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The project concerns the technical optimization of the Comparative Reactivity Method (CRM) for measuring the total OH reactivity and field measurements of OH reactivity at targeted sites in the Mediterranean region.

The findings discussed in this thesis are the results of an experimental work conducted in the laboratory of LSCE for building and testing the technique of the CRM and of an experimental field work. The field work was performed during two main campaigns: ChArMEx (the Chemistry-Aerosol in a Mediterranean Experiment), during summer 2013 and CANOPEE (Biosphere-atmosphere exchange of organic compounds: impact of intracanopy processes), during spring 2014. Field measurements were conducted for determining the total loading of reactants and our level of understanding of the reactive composition of the air masses influencing the sites.

The project is part of the European Marie Curie Innovative Training Network "PIMMS" (Proton Ionization Molecular Mass Spectrometry) which aims at developing molecular mass spectrometry techniques in different field of sciences, including environmental, food and medical sciences. This thesis project was funded through PIMMS because of the use of proton ionization mass spectrometry for measuring the OH reactivity. The PIMMS network provided me and this project the tools and means to improve the quality of this work, including visits to IISER Mohali, India to discuss about the CRM with Dr. Vinayak Sinha; Ionicon, Austria, to develop my knowledge on proton transfer molecular mass spectrometry; Juelich, Germany to participate to a field campaign on aerosols formation at the atmospheric chamber SAPHIR.

This thesis consists of six chapters. The first chapter provides an introduction to the concept and importance of OH reactivity. It is composed by four sections, i.e., background to tropospheric processes and composition, OH reactivity, the Mediterranean basin, and xi the thesis goal. The first section discusses in detail the main players in tropospheric reactions, i.e., the hydroxyl radical, nitrogen oxides and volatile organic compounds and reactions they undergo. The second section describes the originality of the concept of OH reactivity and the need of developing it. It provides an overview of the methods currently existing for measuring the OH reactivity and values of OH reactivity observed from ground-state field measurements at different point sources in the world. Finally it reports the main findings on the missing reactivity, which is now a topic of great interest in atmospheric sciences. The third section introduces the Mediterranean basin as a region of great interest for atmospheric chemistry studies. It explains the main sources of pollution and why measurements of reactivity are needed in this part of the world. Finally, the last section describes specifically the goal and research questions that this project addresses. The research questions are answered specifically in the chapters 3, 4 and 5.

The second chapter is divided into three sections. The first two sections provide the theoretical background of the two main methodologies applied in this project: Proton Transfer Reaction-Mass Spectrometry (PTR-MS) and the Comparative Reactivity Method (CRM). The section of the CRM describes in detail the updated theory of the method, and includes its concept, operational settings and data processing. The third section focuses on the progresses made during this PhD project in our laboratory. It includes technical improvements for increasing the sensitivity of the method and improvements to reduce the stated interferences. It gives an overview of the performance of our instrument, here referred as CRM-LSCE and the performance of our instrument during the two field campaigns whose results are described in the following chapters.

The third chapter presents the findings of an intercomparison exercise run between CRM-LSCE and the instrument built at Mines Douai, France (CRM-MD) published as Zannoni et al., (2015a) on Atmospheric Measurements and Techniques. It includes a detailed description on the way to assess the corrections of the raw data and the way to process them on ambient raw data of reactivity. It shows the results of the tests and ambient measurements of reactivity run during July 2013 on the field in Corsica, France. It shows how the different corrections impact the raw data for each instrument and how the final processed data correlate well between them over the range of reactivity of 0-300 s -1 . It highlights the importance of conducting a detailed experimental characterization of each CRM instrument and of extending intercomparison practices to more instruments using different techniques.

The fourth chapter presents the results of a field campaign conducted in the forest of downy oaks of Observatoire de Haute Provence (OHP) where the concentration of volatile organic compounds and OH reactivity were simultaneously measured. The results are shown in xii the form of the article, published on Atmospheric Chemistry and Physics Discussions as Zannoni et al., (2015b). Here, the total loading and distribution of reactants at two heights of the forest: inside the canopy (i.e. 2 m) and above the canopy (i.e. 10 m) are presented. Comparison between the measured and calculated reactivity reported no difference during daytime observations, while large gaps were observed during nighttime. Finally, the chapter gives a perspective on values of OH reactivity measured in different forests of the world. It shows that the Mediterranean forest of OHP emits large amounts of reactive species, only comparable to tropical forests.

The fifth chapter is a preliminary draft of an article I wrote describing the main findings obtained from the measurements of OH reactivity during the field campaign ChArMEX. This draft includes the work of other scientists from LSCE (France), the laboratory of Mines Douai (France), LamP, Clermont Ferrant (France), which are not specifically mentioned as the draft was not distributed before this thesis submission. This chapter includes a description of the time series and diurnal profile of the OH reactivity measured during summer 2013 at the receptor field site of Ersa, Corsica, France. It includes a comparison between the measured reactivity and the one calculated from the species measured in the gas-phase. It provides some hypothesis on the discrepancy observed between these two parameters during one week of measurements. Finally, it provides the preliminary results of a chemical model used to determine the oxidation products of the biogenic compounds measured at the site and their contribution to the OH reactivity. The simulations were run by Dr. Sophie Szopa (LSCE) and aim at providing an idea of the type of information that can be obtained by combining the results from the measurements with a modelling approach.

Finally, chapter 6 is the outlook and conclusions of this PhD project, including some suggestions for further research.
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Abstract

The hydroxyl radical, . OH, is the dominant oxidant in the atmosphere: it can initiate most of the oxidation reactions involving volatile organic compounds and leading to the formation of ozone and aerosols; with adverse effects on the air quality and climate.

There are many uncertainties associated to the total sink of the OH radical, because it is difficult to characterize all the reactive species responsible for its loss in the atmosphere.

The total OH reactivity is defined as the total first order loss rate of OH due to the atmospheric reactive gases and represents the total sink of OH. This parameter directly provides the total loading of reactive gases in ambient air and indicates the frequency of the oxidation reactions involving OH and reactive molecules.

Measurements of OH reactivity have many utilities, among them, they can be compared to the OH reactivity calculated from simultaneous measurements of reactive gases and highlight whether all these gases are measured and known or not. Several studies using such approach have highlighted that a significant fraction of reactive gases is not measured and possibly unknown. Especially, larger fractions of missing reactivity have been reported in forests and in those environments characterized by larger loadings of secondary or higher generation oxidation products.

In this thesis, the Comparative Reactivity Method (CRM) for measuring the total OH reactivity is deployed in an intercomparison exercise and at two targeted sites in the Mediterranean basin.

I here report a detailed characterization of a comparative reactivity method instrument built in our institute (Laboratoire des Sciences du Climat et de l'Environnement) and explain the technical improvements conducted during my PhD project. The instrument was constructed and characterized to specifically measure the OH reactivity at two sites exposed to different field constraints. In addition, the instrument performance was compared to the one of another CRM instrument built in another laboratory (Mines Douai, France). The intercomparison exercise highlighted that our measurements were reproducible in a range of reactivity between the instrument limit of detection and 300 s -1 and xv that a precise characterization of each CRM is needed.

Ambient OH reactivity was measured at two sites: at a receptor site in Corsica (field campaign ChArMEx, summer 2013) and in a forest of downy oaks in Provence, in the south of France (field campaign Canopee, spring 2014).

