC-MS, as in the stable. Octane, a C8H18 compound, was only identified in the 

sheepfold, whereas the same molecular formula corresponded to pentane 2,2,4-trimethyl- in the 

stable. Oxygenated compounds represent 50 % of the identified molecular formulas, practically 

the same proportion as in the stable (Figure 2). Oxygenated compounds contain less O atoms 

than in the stable, as less molecular formulas contain more than three oxygen atoms (1 % in the 

sheepfold compared to 6 % in the stable). Our identification highlights that oxygenated VOCs 

are mostly carboxylic acids, ketones, or alcohols, and a few aldehydes. As in the stable, few 

long-chain aldehydes were identified in the sheepfold, but some of these oxygenated 

compounds, such as 6-methyl-1-octanol (C9H20O) are not reported in the sheepfold. That means 

that the sheepfold and stable fingerprints of oxygenated compounds are different. Exactly as in 

the stable, we observed that for oxygenated compounds and hydrocarbons, many molecular 

formulas identified have the same carbon chain. Again, it suggests that oxygenated compounds 

originated at least partly from reaction of hydrocarbons with the oxidants. In the sheepfold, the 

proportion of nitrogen compounds was slightly higher than in the stable (15 % against 13 %). 

Odorant compounds such trimethylamine or pyridine derivative were notably observed. 

Pyridine (C5H5N), methylpiperidine (C6H13N), dimethylpyridine (C7H9N), and 

benzenepropanenitrile (C9H9N) were specific to the sheepfold (i.e. not detected elsewhere), and 

could hence be used as sheepfold emission tracer. Seven S containing compounds were 

measured inside the sheepfold. Among them, methanethiol (CH4S), dimethylsulfide (C2H6S), 

dimethylsulfoxide (C2H6Os) and dimethylsulfone (C2H6O2S) were reported to be strongly 

odorant compounds (Hansen et al., 2016; Schiffman et al., 2001). The two other sulfur 

compounds were thiazole compounds. We observed one halogenated compound, 

dichlorobenzene (C6H4Cl2), which was not reported in the stable nor outdoor.  

237 molecular formulas were identified during the outdoor experiment. This number is very 

close to that of sheepfold, and lower than in the stable. This is logical considering that the 

location of the mobile van outside was close the sheepfold (Figure S1). Hydrocarbons 
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represented 34 % of the identified molecular formulas, which is a little higher than in the 

buildings (Figure 1). Alkenes, alkynes, cyclic alkanes were identified, and some aromatic 

compounds. As in the buildings, we noticed that many hydrocarbons had the same carbon chain, 

ranging from C2 to C22. The proportion of oxygenated compounds was slightly higher outdoor 

than in both buildings (53% outdoor, and 49% inside both buildings). Another difference 

compared to the chemical fingerprint inside the buildings is the lower proportion of oxygenated 

compounds that contained 1 or 2 oxygen atoms (Figure 2). This means that oxygenated 

compounds were more oxidized outside than inside the two buildings. This was expected 

considering that measurement inside the buildings were closer to the VOC sources. N 

containing compounds represented only 10% of the identified molecular formulas (Figure 1), 

which is a lower fraction than inside the buildings. The same observation applied for S 

containing compounds, which only represented 2%. Acetamide (C2H5NO) was identified 

outside but was not observed in the buildings, suggesting that it may come from other sources 

such as the feeding storage or methanisor close to the measurement place (Figure S1). Three 

halogenated compounds were identified outdoor. Among them chloramide and 

dichloromethane were also found in the stable, but not in the sheepfold.  

 

4.4. Most concentrated compounds inside the building and outside 

Figure 3 presents the mean mixing ratios and percentiles (25th and 75th percentiles) of the 20 

most concentrated compounds in the stable, in the sheepfold and outdoor. In the three locations, 

the most concentrated compounds were CO2 and NH3, both exceeding the ppm level. The 

mixing ratios of NH3 measured inside the buildings were in the same range as previous studies 

(Hensen et al., 2009; Huang and Guo, 2018; Ngwabie et al., 2008, 2007; Ni et al., 2012). For 

NH3, mean mixing ratios in the sheepfold and the stable were about 48 and 21 times higher than 

outside, respectively. In the sheepfold and the stable, CO2 mean levels were about 2.5 times 

and 1.4 times higher than the outdoor mixing ratios, respectively. Thus, NH3 enrichment inside 

both buildings was higher than CO2 enrichment, as already observed in naturally ventilated 

buildings (Ngwabie et al., 2014, 2007). Both CO2 and NH3 levels were higher in the sheepfold 

than in the stable, in agreement with the study of Ngwabie et al. (2007). 