Both field studies highlighted two main points : (i) the targeted sites in the Mediterranean basin are both exposed to large loadings of reactive molecules, (ii) a detailed characterization of the atmospheric composition, including the products formed by oxidation reactions, is still challenging. Deploying the OH reactivity tool at other field sites and in laboratory studies would be of great benefit to better understand atmospheric processes, especially focusing on plants emissions and chemical transformation. Investigating more field sites in the Mediterranean region is also recommended to have a greater picture on the loading of reactants in this area.

Résumé

Les radicaux hydroxyles (OH) sont les oxydants majeurs de notre atmosphère. Ils interviennent dans les processus d'oxydation de nombreux polluants atmosphériques, et notamment des composes organiques volatils (COV), et conduisent à la formation d'ozone et d'aérosols organiques ; ces derniers ayant des effets adverses sur la qualité de l'air et le climat. De nombreuses incertitudes existent quant à l'estimation du puit total des radicaux OH, en raison de la difficulté que représente la caractérisation expérimentale de l'ensemble des composés qui contribuent à leur consommation dans l'atmosphère. En effet, les COV représentent une famille de plusieurs centaines de molécules, présents dans l'air à l'état de traces mais fortement réactifs vis à vis des radicaux OH et autres oxydants atmosphériques. Ainsi, la quantification directe de l'ensemble de la fraction organique réactive dans l'atmosphère est a ce jour encore pratiquement irréalisable.

La réactivité atmosphérique totale OH est définie comme étant le taux de perte de premier ordre des radicaux OH liée a la présence de composes réactifs. Elle permet d'estimer de manière indirecte la charge totale de composes réactifs dans l'air et nous renseigne sur le fréquence des processus d'oxydation mettant en jeu les radicaux OH. La mesure expérimentale de la réactivité OH apporte de nombreuses informations quant a la composition de l'atmosphère. Elle permet notamment, après comparaison avec la réactivité OH calculée à partir des composés gazeux mesurés dans l'atmosphère, d'évaluer l'importance des espèces non-mesurées (et éventuellement inconnues) dans les processus chimiques qui régissent notre atmosphère . Il s'est avéré par le passé, que la réactivité mesurée était souvent plus élevée que la réactivité calculée. Cette réactivité manquante s'est montrée particulièrement élevée dans certaines forets ainsi que des environnements caractérisés par la présence de nombreux produits d'oxydation intervenant loin dans les chaines d'oxydation des COV.

Dans cette thèse, la Méthode de la Réactivité Comparative (CRM) pour la mesure directe de la réactivité OH a été mis en oeuvre. La CRM est une méthode récente et prometteuse, mais nécessitant des améliorations de nature technique, et également dans l'interprétation des données. Ainsi, dans un premier temps, un exercice d'inter-comparaison a été effectué xvii pour l'optimisation et l'évaluation analytique de la méthode. La caractérisation détaillée de l'instrument CRM développé au sein de notre institut (Laboratoire des Sciences, du Climat et de l'Environnement) et les progrès techniques apportés durant mon travail de thèse sont présentés dans ce manuscrit. L'instrument a été construit et optimisé afin de permettre la mesure de la réactivité OH dans deux sites avec des régimes et conditions atmosphériques contrastés. De plus, la performance de notre instrument a été comparé à celui d'un second instrument CRM construit dans le laboratoire des Mines de Douai (France). Cet exercice d'inter comparaison a mis en évidence la bonne reproductibilité des mesures pour des niveaux de réactivité entre la limite de détection de l'appareil et 300 s -1 . La réactivité OH atmosphérique a été mesurée dans deux sites: dans un site récepteur en Corse (campagne ChArMEx, été 2013) et dans une forêt de chênes pubescents en Provence (campagne CANOPEE, été 2014).

Les deux études de terrain mènent à deux conclusions principales: (i) les sites situés dans le bassin Méditerranéen sont tous les deux exposés à d'importants apports de molécules réactives, (ii) la caractérisation détaillée de la composition de l'atmosphère, incluant les produits formés par réactions d'oxydation, reste compliquée. L'utilisation de l'outil de réactivité OH dans d'autres sites naturels ou en laboratoire serait très utile pour mieux comprendre les processus atmosphèriques, en particulier si l'on s'intèresse aux èmissions des plantes et aux transformations chimiques. L'ètude d'autres sites de la règion Mèditerranèenne est aussi conseillèe pour avoir une meilleure image de l'apport de rèactifs dans cette règion.

Chapter 1

Introduction to total OH reactivity

Theoretical background on tropospheric chemical processes and reactive constituents

The troposphere is the lowest layer of the atmosphere. It extends from the Earth's surface up to the tropopause for about 10-15 km in altitude, depending on the latitude and time of the year. It is characterized by decreasing temperature with height and rapid vertical mixing. Indeed, the name troposphere derives from the Greek word tropos, which means turning, since this is a region characterized by turbulence and mixing. Besides, it contains also almost all of the atmosphere's water vapor, and 80% of the total atmospheric mass, behaving in this way like a chemical reservoir. In this layer the transport of species to the stratosphere is much slower than internal mixing. All the species emitted by the Earth's surface, with a chemical lifetime shorter than a year, are removed from the troposphere before reaching the stratosphere. Light of sufficiently energetic wavelengths can also penetrate the troposphere and promote important photochemical reactions.

Here, almost the total of the whole atmospheric mass partitions into different phases: the gas phase and the particle phase or aerosols (solid, liquid, amorphous phase dispersed in the gas phase).

The main constituents of the gas phase are N 2 (78 %), O 2 (21 %), H 2 O vapor (<1 %), Ar (<1 %) and a fraction of less than 1 % which contains all the remaining species, usually regarded as trace components. Trace gases include CO 2 (∼345 ppmv), CH 4 (∼1700 ppbv), O 3 (∼20-80 ppbv), N 2 O (∼320 ppbv), halogenated compounds (ppbv-pptv), and Volatile Organic Compounds (VOCs, ppbv-pptv). Although they form less than 1 % by volume of the total atmospheric constituents, they play a major role in tropospheric processes since they can alter significantly the air quality, the weather and the climate.

Atmospheric relevance of reactive gases

Volatile organic compounds are key species in tropospheric processes since they can ultimately generate O 3 and secondary organic aerosols (SOA), which have adverse effects on human health, air pollution and climate.

Ground level ozone is formed from the oxidation of VOCs in the presence of NO. Secondary Organic Aerosols (SOA) are formed in the atmosphere by the mass transfer to the aerosol phase of low vapor pressure products resulting from the oxidation of organic gaseous precursors. The ability of a given VOC to produce SOA from its oxidation depends on: (i) the volatility of its oxidation products, (ii) its atmospheric abundance, (iii) its chemical reactivity. Highly substituted species resulting from VOCs oxidation have lower volatility compared to their organic parent. Air quality effects include ozone's damages on the ecosystem and particle's reducing visibility. O 3 and SOA are opposite climate forcers. Ozone acts as a greenhouse gas, while SOA can scatter and absorb the solar incoming radiation, as well as modify both the microphysical and properties of clouds. The Intergovernmental Panel on Climate Change 5th assessment report has published in 2013 the updated mean positive and negative radiative forcing resulting from anthropogenic emissions from 1750 (Fig. 1.1) for VOCs, O 3 and SOA. Radiative forcings are changes in the energy fluxes of solar radiation and terrestrial radiation in the atmosphere, induced by anthropogenic or natural changes in the atmosphere composition.The total anthropogenic radiative forcing (RF) assessed in 2011 has a net increase from 1750, on average it is 2.29 W m -2 , it has doubled from 1980 and has a large uncertainty associated. The major drivers are CO 2 and CH 4 ; VOCs, O 3 and SOA participate at different levels with uncertainties of different magnitudes. VOCs, and by consequence CO 2 , CH 4 and O 3 produce a net positive RF of 0.1 W m -2 ; O 3 is associated to several emitted compounds, overall resulting in a net positive RF. In contrast, aerosols produce a net negative RF. The level of scientific confidence on these results is still poor, and emphasizes the need to especially better understand atmospheric processes linked to aerosols formation.