The most concentrated VOCs were mainly small-oxygenated compounds. Methanol (CH4O) 

was the most concentrated VOC in the investigated locations. Methanol mean mixing ratios 

were around 46 ppb, 25 ppb and 16 ppb in the stable, the sheepfold and outdoor, respectively. 

These mixing ratios were in the same order of magnitude as previous studies in various farm 

buildings (Blunden et al., 2005; Ngwabie et al., 2008; Ni et al., 2012). However, our results are 
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quite different from other studies, where ethanol was more concentrated than methanol 

(Ngwabie et al., 2008, 2007; Shaw et al., 2007; Yuan et al., 2017). Acetic acid (C2H4O2) mean 

mixing ratios were found to be similar in the sheepfold, the stable and outdoor. It was the 2nd 

most concentrated VOC in the sheepfold and outdoor, and the third in the dairy stable. Actually, 

the 2nd most concentrated VOC in the stable was acetaldehyde (C2H4O), with mixing ratios 

close to that of methanol (41 ppb, see Figure 3). Acetaldehyde was only in eighth and seventh 

position in the sheepfold and outside, and mean mixing ratios were one order of magnitude 

lower than in the stable. This was the case for most of the VOCs that were more concentrated 

in the stable than in the sheepfold and outside. 

Only few hydrocarbons (CxHy) were among the most concentrated compounds listed in Table1. 

Toluene was one of the most concentrated compounds only in the stable (Figure 3). For butene, 

the mixing ratios were comparable inside and outside the farm buildings. This means that both 

buildings were not strong sources of butene.  

Figure 3 shows that nitrogen oxides (NOx) mixing ratios were higher in the buildings than 

outside, meaning that both buildings can be considered as a source of NOx. Both NO and NO2 

were more concentrated inside the stable than outdoor. However, in the sheepfold, only NO2 

was higher than outside (NO mixing ratios were very close in the sheepfold and outside, see 

Figure 3). 

Trimethylamine (C3H9N) was the most abundant N containing compound after NH3, in both 

buildings (Figure 3). Trimethylamine was one of the few compounds listed in Figure 3 more 

concentrated in the sheepfold than in the stable. For both buildings, mixing ratios were in 

agreement with previous studies in dairy or sheep farms (Ngwabie et al., 2008, 2007). We 

observed that there was more N and S containing compounds among the 20 most concentrated 

compounds in the sheepfold than in the stable and outdoor (Figure 3). H2S was one of the most 

concentrated S containing compound inside the stable, but was not detected in the sheepfold or 

outdoor. H2S may hence be used as a tracer of stable emissions within the whole farm (Figure 

3 and Table S1). H2S was already reported inside farm buildings, and is known to be co-emitted 

with NH3 and amines (Blunden and Aneja, 2008; Feilberg et al., 2017). H2S levels measured in 

our study are close to that measured in dairy cattle stables, but at least one order of magnitude 

below reported values in pig farms (Feilberg et al., 2017, 2010). In the sheepfold, the two S 

containing compounds among the most concentrated ones were DMS (dimethylsulfide, C2H6S) 

and dimethylsulfone (C2H6O2S), which were in the same range as reported by previous studies 

(Ngwabie et al., 2008, 2007; Trabue et al., 2010). For the outdoor measurement there is only 

one S containing compound and no N containing compounds (except NH3). 
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4.5. Correlation between different compounds 

We performed a correlation analysis between VOCs having a mean mixing ratio above 0.1 ppb 

(to keep only the most significant VOCs). This criterion leads to subset 52 VOCs for the stable 

and 43 for the sheepfold. The correlation was based on the temporal evolution of each 

compound. The aim of such correlation analysis is to see which VOCs correlated to each other, 

and with other physico-chemical parameters such as NOx, CO2, NH3, temperature and wind 

speed. Hence, a high temporal correlation between compounds may underline similar emission 

processes or species involved in a same chemical process. The aim is to determine whether all 

the VOCs originated from one or several sources. The obtained correlations in the sheepfold 

and the stable are represented on Figure 4.a, and 3.b. 

The case of the stable is complex, and represented on Figure 4.a. One can first observe that 

almost all the VOCs were anti-correlated with wind speed. It means that VOCs were emitted 

by sources inside the stable, and did not come from external contamination. 4 groups can be 

Figure 3: Median mixing ratios and percentiles (25th and 75th) of the 20 most concentrated compounds inside the 

dairy stable, the sheepfold, and outside. All the means and the percentiles are given in ppb, except for CO2 in ppm. 