The hydroxyl radical and other atmospheric oxidants

The hydroxyl radical ( . OH, referred throughout the manuscript as OH) is the key player in tropospheric chemistry, as it can initiate most of the oxidation reactions occurring in the troposphere. It was known for a long time that OH could react rapidly with hydrocarbons, but only in 1969 came the first hint of its fundamental role in tropospheric processes. In 1969 it was deduced that CO had a lifetime of 0.1 year, far smaller than what believed by that time [START_REF] Weinstock | Carbon Monoxide: Residence Time in the Atmosphere[END_REF]. A likely removal of CO is the conversion to CO 2 , through reaction with OH, which implies a fast mechanism of regeneration of OH, not known until then. In 1971 Levy showed that even a small fraction of excited atomic oxygen O( 1 D) produced by photodissociation of O 3 was enough to maintain OH radicals in the atmosphere at the rate of 10 6 molecules cm -3 s -1 , making OH the main tropospheric oxidant (Levy, 1971). Once produced, it is capable to react with the vast majority of atmospheric constituents. Interestingly, the most abundant oxidants in the atmosphere are O 2 and O 3 , but they have larger bond energies compared to OH. OH cannot react with the most abundant constituents, such as N 2 , O 2 , CO 2 or H 2 O. However, its significant concentration and high reactivity towards other molecules make it regarded as the most important atmospheric oxidant, and the "atmospheric cleansing agent". OH concentration is sustained, since when it undergoes reactions with ambient molecules, it is also regenerated from catalytic cycles, which maintain a concentration of 10 6 molecules cm -3 during daytime. The mechanism of formation of OH starts from O 3 photodissociation (wavelengths < 319 nm) and passes through collisions with water molecules R 1-R 5:

O 3 + hν -→ O 2 + O( 3 P) (R 1) -→ O 2 + O( 1 D) (R 2) O( 3 P) + O 2 + M -→ O 3 + M (R 3) O( 1 D) + M -→ O( 3 P) + M (R 4) O( 1 D) + H 2 O + hν -→ 2 OH (R 5)
Reactions R 1-R 2 produce both ground state oxygen and excited singlet oxygen atoms. While ground state oxygen recombines rapidly to form O 3 , the excited singlet oxygen atom is quenched to the ground state by any atmospheric species (most likely it is N 2 or O 2 ) by R 4. Both R 3 and R 4 are null cycles. Occasionally, the excited oxygen singlet atom collides with water molecules and produces 2 OH radicals (R 5).

Both O 3 and H 2 O are needed to produce OH. Therefore higher OH levels are encountered in areas exposed to strong actinic fluxes and higher humidity, i.e. the tropics. Other sources of OH are formaldehyde (HCHO) and nitrous acid (HONO), reaction of alkenes with ozone, and recycling from peroxyradicals in low NO x (NO+NO 2 ) environments [START_REF] Paulson | OH Radical Formation from the Gas-Phase Reaction of Ozone with Terminal Alkenes and the Relationship between Structure and Mechanism[END_REF][START_REF] Hofzumahaus | Amplified Trace Gas Removal in the Troposphere[END_REF][START_REF] Fuchs | Experimental evidence for efficient hydroxyl radical regeneration in isoprene oxidation[END_REF].

OH sinks are generally uncertain. Since the radical is capable of reacting with the large majority of the atmospheric species, knowing precisely its sinks means knowing with high precision the composition of the atmosphere. Indeed, it can undergo fast reactions with organic as well as inorganic trace gases. The reaction rate coefficients of OH with some inorganic and organic compounds are reported in the appendix.

There are other important oxidizing agents in the atmosphere, such as: O 3 , the NO 3 radical (only during nighttime), and Cl atoms to minor extents (important close to coastal areas). O 3 is present in the troposphere as a result of: (i) diffusion of molecules from the stratosphere to the troposphere (net flux of O 3 from the stratosphere to the troposphere estimated to be 1-2 10 13 mol O 3 /year); (ii) in situ production of molecules into the troposphere. Mainly, O 3 is formed in situ from oxidation reactions of VOCs with nitrogen oxides NO x (NO+NO 2 ), in the presence of sunlight. Atmospheric mixing ratio of O 3 varies between 10-40 ppbv for unpolluted environments up to 100 ppbv for polluted areas.

NO 3 radicals are formed from the oxidation of NO into NO 2 , followed by the oxidation reaction of NO 2 into NO 3 :

NO + O 3 -→ NO 2 + O 2 (R 6) NO 2 + O 3 -→ NO 3 + O 2 (R 7)
Since NO 3 photolyses very fast (lifetime of about 5 s) and can rapidly react with NO, NO 3 daytime levels are usually very small. On the other hand, NO 3 concentration by night can be quite high (in the order of 10 8 molecules cm -3 , thus making this species regarded as the strongest oxidant during nighttime.

Nitrogen Oxides

Nitrogen oxides, also referred as NO x (NO+NO 2 ) undergo fast reaction with the hydroxyl radical. When present in large amount, their contribution to the OH chemistry is significant. NO x global emissions estimates are illustrated in table 1.1. The largest source of NO x is fossil fuel combustion, which explains why these species are more abundant in urban environments. Atmospheric levels of NO x range from few pptv (∼20 pptv) in remote areas, such as marine areas and tropical forests, to hundreds of ppbv in polluted urban areas. In rural environments their concentration ranges typically between 0.2 and 10 ppbv (Seinfield and Pandis, 2006). Nitrogen oxides have a major role in tropospheric processes, which is determining whether VOCs oxidation reactions produce O 3 or deplete it. Indeed, depending on the amount of NO present in the atmosphere, the oxidation reactions of VOCs can follow two pathways. In remote environments, where NO concentration is usually below 50 pptv, O 3 is net depleted. When NO is available, like in polluted areas, where NO concentration can be about 100 ppbv, O 3 is formed. The term VOCs refers to the total organic volatile fraction, excluding CO, CO 2 and CH 4 . It includes thousands of different compounds, an unspecified number estimated to be around 10 4 -10 5 . Their abundance has largely and rapidly increased over the past 200 years, mainly due to human activities, as combustion of fossil fuels, biomass burning, industrial and agricultural activities and deforestation. Determining the exact composition and atmospheric abundance of this fraction of compounds are main challenges in atmospheric science because of their amount in traces and fast reaction rates towards the atmospheric oxidants. This section aims at providing some general information on the sources and sinks of these compounds.

Sources

Organic compounds are released into the atmosphere through processes associated with life, such as the growth, maintenance and decay of plants, animals and microbes. The combustion of living and dead organisms, such as fossil-fuel combustion and biomass burning are also sources of VOCs.

Organic compounds enter directly the atmosphere through natural and anthropogenic activities. In this way, VOCs are regarded as biogenic VOCs (BVOCs) and anthropogenic VOCs (AVOCs). There is also another important class of VOCs, regarded as oxygenated VOCs (OVOCs), which includes compounds having an oxygen atom in their structure.