Note that NH3 was divided by 100 for scaling reasons. 
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identified on the correlation heat-map, using the k-means analysis. A first group of 31 

compounds (group 1 in Figure 4.a) is mainly composed of hydrocarbons and oxygenated 

compounds. There were also 4 N containing compounds, 1 S containing compound and air 

temperature. The air temperature was very weakly correlated with VOCs, although it was 

included in this first group. The 2nd group of 11 compounds only includes hydrocarbons and 

oxygenated compounds, in addition to NOx (group 2 in the Figure 4.a). The third group contains 

8 compounds: CO2, dimethylamine and oxygenated compounds. Considering that CO2 is 

mainly emitted by animals, we can suppose that the source of VOCs in this group is mainly 

related to dairy cattle breathing, known to emit several VOCs (Oertel et al., 2018; Spinhirne et 

al., 2004). 6 compounds and wind speed were composing the last group: 2 N-containing 

compounds, 2 S-containing compounds, cresols and NH3. Most of these compounds have a 

strong unpleasant odor. The presence of NH3 and small S-containing compounds suggests that 

the main source for this group is the dairy cattle excreta. This is strengthened by the presence 

of cresols in this group, well known to be emitted by urea and feces (Mackie et al., 1998; Shaw 

et al., 2007; Sun et al., 2008). Mackie et al. (1998) explained that cresols are produced during 

the microbial degradation of tyrosine and associated with the production of phenol. Logically, 

phenol and cresols were positively correlated, even if phenol is in another group (Figure 4.a). 

The source of VOCs in group 1 and group 2 are more difficult to identify. Markers of 

anthropogenic combustion sources, such as BTEX, trimethyl benzene, propyl benzene, and NOx 

were in the group 2. As all the compounds were anti-correlated with wind speed, the 

anthropogenic source should be inside the stable. This suggests that farming activities implying 

a tractor (mulching for example) may be the source of the compounds in this group. But all the 

compounds in this group were also correlated to CO2 (tracer of animal emissions) and C10H16, 

mostly known as biogenic monoterpenes. Especially, C6H8 was highly correlated to C10H16. 

The explanation is probably due to the fragmentation of the monoterpenes, known to highly 

contribute to the corresponding m/z 81.069 (Tani et al., 2003). To conclude, anthropogenic 

combustion sources may thus contribute at least partly to this group, in addition to animal 

activity (due to correlation with CO2 group). Finally, the last group (group 1) seems to contain 

VOCs that were correlated to both the groups 2 (anthropogenic) and 3 (animal emissions). Some 

of these VOCs were also slightly anticorrelated to group 2. Identifying a source for this group 

of compounds is very difficult. We can thus conclude that the VOCs in this group can be emitted 

by sources identified in all the other groups (Figure 4.a). The VOCs inside this group are thus 

compounds that can be emitted both by the dairy cattle and their waste. 
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In the sheepfold, almost all the VOCs were positively correlated to each other, whatever the 

chemical group they belong to (hydrocarbons, N containing compounds or oxygenated 

compounds, Figure 4.b). On the contrary, none of them were correlated with the wind speed (p 

values < 0.005) and all the VOCs were only barely correlated to air temperature. One can note 

that NO was not correlated with any VOC, and NO2 only slightly with few VOCs. BTEX and 

C9H12 (identified as benzene derivatives) were frequently attributed to anthropogenic sources, 

even though they were already reported inside farm buildings or sheep breath analysis (Ciganek 

and Neca, 2008; Fischer et al., 2015). In the case of the influence of a combustion source, BTEX 

would be strongly correlated with NOx (NO+NO2). But in the sheepfold, they were not 

correlated with NOx. We thus can affirm that NOx and BTEX may not arise from a combustion 

source, and we can therefore assume that the source of these compounds were inside the 

sheepfold (Figure 4.b). CO2 can be used in the sheepfold as an animal emission tracer, whereas 

NH3 could be mostly related to emissions from manure. Even if the k-mean analysis did not 

reveal any optimal number of groups, we can see that NH3 was highly correlated to 

trimethylamine and C3H7N. Thus, these two amines are likely to be emitted by the animal 

excreta together with NH3. It is difficult to go further in this analysis as CO2 and NH3 were 

correlated, meaning that animals and manure emissions cannot be well separated in the 

sheepfold. Finally, we can hypothesize that all the compounds were emitted by manure laying 

on the soil and the animals, and no other sources can be identified unlike to the dairy stable. 

The absence of groups traduces that   the main driver of the concentration inside the sheepfold 

is probably the dynamic flow inside the building rather than the source strength. 
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Figure 4: Correlations between compounds inside the stable (A) and the sheepfold (B). The correlation 

scales (on the left of each graph) range from -1 to 1 (unitless). Blue color means that two compounds 

are negatively correlated and red colors means that they are positively correlated. Empty boxes either 

correspond to the diagonal (autocorrelation), or to the cases where correlation between the compounds 

were not significant (p<0.005). The order of the compounds is defined using a hierarchical clustering 

(based on the distance between the compounds). The number of groups were determined as the optimum 

clustering number from a k-means analysis. For the sheepfold, no optimum has been found, explaining 

why there is no group on Figure 4.b.   

B) 
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4.6. NH3 Emission rates 

Mean ventilation rates have been estimated to be around 440 000 m3 h-1 and 230 000 m3 h-1 in 

the dairy stable and the sheepfold, which is similar to previous studies in naturally ventilated 

buildings (Ngwabie et al., 2014; Schmithausen et al., 2018; Wang et al., 2016). The ventilation 

rate inside the sheepfold is therefore lower than in the stable, which was expected considering 

that the windows of the sheepfold are smaller than in the stable. The mean residence times 

inside both buildings, deduced from the mean ventilation rates, was estimated to be around 3 

minutes in the stable, and around 6 minutes in the sheepfold. The residence time and the 

ventilation rate variability are nevertheless highly dependent on external wind speed and 

specific actions such as the opening of the buildings lateral doors. For example, in the sheepfold, 

the residence time can fall below the minute when the lateral doors of the building are open. 

NH3 emission rates for the stable and the sheepfold were estimated to be 9.73 (±7.12) kg N day-

1 and 8.72 (±5.54) kg N day-1 (values between brackets are the standard deviation, representing 

the temporal variability of the emissions through the experiment) (Figure 5.a). NH3 emissions 

from each building are roughly similar, although NH3 mixing ratios were higher inside the 

sheepfold (Figure 3). This is due to the lower ventilation rate that led to lower dilution in the 

sheepfold than in the dairy stable. The NH3 emission rates calculated here are in the same order 

of magnitude as the one previously reported for the same farm by Loubet et al. (2012), using 

inverse modelling on a crop field downwind the farm. They reported a value of 8.3 kg N day-1 

for the whole farm, slightly lower than the value calculated in the present study. This difference 

could be due to the seasonality effect, but also to an underestimation of the inversion model due 

to absence of deposition in the model of Loubet et al. (2012). It was shown above that animals 

and their excreta are the main source of VOCs inside both buildings. It thus makes sense to 

normalize emissions by the number of animals, or the amount of living units (LU, 1 LU = 500 

kg) as usually performed in similar studies.  The normalization by the number of animals shows 

that a dairy cow emitted more NH3 than a sheep (Figure 5.b), which is due to the different 

weight of animals. We calculated that for the dairy stable and the sheepfold, emission rates by 

animals were 17.3 (±12. 7) kg N year-1 animal-1 and 3.1 (±1.9) kg N year-1 animal-1 respectively 

(Figure 5.b). These emission factors are in the same order of magnitude than those frequently 

used in emission inventories (Aneja et al., 2012; Battye, 2003; Behera et al., 2013; Bouwman 

et al., 1997). For example, Bouwman et al. (1997) used an emission rate of 40-50 kg N year-1 

animal-1 for dairy cattle and 1 kg N year-1 animal-1 for sheep, in a global scale estimation. A 

study about Indian agricultural emissions conducted by Aneja et al. (2012) referred to NH3 
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emissions rates of 4.3 kg N year-1 animal-1 and 1.4 kg N year-1 animal-1 for dairy cattle and 

sheep, respectively. In Europe, Van der Hoek used emission rates of 28.5 kg N year-1 animal-1 

for dairy cattle and 0.24 kg N year-1 animal-1 for sheep. As a conclusion, it appears that dairy 

cattle emission rates from our study are in good agreement with previous results whereas sheep 

emission rates are slightly higher. As the weight of a dairy cow and a sheep are very different, 

a normalization by the amount of animal weight is frequently performed. Emission rates were 

estimated to be 1.8 (±1.3) g N h-1 LU-1 and 2.2 (±1.4) g N h-1 LU-1 for the dairy stable and the 

sheepfold, respectively (Figure 5.a). These values are in agreement with previous studies 

conducted in naturally ventilated buildings (Koerkamp et al., 1998; Ngwabie et al., 2014, 2009; 

Wang et al., 2016). Our study shows that sheepfold emissions of NH3 were higher than that of 

the dairy stable, for an equivalent amount of living units (Figure 5.a).  
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Figure 5: Mean emission rates of NH3, the sum of VOCs, and VOCs in terms of carbon (C), nitrogen (N) 

and sulfur (S), for the dairy stable (orange bars) and the sheepfold (blue bars). Emission rates are given A) 

by building (in kg day-1), B) by living unit in each building (in g h-1 LU-1) and C) by animals (in kg year-1 

animals-1). Numbers above each bar plot give the corresponding mean emission rate value and its standard 

deviations between commas. 