They can be of both natural and anthropogenic origin, and can enter the atmosphere directly through primary emission or because they are generated from oxidation reactions occurring in the atmosphere, hence secondary produced.

Natural activities are responsible of the emission of the largest majority of VOCs on a global scale (90%), while anthropogenic activities account only for a minor part of these emissions (10%). Globally, anthropogenic activities account for approximately 100 TgC/year of emissions, (Singh and Zimmermann, 1992). Regionally the proportions can be different, for example European anthropogenic and biogenic VOCs are more comparable in magnitude: biogenic emissions are estimated at ∼14 TgC/year, and man-made around 24 TgC/year [START_REF] Simpson | Inventorying emissions from nature in Europe[END_REF].

Among the anthropogenic sources, road transport, wood burning and solvent use account for 36 TgC/year, 25 TgC/year and 20 TgC/year globally respectively (see table 1.2).

Anthropogenic VOCs include alcohols, short and long chain alkanes, alkenes, dienes, alkynes, aromatics, substituted aromatics, esters, ethers, aldehydes, ketones, acids and others (see Fig. 1.2). Industrial emissions for instance are mainly composed by short and long chain alkanes, alkenes and aromatics. On the other hand, biomass burning emissions are mainly composed by alkenes, aromatics and acids.

On the other hand, major sources of biogenic VOCs are forests (821 TgC/year), crops (120 TgC/years), shrubs (194 TgC/year), oceans (5 TgC/year) and others (9 TgC/year), accounting for a total estimate of emissions of 1150 TgC/year [START_REF] Guenther | A global model of natural volatile organic compound emissions[END_REF].

Plants emit BVOCs for many reasons; e.g. to protect against oxidative stress, to protect against bacteria, as a blossom hormone, for thermotolerance, to defend against herbivores attacks, as antioxidant when exposed to high ozone levels, for signaling [START_REF] Kesselmeier | Simultaneous field measurements of terpene and isoprene emissions from two dominant mediterranean oak species in relation to a North American species[END_REF][START_REF] Laothawornkitkul | Biogenic volatile organic compounds in the Earth system[END_REF]. Figure 1.3 gives to the reader an idea of the number and type of VOCs and the origin of their emission from plants.

Biogenic VOCs include isoprenoids (isoprene, monoterpenes, sesquiterpenes etc.), alkanes, alkenes, alcohols, carbonyls, esters, ethers and acids [START_REF] Kesselmeier | Biogenic Volatile Organic Compounds (VOC): An Overview on Emission, Physiology and Ecology[END_REF]. Isoprenoids are composed by carbon skeletons of C5 units, depending on the number of units Isoprene (C 5 H 8 , upper left) is quite unique among all the BVOCs for its dependence to photosynthetic activity in a plant. It is emitted from a large variety of deciduous plants when photosynthetically active radiation is present, and increases when air temperature also increases. On the other hand, terpenes emissions are linked to the biophysical processes associated with the amount of material stored in leaf oils and resins and the vapor pressure of the compound itself. Therefore, terpenes emissions do not strongly depend on light and can continue overnight, but they strongly vary with air temperature. Interest- ingly, every plant species emits its characteristics BVOCs: for instance two species of the oak family, Quercus pubescens and Quercus Ilex are respectively a strong isoprene emitter and a terpenes emitter [START_REF] Kesselmeier | Simultaneous field measurements of terpene and isoprene emissions from two dominant mediterranean oak species in relation to a North American species[END_REF]. This species-dependent behavior adds additional challenges for estimating BVOCs emissions into the atmosphere. Estimates can be obtained for instance considering the source of emission (Leaf Area Index of the vegetation), the meteorological parameters activating the emissions and species composition (Megan v.2.1, [START_REF] Guenther | The Model of Emissions of Gases and Aerosols from Nature version 2.1 (MEGAN2.1): an extended and updated framework for modeling biogenic emissions[END_REF].

Isoprene alone is estimated to make almost the half of the total BVOCs emitted (about 594 TgC/year, varying between 520-672 TgC/year), followed by methanol (130±4 TgC/year), monoterpenes (95±3 TgC/year), acetone (37±1 TgC/year), sesquiterpenes (20±1 TgC/year) and other reactive VOCs (96 TgC/year) [START_REF] Sindelarova | Global data set of biogenic VOC emissions calculated by the MEGAN model over the last 30 years[END_REF].

Global estimates of isoprene have been provided through several approaches, including inverse modelling from transport models and satellite data of formaldehyde, formaldehyde measurements and bottom-up emissions calculated from detailed regional vegetation descriptions. Within the same approach, based on bottom-up emissions, a factor 3 of difference exists for Europe. When more than an approach is also included, estimates are constrained within 400 and 700 Tg/year. Such result highlights that our current understanding on the emission of the most abundant VOC is still very poor (see Sindelarova et al., (2014)). The processes of removal of VOCs from the atmosphere include chemical and physical processes and their rate of efficiency depends on the physico-chemical properties of the specific chemical compound. Assuming an air parcel containing a generic compound, this 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. The average of the life histories of all molecules of the mentioned compound yields an average lifetime or the so-called averaged residence time of the compound.

Sinks

For instance, from

A + OH k -→ products, ( R 8) 
where A is a generic VOC and k is the rate coefficient of the oxidation reaction with OH, we can derive

τ OH = [A] k[OH][A] = 1 k[OH] (1.1)
Considering all the processes affecting the removal of a species in the atmosphere the residence time can be quantified as:

τ = 1 k c + k ph + k t + k d + k pa (1.2)
With k c , k ph , k t , k d , k pa being the first order loss rate of A due to chemical reactions, photolysis, transport, deposition and partitioning into the particle phase. The importance of one removal process compared to one another depends on many factors, included the physico-chemical properties of the considered species, e.g. its rate constant of reaction with one oxidant, its vapor pressure, and its absorbance of UV and visible light. Generally, oxidation reactions constitute the most important sink for VOCs. For instance, BVOCs are all highly reactive compounds towards all the mentioned atmospheric oxidants since they are all characterized by olefinic double bonds in their chemical structures (Fig. 1.4).

Table 1.4 reports a summary of the residence times for BVOCs as proposed in the review of [START_REF] Atkinson | Gas-phase tropospheric chemistry of biogenic volatile organic compounds: a review[END_REF], where calculations are performed for [OH]=2 10 6 molecules cm -3 [O 3 ]=7 10 11 molecules cm -3 and [NO 3 ]=2.5 10 8 molecules cm -3 . The lifetimes reported here are only indicative in order to show a ranking of reactivity of the BVOCs. There are indeed many other factors influencing such reactions: time of the day, season, latitude, cloud cover, and the chemical composition of the air mass containing the BVOCs.

Isoprene lifetime towards OH is estimated to be only 1.4 hours, while methanol is more stable in the atmosphere and its estimated lifetime with OH is about 12 days. Some monoterpenes and sesquiterpenes, for instance have a residence time of only a few minutes (α-terpinene has 0.5 min lifetime with NO 3 and 1 min lifetime with O 3 , β-caryophyllene has 2 min lifetime with O3) therefore their measure in the atmosphere can result very challenging.