 

A) 

B) 

C) 
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4.7. Most emitted VOCs 

For VOCs, we calculated emission rates only for the compounds with mean mixing ratios higher 

inside the buildings than outside. This resulted in 230 VOCs emitted (80% of the 289 identified) 

for the dairy stable, and 177 for the sheepfold (76% of the 233 identified). The ratio of emitted 

compounds among the identified compounds is thus very close for both buildings. Table S2 

listed the 10 most emitted VOCs with their corresponding mean emission rates, together with 

NH3 and NOx. Detailed emission rates for all VOCs can be found in the associated data file. 

Total VOC emission rates have been calculated to be 1.93 (±2.55) kg day-1 for the dairy stable 

and 0.34 (±0.55) kg day-1 for the sheepfold (Figure 5.b).  

Conversely to NH3, the dairy stable was found to emit about five times more VOCs than the 

sheepfold. VOCs represented 16.3 % of the NH3 emissions in the stable, and 3.2 % in the 

sheepfold (as a mass ratio, considering ammonia emissions in kg NH3, not only in kg N). We 

also evaluated that sheep emit much less VOCs than dairy cows: VOC emission rates were 0.12 

(±0.19) kg year-1 sheep-1 and 3.44 (±4.53) kg year-1 dairy-1 (Figure 5). This is still true if the 

emissions rates are normalized by living units: VOCs emission rates were estimated to be 

0.36 (±0.47) g h
-1 LU-1 and 0.18 (±0.29) g h-1 LU-1 in the dairy stable and the sheepfold. The 

difference of emitted VOCs between dairy cows and sheep is therefore not only due to the 

animal weight. 

In both farm buildings, the 10 most emitted VOCs contributed to more than 75% of the total 

VOC emissions (Figure S4). Methanol was measured as the most concentrated VOC in both 

buildings (Figure 3). However, it was not the most emitted VOC as it was only the 2nd most 

emitted VOC in the stable and the 7th most emitted VOC (Table S2). This was mainly due to i) 

the high mixing ratios of methanol outdoor and ii) the low molecular weight of methanol. In 

the dairy stable, methanol emissions were 0.59 (±0.81) kg year-1 animals-1 (Table S2). Strong 

discrepancies can be found in the literature. For example, Shaw et al. (2007) used a chamber to 

measure methanol emission rates from lactating cows of 0.35 (±0.15) kg year-1 animals-1, this 

was very close to our study. But Sun et al. (2008), in a study equivalent to that of Shaw et al. 

(2007), reported methanol emission rates of 61 kg year-1 animals-1. This point illustrates the 

variability of VOC emission rates between different studies. In the dairy stable, acetaldehyde 

was the most emitted VOC, with an emission rate of 1.08 (±1.36) kg year-1 animals-1. This result 

differs from other studies where methanol or ethanol were frequently reported as the most 

emitted VOCs (Filipy et al., 2006; Ngwabie et al., 2008; Sun et al., 2008). After acetaldehyde 
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and methanol, acetone was the most emitted VOC, followed by trimethylamine and ethanol. As 

suggested above, H2S was only emitted by the stable and could be proposed as a tracer of the 

dairy stable. This is also the case of NO and toluene, but they could not be proposed as tracers 

because several other sources (especially traffic roads) may emit these compounds in the 

vicinity of the farm. Emissions of compounds typical from farm buildings, such as cresols, 

indole and phenol, are not in the most emitted compounds. However it is essential to 

characterize their emissions due to their high odor activity value (Feilberg et al., 2010; Hansen 

et al., 2016). The detailed emission rates for such compounds is provided in the associated 

datafile. 