In contrast, the atmospheric lifetime of AVOCs is more variable and usually longer compared to the biogenic counterpart. For instance, isoprene is more reactive towards OH, followed by its reaction with NO 3 and finally by O 3 . In contrast, monoterpenes are highly reactive with all the three oxidants, whereas sesquiterpenes favor the reaction with O 3 compared to OH. For the AVOCs counterpart, Formaldehyde needs 1.2 day to be removed by OH and more than 4 years to react with ozone. Propane lifetime with the three oxidants varies even more: it reacts with OH in 10 days, with NO 3 it needs around 7 years and with O 3 it is estimated to react in more than 4500 years.

By considering both classes of compounds, BVOCs and AVOCs, as well as the most ) is formed. Then, R . reacts with oxygen forming organic peroxyradicals (RO .

2 ) and alkoxyradicals (RO . ). The latter can decompose, isomerise, and react with O 2 in the atmosphere.

Oxidation of VOCs leads to a multitude of different chemical species, whose physicochemical properties can differ much when compared to their primary precursors. As example, Fig. 1.6 provides the carbon mass balance calculations of the oxidation of six biogenic compounds [START_REF] Goldstein | Known and Unexplored Organic Constituents in the Earth's Atmosphere[END_REF]. Isoprene oxidation products include: formaldehyde, formic acid, acetic acid, acetaldehyde, MVK+MACR, methylfuran, a smaller percentage ends up in the particle phase, while a portion of gaseous products was not identified. This portion refers to a group of masses observed from mass spectrometry analysis which could not been properly identified.

As described in this section, there is a general lack of understanding linked to VOCs processes. Uncertainties are associated to their emissions and functioning, their atmospheric abundance and composition, the transformation as well as the removal of these species from the atmosphere. Considering just isoprene: it is the largest emitted and most studied non-methane hydrocarbon, it is extremely active in the atmosphere since it can fast react with OH, but estimates on its global emission provided during the last decade are poorly in agreement among them. Measurements of VOCs in ambient air are performed to better elucidate the atmospheric composition and concentration of different environments. However, many challenges arise when measuring VOCs concentration. First, they are a multitude of different species. Recent estimates have reported a large number of different organics present in nature, something around 10 4 -10 5 (Goldstein and Galbally (2007)). Then, organic volatiles are present in the atmosphere in trace amounts and they are highly reactive, meaning that some of these compounds can react fast with atmospheric oxidants and be completely or partially lost before they reach any detector. Consequently, a correct quantification of all these species results impracticable. For this reason, it is important to conceive a unique parameter which can directly quantify the total loading of these reactive atmospheric constituents. Interestingly, all these compounds have a common feature: reacting with the hydroxyl radical. It is exactly this natural process that all VOCs undergo to move towards the development of a new way of thinking in atmospheric sciences.

Total OH reactivity: a change in philosophy

A fundamental property of the atmosphere is the total OH reactivity, which is defined as the first order loss rate of reaction of the hydroxyl radical with the compounds present in ambient air and represents the inverse of the OH radical lifetime. OH reactivity indicates the frequency of the oxidation reactions involving the reactive atmospheric constituents and OH. Since OH is the main oxidant, OH reactivity also represents an estimate of the total loading of reactive molecules, those that actively participates in the tropospheric processes to form ozone and SOA altering the Earth's chemical and physical balances. First estimates of the total OH loss rate were obtained summing the concentration of the individual compounds measured multiplied by their rate coefficient of reaction with OH. This approach turned soon to be unfeasible. Indeed, before 1978, only 606 organic compounds were identified in the atmosphere. This number increased to 2857 by 1986, with more advanced analytical technologies the number increased to 10 4 -10 5 , and it might be far smaller than the number of compounds which is actually present [START_REF] Goldstein | Known and Unexplored Organic Constituents in the Earth's Atmosphere[END_REF]. It turned soon essential to find an alternative approach to quantify such parameter independently from VOCs. Here is the novelty of the OH reactivity philosophy. It is not required measuring the composition of the atmosphere to the smallest detail when the total loading of active components in the air is known. This type of concept has also been extended to ozone production and SOA formation through parameters as ozone production rate [START_REF] Cazorla | Measurement of Ozone Production Sensor[END_REF] and Potential Aerosol Mass [START_REF] Kang | Introducing the concept of Potential Aerosol Mass (PAM)[END_REF].

OH reactivity relevance

Measuring the total OH sink directly provides the information of the reactive components existing in ambient air, which, as described above, is an important atmospheric property. However, other important information can be obtained from the same measures of OH reactivity. Here below are summarized the main points that make such parameter essential to improve our current understanding of atmospheric chemistry:

(i) OH radical sources
Measures of the total OH sink (OH reactivity) are helpful to constrain the total OH source when the concentration of the hydroxyl radical is known:

[OH] = P OH R OH (1.3)
This approach was used by Whalley and coworkers (2011) for values of OH reactivity and OH concentration measured in the tropical rainforest of Borneo. In their work they stress the presence of an additional OH source when the OH production rates, sink and OH measurements are compared. They found that OH in the tropics is produced at a rate 10 times greater than the identified OH source. Predictions of OH concentration further highlighted that this parameter is underestimated by measures, with important consequences in the degradation of VOCs and methane lifetime over the tropics.

(ii) Unmeasured atmospheric constituents

Measures of OH reactivity can be performed together with measures of ambient air constituents. The former is generally regarded as "measured total OH reactivity", while the latter is used to calculate the OH reactivity from the summation of the concentration of the individual species multiplied by their rate coefficient with OH (eq. 1.4 and appendix for some references on reaction rate coefficients). The latter is therefore regarded as "calculated OH reactivity".

R = i k i+OH • X i (1.4)
In an ideal environment where every single air component is known in detail the measured OH reactivity and the calculated OH reactivity are the same. If the calculated OH reactivity results smaller than the measured OH reactivity, then a fraction of the composition of the air results unidentified. This fraction is usually regarded as "missing OH reactivity". Missing OH reactivity was found to different extents in many environments where measures of OH reactivity were conducted [START_REF] Di Carlo | Missing OH Reactivity in a Forest: Evidence for Unknown Reactive Biogenic VOCs[END_REF][START_REF] Yoshino | Measurement of total OH reactivity by laser-induced pump and probe technique-comprehensive observations in the urban atmosphere of Tokyo[END_REF]Nölscher et al., 2012). This approach can be used to isolate different cases and improve our current understanding on environmental and atmospheric processes (see Sect. 1.2.4).

(iii) Ozone production potential

Rate of instantaneous ozone production potential and regimes can be derived from measures of OH reactivity when associated to measurements of NOx, OH and peroxyradicals. Sinha and coworkers (2012) developed this type of approach to analyse the impact of point sources on regional ozone levels during a campaign in a coastal site in Spain. They found out that the ozone production potential was higher when the coastal site was more influenced by continental air masses. They also identified the point sources that were limiting such effect. Their findings demonstrate how significant could be to improve regional monitoring networks with OH reactivity measurements aside with measures of NO x and O 3 , in order to develop the right environmental policies to improve the air quality.

(iv) Particles formation OH reactivity offers a direct link between VOCs emission/production and particles formation. [START_REF] Mogensen | Modelling atmospheric OH-reactivity in a boreal forest ecosystem[END_REF] analysed the particles formation events occurred during one month of field campaign in the Finnish boreal forest with the measured data set of OH reactivity. They found out that the missing OH reactivity increased during the particle formation event. Correlations between measured and missing reactivity with the condensation sink confirmed that the missing reactivity could not be explained by OH loss on particles surface, but rather by OH oxidation with VOCs to form higher oxidized semivolatile compounds. Simultaneous measurements of gas phase chemical composition, particle phase chemical composition and OH reactivity would provide some hints to elucidate the process of particle formation. The Comparative Reactivity Method was more recently developed [START_REF] Sinha | The Comparative Reactivity Method -a new tool to measure total OH Reactivity in ambient air[END_REF] and then adopted by several research groups in the last decade [START_REF] Kim | Contributions of primary and secondary biogenic VOC tototal OH reactivity during the CABINEX (Community Atmosphere-Biosphere INteractions Experiments)-09 field campaign[END_REF][START_REF] Dolgorouky | Total OH reactivity measurements in Paris during the 2010 MEGAPOLI winter campaign[END_REF][START_REF] Michoud | Detailed characterizations of the new Mines Douai comparative reactivity method instrument via laboratory experiments and modeling[END_REF]. The popularity of this method comes from the use of analytical techniques such as gas chromatography and mass spectrometry, already in use by many research groups working in the field of the atmospheric sciences. Indeed, in CRM a small glass flow reactor is coupled to a detector such a Proton Transfer Reaction Mass Spectrometer (PTR-MS) or a Gas Chromatography Photo-Ionization Detector (GC-PID).

The chosen detector monitors the concentration of a reference molecule, whose reactivity with OH is well known, throughout different experimental stages. The reference molecule, so far always pyrrole, is first diluted in clean air, then reacts with OH radicals generated inside the reactor, then competes for the OH radicals when ambient air is sampled. The competition between pyrrole and reactants in ambient air for OH is acquired in real time, while data processing produces raw data of reactivity with a time resolution of about 10 minutes. Since the CRM is the technique adopted for my PhD project, an exhaustive description of the method can be found in the experimental chapter of this thesis. 1.6 illustrates the differences among the three methods. A comparison of the methods is also provided in Nölscher et al., (2012a). The methods operating with a FAGE have a lower limit of detection (LoD) and report generally a lower uncertainty than CRM, but need larger sampling flows to operate. The CRM has the great advantage of a much smaller sampling flow needed, which broadens its application also to small chambers and branch enclosures experiments. Besides, it is designed to operate on the field. Its size is smaller and more portable than the two other instruments. In addition, it does not operate with a laser and lenses/mirrors that require additional time to be adjusted before performing well. Hence, the CRM can operate easily in the laboratory as on the field. The main drawback of the method consists in the intensive data processing for correcting the raw data for the interferences of the method. It results therefore less elaborated to operate the method in those environments where some of these corrections can be avoided, i.e. in forests for instance, where NO x concentration is low. Furthermore, the CRM consists of a detector which is usually used to perform ambient measurements. An interesting approach is to use the same instrument to perform both ambient gas phase measurements and OH reactivity [START_REF] Kumar | VOC-OHM: A new technique for rapid measurements of ambient total OH reactivity and volatile organic compounds using a single proton transfer reaction mass spectrometer[END_REF]). Ground-based measures were conducted in different environments from different parts of the world. Fig. 1.7 illustrates the different sites in the world where the OH reactivity was measured. Green, gray and blue frames represent the type of environment where the measures were performed: i.e. forests, urban and coastal areas, respectively. Bold red font is used to highlight the sites where a maximum OH reactivity>50 s -1 was observed.

OH reactivity in the world

Finally the star indicates the measurements that were conducted with the Comparative Reactivity Method.

Different sites have been investigated so far: observations are reported for urban, forests, rural and remote environments. Forests of different climatic areas were analysed: boreal, temperate, mixed and tropical forests. Most of the measurements reported in literature were conducted, for logistical reasons, in northern hemisphere as can be seen in Fig. 1.7.

However, measurements at tropical sites in Suriname and Borneo are also reported in literature [START_REF] Sinha | The Comparative Reactivity Method -a new tool to measure total OH Reactivity in ambient air[END_REF][START_REF] Edwards | OH reactivity in a South East Asian tropical rainforest during the Oxidant and Particle Photochemical Processes (OP3) project[END_REF], respectively) and soon will be available the results of the first measures of OH reactivity in the pristine Amazonian rainforest.

Figure 1.7 permits to conclude:

• In only 15 years since the development of the first measurements of OH reactivity, a great effort for measuring this parameter and improving our understanding on atmospheric processes at different sides of the world has been made.

• Many interesting areas of the world are still unexplored: no measures of OH reactivity existed before my thesis project in the Mediterranean basin, no measures are reported in pristine areas of Asia and Africa, in the Siberian boreal forest, in densely populated urban areas as New Delhi, and in clean remote environments as the poles.

• The magnitude of OH reactivity does not depend on the method used to measure it. Highest values of OH reactivity were reported from measurements where the three existing methods were applied (it is the case for the studies conducted in Mexico city and Paris, using respectively the TOLRM and CRM methods).

• Urban and forest sites are the environments better characterized. However, there is more variability in type of emission in forests than in urban sites, which means that we could explore more and more forested areas and still miss much information. Besides, unknowns on oxidation processes exist at different levels, generating more and more complex systems, e.g. primary reactants emitted from different plant species, secondary species formed from the primary biogenic precursors, interaction between biogenic precursors and anthropogenic components for the ecosystem influenced by pollution. In tropical forests local drivers as higher ambient temperature and solar radiation trigger the emissions of BVOCs, resulting in a more intense photochemistry, therefore higher OH reactivity compared to temperate environment.

• The magnitude of OH reactivity depends mainly on the type of environment but also on the season of measurements. Observations conducted in forested sites report a clear seasonal dependence, with the OH reactivity being larger in during spring and summer. Observations conducted in urban sites, as Tokyo, during all seasons provide an example: wintertime maximum OH reactivity was slightly below 50 s -1 , while during the other seasons was between 80-100 s -1 . 

The missing OH reactivity

The missing OH reactivity is simply the fraction of reactivity which is not explained by the simultaneous measurements of concentration of gaseous atmospheric constituents. In other words, it corresponds to the unmeasured compounds in ambient air. These compounds can be unmeasured for three main reasons:

(i) they are not measured because of the lack of an appropriate technique for measuring them;

(ii) they are measured but their contribute to the OH reactivity is not known due to technical issues for identifying the species or to the not known kinetics of reaction;

(iii) they are not measured because they are not known to exist.

It is especially this last hypothesis that has contributed considerably to pose the interest on the OH reactivity parameter. It is this last hypothesis to make us confident that there are more species in air than those measured or estimated to be [START_REF] Goldstein | Known and Unexplored Organic Constituents in the Earth's Atmosphere[END_REF].

It is difficult to compare studies of OH reactivity using different methods, deployed by different operators while the suite of complementary measures available in the gas phase is different. Therefore comparisons among missing reactivity provided by different works have to be taken with caution. However, OH reactivity in forests have shown so far the largest gaps between OH reactivity measured and calculated. Those values are larger than in urban environments, for instance.

Di Carlo and coauthors (2004) were the first to show evidences for unknown reactive BVOCs in a temperate forest in Michigan. They showed that the missing reactivity in this forest had the same temperature dependency as terpenes and concluded that the unmeasured compounds were unknown terpene-like species. Ponderosa pine forest in central California. These compounds were present at levels previously unreported, but none of the measured biogenic precursors was able to explain their amount. They back-calculated the amount of emissions needed to have such oxidation products and concluded that it was 6-30 times larger than the amount of monoterpenes they measured. [START_REF] Jud | Plant surface reactions: an ozone defence mechanism impacting atmospheric chemistry, Atmos[END_REF] recently reported that diterpenoid semivolatile compounds can react on plant surface to produce volatile carbonyls which are released in the atmosphere, but also that these compounds are not easy to measure.