The most emitted VOC in the sheepfold was C2H2O (ketene or ethenone, which can also be a 

fragment of oxygenated compounds such as ethanol or acetic acid) with an emission rate of 

0.022 (±0.025) kgC year-1 animals-1. Acetone was the 2nd most emitted VOC, just before 

trimethylamine. Methanol emission rates were 0.007 (±0.053) kg year-1 animals-1 in the 

sheepfold. These values are lower by an order of magnitude compared to the only previous 

study about sheep VOC emissions (Ngwabie et al., 2007). This could be due to i) the different 

methodologies to estimate the emission rates ii) their use of a conventional quadrupole PTR-

MS not being able to separate isobar compounds (such as 17O16O+ and O2.H
+ ions) and iii) the 

difference between the two farms (agricultural practices, climate, animals, etc.). Ethanol was 

the most emitted VOC in the study of Ngwabie et al. (2007) in a sheepfold. But in our case, 

ethanol emissions were 3 order of magnitude below their study, with 0.012 (±0.025) kgC year-1 

animals-1 in the sheepfold. We also highlighted that the sheepfold emitted NO2 but no NO. NO2 

emission rate was higher but close to VOC emission rates, with a mean emission rate of 0.17 

(±0.33 kg day-1). There are also two S-containing compounds in the 10 most emitted VOCs by 

the sheepfold, DMS and dimethylsulfone (Table S2). These compounds are of interest as they 

were not emitted by the stable. C9H12 and C3H7N are also only emitted by the sheepfold. These 

4 VOCs could be assessed as tracers of sheepfold emissions. 

These results showed that N containing compounds were a significant part of emitted VOCs, 

especially in the sheepfold, and quantified their emissions. NH3 and amines (TMA- 

trimethylamine, DMA-dimethylamine, indole and others) could be important species regarding 

atmospheric chemistry, as they are able to favor new particle formation and secondary organic 

aerosol formation (Duporté et al., 2016; Lehtipalo et al., 2018; Yao et al., 2018; Yu et al., 2012). 

Especially, Yu et al. (2012) demonstrated that amines and NH3 catalyze the formation rate of 
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stable clusters from sulfuric acid and water mixtures. However, aerosol measurements revealed 

that the fine aerosols chemical composition inside farm buildings was not different from 

ambient measurements performed 20 km from the farm. Thus, VOC emissions did not 

significantly affect the fine aerosol chemical composition close to the source (i.e. inside the 

building or outside close to them). This could be due to the very short residence time inside the 

buildings (in the order of minutes), which is not long enough to let the Secondary Organic 

Aerosols (SOA) formation affect the fine particle composition (Hallquist et al., 2009). This 

could also be the results of low oxidant levels inside the buildings, that do not allow strong 

semi-volatile production.  

 

4.8. VOC emission rates in terms of C, N and S 

Emission rates were also calculated for each VOC in terms of C, N, and S in both buildings 

(Figure 5). The stable emitted about five times more C through VOCs than the sheepfold; 

emission rates for the sum of VOCs in terms of C were 1.10 (±1.36) kg day-1 in the stable and 

0.20 (±0.30) kg day-1 in the sheepfold (Figure 5.a). This is even more contrasted when emission 

rates were calculated by animals (Figure 3.b), with values of 1.96 (±2.42) kgC year-1 animals-1 

for the stable and 0.07 (±0.11) kgC year-1 animals-1 for the sheepfold. The emission factors for 

the N contained in VOCs were 0.03 (±0.03) kg day-1 and 0.02 (±0.1) kg day-1 for the stable and 

the sheepfold, respectively (Figure 5.a). Contrary to what was found for NH3, the emission 

factor of N emitted through VOCs was higher in the stable than in sheepfold, even when the 

emission rates are expressed as function of living units or animals (Figure 5.b and 5.c). These 

emission factors are also very low compared to NH3 emission factors. N emitted through VOCs 

only represents 0.2% and 0.3 % of the NH3 emission factor (in amount of emitted N). 

The S emission factor for the sum of VOCs was 0.06 (±0.027) kg S day-1and 0.02 (±0.002) kg 

S day-1 in the dairy stable and the sheepfold. As for C and N, the amount of S emitted was 

higher in the stable than in the sheepfold. DMS was the most emitted S containing compound 

in the sheepfold, accounting for 40 % of the sheepfold S emission. Surprisingly, the dairy stable 

did not emit DMS (i.e. mixing ratios outside were higher than inside the building), while some 

studies reported strong emissions from dairy buildings (Filipy et al., 2006; Ngwabie et al., 2008; 

Shaw et al., 2007). 67 % of S emitted in the dairy stable could be attributed to H2S (no H2S 

emissions were recorded for the sheepfold). Feilberg et al. (2017) found a ratio between H2S 

and NH3 of 0.06, whereas it was 0.004 in our study. Thus, it seems that the dairy stable was not 

a strong S emitter in contrast to the literature. 
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Figure 6 represents the chemical fingerprint of VOC emissions. The fingerprint of VOC 

emissions was mostly composed of C, for more than 80 % in each building. This is logical 

considering that most of the detected VOCs were oxygenated VOCs and hydrocarbons that 

contain a large number of C atoms, and that N or S containing VOCs mostly have a few atoms 

(Table S1). N and S were found in a greater proportion in the sheepfold, but the emission factors 

were greater in the stable. The chemical compounds and the magnitude of the emissions are 

thus different in each building. Finally, C/N/S composition of VOC emissions allow identifying 

differences between the buildings, contrary to what was found above for mixing ratios (Figures 

2 and 6).  