On the urban side, larger missing gaps were found in the sites influenced by air masses significantly processed [START_REF] Dolgorouky | Total OH reactivity measurements in Paris during the 2010 MEGAPOLI winter campaign[END_REF].

It looks like that the unknown species have therefore both primary and secondary origin. It seems that primary anthropogenic species are better characterized than primary biogenic species. At the same time it seems that the secondary products formed from reactions of anthropogenic and biogenic compounds are more difficult to measure: we miss the analytical means to measure them and we lack the theoretical knowledge of what is formed.

It is worth mentioning that a fraction of missing reactivity could be due also to the uncertainty associated to the rate constant of reactions between VOCs and OH. The atmospheric circulation over this region is also interesting. During summer, two semi-permanent weather systems located at each end of the Mediterranean dominate the whole basin: the Azores anticyclone (in the west) and a low pressure monsoon system which extends to the middle-east and southwestern Asia (in the east). Between the two weather systems the average air flow during summer is diverted from northern Europe and continental areas southwards towards northern Africa.

The climatic peculiarities make the Mediterranean region suitable for a wide range of vegetation types, and for this reason it has been ranked as the third richest hotspot in the world in terms of plants diversity. It is particularly known for the high level of endemism of the region: 52% of the 22500 plant species existing are found here and nowhere else in the world. There is a large variety of vegetation types including pine forests, mountain ranges up to 4,500 m high and floristic aromatic scrublands. Shrubs include olive trees, lavender, thyme, rosemary and many other aromatic plants. Forested areas include major vegetation types as oaks, conifers and deciduous forests, with about 290 tree species native to the Mediterranean basin, 201 of which are also endemic.

Natural and anthropogenic local emissions

The dense vegetation cover, rich biodiversity, high temperature and intense solar radiation make this area of the world a strong BVOCs emitter (Fig. 1.8 reports the estimated emissions of monoterpenes and isoprene in the Mediterranean and other European countries). Figure 1.9 illustrates a comparison among volume mixing ratios of three common BVOCs (methanol, isoprene, total monoterpenes) measured in different forests in the world. Although this comparison considers only a few studies reported in literature, it is interesting to notice that the levels of BVOCs observed in the Mediterranean are higher compared to those observed in a temperate forest in California, and higher than those reported in the Finnish boreal forest, but lower compared to the investigated tropical forested sites. Based on the mixing ratios reported in the top panel of fig. 1.9 a simple estimate of OH reactivity can be obtained, which is reported in the bottom panel of fig. 1.9. If we focus only on the measured reactive fraction of BVOCs, the difference among the Mediterranean, temperate forests and boreal forests is even larger. Indeed, the reactivity due to the biogenic fraction in forests of the Mediterranean basin is closer to the reactivity estimated in Amazonia.

Such similarity can be explained by the same levels of temperature and solar radiation registered in the two areas. Additionally, the presence of plants whose emission of isoprene is larger than the one of the more stable methanol for instance, seems to provide and added link.

As mentioned, BVOCs mixing ratios and reactivity can largely vary between seasons. 

A hotspot for climate change

The Mediterranean represents therefore a crossroads of pollution: long-range transport from industrialized areas of northern Europe, pollution events from Asia, dust events from Africa; they all contribute in releasing high levels of contaminants over the basin [START_REF] Lelieveld | Global Air Pollution Crossroads over the Mediterranean[END_REF]. Imported loadings mix with the local pollution providing a blend of emissions which is further oxidized initiating a complex chemistry. During the same study, the observations on aerosols showed that the fine mode is mostly composed by sulfates, organics, ammonium and black carbon, mostly from fossil fuel and biomass burning. Sulfates loadings were attributed to long range transport of pollutants over the area. Overall, it was found that about 80-90% of the fine aerosol fraction origi-nates from anthropogenic activities. Aerosol radiative forcing is considered to be among the highest in the world during summertime in the Mediterranean. Atmospheric particles affect human health, visibility and furthermore influence the Mediterranean atmospheric energy budget by scattering and absorbing solar radiation. One consequence of the aerosol surface cooling is the reduction of evaporation and precipitation, resulting in strong perturbation to the hydrological cycle.

Experiencing such high levels of pollution, the Mediterranean is considered one of the world's major hotspots for climate change. Expected higher temperature levels and reduced precipitation will decrease the quality of air directly impacting the health of the inhabitants and the ecosystem. Among the global emissions (see Fig. 1.10 bottom panel), the largest impact is observed for global anthropogenic NO x (2.49 ppbv of reduction of ozone), global biogenic VOCs (1.66 ppbv), all north American anthropogenic and biogenic emissions (0.94 ppbv), all Asian anthropogenic and natural emissions (0.46 ppbv).

It is recognized that few observations have been carried out in the Mediterranean until now, which adds further unknowns on the present and future state of this area [START_REF] Mellouki | Regional Climate Variability and its Impacts in the Mediterranean Area[END_REF]. Given the important role that reactive gases play in atmospheric processes, it is essential to conduct more efforts in providing observations of their loading in this region of the world.

Thesis objectives

In the previous sections I introduced which are the atmospheric reactive gases and the main processes they undergo. I underlined the atmospheric relevance of VOCs oxidation reactions and presented the utility of the OH reactivity parameter to better understand VOCs processes such as their emission and oxidation. Finally, the Mediterranean basin is presented as a reservoir of chemical pollutants where photochemistry is enhanced due to the particular solar conditions and higher temperature, resulting in this way as one of the major hotspots in the world for climate change.

In this context, the goal of this PhD work is to:

• Optimise the existing Comparative Reactivity Method (CRM) in order to conduct accurate measurements of OH reactivity

• Measure the OH reactivity at selected spots in the Mediterranean region exposed to different air masses regimes More specifically, the scientific questions that this thesis work addresses are:

1. Use of the Comparative Reactivity Method for measuring the OH reactivity on the field. The CRM is only recently developed and the few existing publications available in literature show the promising results of applying this methodology on the field. However, they also highlight that the method has several interferences and that an intensive data processing is needed in order to obtain correct data of OH reactivity. The data processing includes corrections that account for the interferences of the method. Nevertheless, nobody reported so far how to assess these corrections and how to process the data in detail. Consequently, it is not available either a standard protocol to process the data for comparing the results of reactivity acquired with different CRMs. Besides, no intercomparison exercises that compare the performances of different CRMs or between the CRM and other methods were reported in literature before this thesis project started (now it is possible to refer to Hansen el al. (2015) for a comparison between a CRM and pump and probe instruments). Building a CRM instrument and characterizing it in the laboratory and on the field allow to: (i) understand the limitations of the instrument and conduct targeted technical improvements on it; (ii) prepare an instrument whose output is unambiguous. The comparison of the performance of the CRM with another instrument through several tests and ambient measurements permits to assess a common correct procedure to analyse the results and further characterize the instrumental and methodology advantages and limitations.

2. Understanding of the intra-canopy oxidation processes in a forest in the Mediterranean region influenced by isoprene emissions by using the OH reactivity tool. Forests emit large quantities of organic volatiles whose composition, amount, and atmospheric effects are not well understood. During summertime the Mediterranean region experiences hot temperature and an intense solar radiation, which drives forests to release larger amounts of organic volatiles. However, it is not clear what is the fate of these species: whether they are removed or transformed by oxidation processes within the canopies, or they reach the atmosphere affecting its composition above forested areas. Measurements of OH reactivity and BVOCs concentrations inside and above a Mediterranean forest of oaks help assessing: (i) the loading of reactive compounds inside and above the forest; (ii) whether the composition inside and above the forest is completely determined; (iii) better constrain atmospheric processes within a forest by using both the OH reactivity and missing reactivity.