 

4.9. Estimation of VOC emissions from livestock at national scale 

The emission factors for most VOCs were estimated for the first time in a sheepfold and a dairy 

stable, more specially in France. To scale up VOC emissions, previous studies used NH3 

emission inventories at national scale. A ratio between VOCs and NH3 emission rates can then 

be used to estimate VOC emissions at large scales (Hobbs et al., 2004). Following the French 

Interprofessional Technical Centre for Studies on Air Pollution (CITEPA), NH3 emissions due 

to livestock were about 246.6 kt in 2016. We estimated from our results that the amount of 

VOCs emitted was 10% of the amount of NH3 due to livestock (mean of the sheepfold and the 

dairy stable). Applying this ratio would lead to a VOC emission of 24.6 kt year-1 for the year 

2016 in France. CITEPA estimated that VOC emissions from livestock were one order of 

magnitude larger than the present one (201.6 kt year-1, CITEPA, February 2019). For 

comparison, traffic road emissions of VOCs for the same period were estimated to be 66.2 kt 

Figure 6: Speciation of VOC emissions by amount of C, N, and S in the sheepfold and the dairy stable. 
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year-1. Livestock VOC emissions are therefore significant regarding other anthropogenic 

sources, even if it is lower than expected. This estimation of VOC emissions from livestock at 

national scale should be interpreted very carefully, as this study covered only one farm during 

one short field campaign. For example, it was shown for few VOCs that emission factors may 

differ from one order of magnitude among the season (Filipy et al., 2006). Nevertheless, the 

present study highlights the meaning of livestock management as a significant source of VOCs. 

5. Conclusion 

This study revealed that both sheep and dairy cattle farming emit a large spectrum of VOCs. 

The results highlight that combining online mass spectrometric and off-line chromatographic 

techniques is essential to better characterize VOC emissions, especially in a VOCs enriched 

environment such as farm buildings. In both buildings VOCs were mostly oxygenated 

compounds and hydrocarbons. N containing compounds and S containing compounds were 

found in lower proportions but could be key compounds for odor questions as well as 

atmospheric chemistry. We evidenced that the difference in the fingerprint of gas phase 

compounds emitted by the stable and the sheepfold was tight if we only pay attention to 

chemical families. Tracers for each buildings of the experimental farm can now be proposed. 

For the stable, Triazine, H2S, 1-butene, isopentane, pentane and acetaldehyde have been 

identified as potential tracers. For the sheepfold most of tracers are nitrogen containing 

compounds. Among them, methylpiperidine, pyridine, dimethylpyridine and 

benzenepropanenitrile were highlighted. DMS was also observed to be mostly emitted by the 

sheepfold. Our study also showed that most of the VOCs were more concentrated inside than 

outside the buildings, leading to a higher exposure levels for animals and farmers inside the 

buildings.  

Our results suggest that animals and litter inside the sheepfold were the main source of VOCs 

based on the correlation analysis. In the dairy stable the correlation analysis highlights 3 

different sources. The litter on the soil seems to be a strong emitter of N and S containing 

compounds, through the biodegradation of animal excreta. The farming activities seem to be 

important contributors of hydrocarbons. The third source identified is represented by the 

animals. A future study focused on VOCs emitted by dairy and sheep breath would support our 

findings, and help to separate animal and excreta emissions. 

Emission rates have shown that a dairy cow emitted more NH3, NOx, and VOCs than a sheep. 

But at the farm level, the sheepfold was found to emit roughly as much NH3 as the stable. The 

loss of N through VOCs was found to be only minor compared to NH3. As a conclusion, it is 
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thus maybe not necessary to take into account the loss of N through VOCs for agronomical 

nitrogen budget studies at farm levels. Despite emissions of NH3 and many VOCs, the aerosol 

chemical composition was not affected by farm emissions. Secondary aerosol formation may 

probably be most significant in the plume of the farm, rather than inside the buildings. This 

assumption needs to be investigated in future studies. 

Based on the new emission rates provided in this study, we estimated that livestock VOC 

emissions could be overestimated by one order of magnitude. However, more studies in 

different periods and farms are thus required to reduce uncertainties about emissions, and 

understand their driving factors. 
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Figure 4.2: Schematic representation of the system used for the measurements in the incoming and the 

outgoing chamber air. mROHambient and mROHchamber stand for measured OH reactivity in the incoming 
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Figure 4.3 : Variability of a) ΔmROH = mROHchamber - mROHambient and b) total mROHchamber (blue dots 

represent the original OH reactivity data and black dots represent the trend obtained after smoothing the 

original data) and total mROHambient (red dots) from the 20th to the 23rd, April 2017 with temperature 
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Figure 4.4 : Averaged diurnal variation of a) the mixing ratio of each BVOC measured with the PTRQi-
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Figure 4.6 : Variability of missing OH reactivity as function of air temperature in the chamber. The 
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Figure 4.7: Summed calculated OH reactivity of the 9 additionally selected compounds. The mixing 
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Figure 4.8: a) Variability of relative missing OH reactivity (ROHmissing/mROHchamber) with b) Isoprene 
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Résumé : Le radical hydroxyle OH est le 

principal oxydant dans la troposphère, mais ses 

puits restent encore difficiles à quantifier. L’un 

de ses principaux puits, est l’oxydation des 

Composés Organiques Volatils (COVs), 

composés provenant principalement de sources 

naturelles, à l’échelle du globe. Ils comprennent 

une grande variété d’espèces chimiques avec des 

réactivités très variables vis-à-vis des radicaux 

OH. Mesurer la réactivité OH totale, permet 

d’évaluer la charge en espèces réactives et 

d’estimer l’importance des espèces non 

mesurées/ non connues. Dans ce contexte, ce 

travail de thèse a d’abord visé d’optimiser la 

CRM ou « Comparative Reactivity Method », 

pour la mesure de la réactivité OH. Une fois les 

performances vérifiées, la CRM a été déployée 

dans deux écosystèmes : forestier et agricole.  

Les  mesures de réactivité OH dans une forêt de 

pins maritimes ont montré des maximas de nuit 

arrivant jusqu’à 99 s-1 dans la canopée ; des  

niveaux se situant dans la limite supérieure de ce 

qui a été précédemment vu en sites forestiers. 

Des réactivités plus faibles, ne dépassant pas les 

20- 30 s-1 en milieu de journée, ont été observées 

dans un champ agricole, en sortie d’une chambre 

dynamique de colza, en milieu de floraison. Dans 

ces deux écosystèmes, une différence a été 

trouvée entre la réactivité mesurée et celle 

calculée à partir des composés gazeux mesurés 

individuellement. Elle indique la présence d’une 

fraction manquante de composés primaires et 

secondaires non mesurés/ non identifiés. Ces 

travaux ont également mis en évidence 

l’importance de déterminer la spéciation des 

monoterpènes. Ceci nous a motivé à, optimiser et 

déployer un système de FastGC/ PTR-MS dans 

une forêt de chênes verts, ce qui nous a permis de 

suivre avec une haute résolution temporelle le 

cycle diurne des principaux monoterpènes, dont 

l’émission dépend du type de chêne ainsi que de 

la lumière.  
 

Title:  Characterization of biogenic volatile organic compounds (BVOCs) and their OH reactivity in 
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Abstract: The hydroxyl radical OH is the most 

powerful oxidant in the troposphere, however, 

characterizing its sinks remains a challenge. One 

important OH sink, is the oxidation of volatile 

organic compounds (VOCs), mainly released 

from biogenic sources, on the global scale. VOCs 

include a wide variety of chemical species with 

different lifetimes towards OH. Measuring OH 

reactivity is a useful tool to evaluate the loading 

in reactive species and to estimate the amplitude 

of unmeasured/unidentified compounds. In this 

context, this PhD work aimed to build and 

optimize a CRM or Comparative Reactivity 

method instrument for OH reactivity 

measurements. Afterwards the CRM was 

deployed in a forest and an agricultural 

ecosystem. OH reactivity in a maritime pine 

forest showed  maxima during night, reaching  

99 s-1 inside the canopy, among the highest in 

forest environments. Relatively lower levels 

(max 20-30 s-1 at mid-day), were recorded from 

a dynamic chamber, during the blooming season 

of a rapeseed field. In these ecosystems, a 

difference was obtained between measured and 

calculated OH reactivity from measured 

compounds. It highlights the presence of a 

missing fraction of unmeasured primary and 

secondary compounds. These experiments 

demonstrate the importance of a detailed 

information on monoterpenes chemical 

speciation. In this perspective, a FastGC/PTR-

MS system was optimized and deployed in a 

green oak forest. It allowed to monitor, with a 

fine time resolution, diurnal cyles of the main 

monoterpenes, which emissions are dependent 

on the tree type and on solar radiation. 
 