3. Determination, with the OH reactivity, of the loadings of reactive compounds at a coastal receptor site in the western Mediterranean basin exposed to different air masses regimes. The Mediterranean basin during summertime is exposed to high loadings of pollutants due to local anthropogenic and biogenic activities, intense atmospheric circulation and strong photochemistry. Only a few measurements have been conducted so far over the basin, and mainly focused on the eastern side. Such measurements highlighted the high levels of pollutants and stressed the need to conduct more intensive measurement campaigns over the area. In particular, it is hard to constrain precisely the total amount of reactive species due to the mix of primary reactants and imported processed reactive com-pounds. Measuring the total OH reactivity and gaseous constituents at a receptor site located in the western basin permits to determine the total loading of reactants and our level of understanding of the composition of the air masses imported from different sectors. 2. To measure fluxes of VOCs. Since the atmospheric concentration of a reactive compound relies on too many degrees of freedom as emission, deposition, transport and chemistry, measuring the concentration of a species alone makes it hard to diagnose uncertainties in models [START_REF] Karl | Emissions of volatile organic compounds inferred from airborne flux measurements over a megacity[END_REF]. The direct measure of the flux of a reactive species helps to disentangle surface exchange from other processes affecting the chemical's atmospheric distribution. Eddy covariance is the most direct method to measure surface fluxes and relies on atmospheric turbulence measures, 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. 

Instrumental operation

The PTR-MS is composed of three main parts: (i) the ion source, (ii) the drift tube, (iii) the ion detection system (Fig. (ii) The drift tube consists of a number of stainless steel rings, separated by Teflon rings which seal the vacuum and isolate the drift rings electrically. Precursor ions are extracted from the ion source to the drift tube, while the sampling gas flows into the tube through a separate inlet. In the drift tube, the reagent ions undergo many collisions with the molecules of the sample, but only a small number of collisions lead to proton transfer reactions (in the case of H 3 O + in the order of one percent), in the following way:

H + (g) + R (g) -→ RH + (g) + X (g) (R 9)
Proton affinities are commonly used to assess whether or not a proton transfer reaction is likely to be spontaneous. Molecules with a proton affinity larger than water (691±3 kJ/mol), whereas this is used as reagent molecule, undergo exothermic hence spontaneous reactions. Most of volatile organic compounds have proton affinities slightly larger than water, while inorganic molecules (i.e. O 2 , N 2 , CO 2 , O 3 , H 2 O) and methane, which make up the largest fraction of ambient air, possess smaller affinities hence they act as buffer thermalizing agents in the drift tube. Important consequences are: use of a short drift tube and no need to dilute the sample, hence shorter reaction time; ability in measuring only trace molecules; small enough excess energy released from transfer reactions to avoid extensive fragmentation of ions which makes proton transfer been regarded as a soft ionization method. In addition, a homogeneously increased voltage is applied to the rings of the drift tube, which generates a homogeneous electric field. The electric field is mostly responsible for the transport of ions along the tube, eliminating the need of a large pump. All these characteristics make PTR-MS a unique instrument with a high detection sensitivity (10 pptV) in a relatively compact size. Standard electric field applied, expressed as E/N are 120-140 Td (1 Td=10-17 V cm 2 ). 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).

(iii) 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. A mass resolving power of about 5000 could be achieved, enough to separate most atmospheric relevant protonated VOCs and to identify the corresponding empirical ionic formulas. A full spectrum can be measured at once, every 0.1 s, corresponding to 400 mass peaks and 400 empirical formulas. The advantage of using a TOF-MS instead of a QMS is the higher resolution, compounds are separated according to their exact mass in the former, while compounds are separated according to their nominal mass in the latter. An unambiguous identification of the compounds is then possible with a TOF-MS.

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. It is usually performed at different steps with variable concentration (typical range for calibrations is 0-20 ppbv) and repeated for different relative humidity values. 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. Normalised sensitivities (Snorm) and count rates (I(RH + i )) are expressed as follows:

S norm = I(RH + i ) norm V M R standar (2.1)
I(RH + i ) norm = 10 6 × I(RH + i ) m/z21 × 500 + m/z37 - I(RH + i ) zero m/z21 zero × 500 + m/z37 zero (2.2)
Volume mixing ratios can be alternatively calculated through the transmission coefficients approach, in particular whereas a calibration for a specific molecule is not achievable:

V M R = I(RH + i ) norm S norm
(2.3)

I(RH + i ) norm = 10 6 × I(RH + i ) m/z21 × 500 + m/z37 - I(RH + i ) zero m/z21 zero × 500 + m/z37 zero (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 and [START_REF] De Gouw | Measurements of volatile organic compounds in the earth's atmosphere using proton-transfer-reaction mass spectrometry[END_REF]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. 

Comparative Reactivity

Derivation of the basic equation for CRM

The expression to determine the OH reactivity of the analysed sample is derived in terms of C1 (initial concentration of pyrrole), C2 (background concentration of pyrrole) and C3 (concentration of pyrrole after competition for air reactants), see Fig. 

R pyrrole = k pyrrole+OH [pyrrole] (2.6) R air = k air+OH [air], (2.7) 
with R pyrrole +R air being the total loss rate of OH.

Considered that all OH is lost due to reactions with pyrrole and air, the change in pyrrole concentration (C1-C3) is calculated by eq. (2.8)

(C1 -C3) = R pyrrole R pyrrole + R air [OH] (2.8) 
Being [OH]= (C1-C2) and [pyrrole]=C1, eq. (2.8) is rearranged to get:

k OH = C3 -C2 C1 -C3 k pyrrole+OH C1 (2.9)
With k OH being the reactivity in ambient air (R air ), C1, C2, C3 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 cm 3 molecule -1 s -1 [START_REF] Atkinson | Rate constants for the gas phase reactions of OH radicals and O3 with pyrrole at 295 ± 1 K and atmospheric pressure[END_REF][START_REF] Dillon | Reaction of Hydroxyl Radicals with C4H5N (Pyrrole): Temperature and Pressure Dependent Rate Coefficients[END_REF]. Since concentrations have unit of molecules cm -3 and the rate constant of reaction of cm 3 molecules -1 s -1 , k OH has the unit s -1 , corresponding to the inverse of the lifetime of the OH radicals. The typical flow rate achieved inside the reactor ranges from 250 sccm to 350 sccm. Pyrrole gets mixed with zero/ambient air just before entering one arm of the reactor, while dry or humidified N 2 enters from a second arm, leaving the other three arms to the UV lamp, an exhaust and the detecting module (Fig. 2.3). Nitrogen is dry at the first stages of the experiment (C0 and C1), when dry conditions are required to avoid OH radicals been formed 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 vapour lamp (LOT Oriel, France) which emits at 184.9 nm, 253.6 nm, 312.5 nm, 365 nm and 435.8 nm; water vapour absorbs at 184.9 nm and dissociates to form OH radicals. The "wood's horn" shape opposite to the arm where the lamp is placed was designed in order 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. Flows are adjusted in a way that the total flow entering the reactor (pyrrole+ air+ N 2 ) is slightly higher (≈10-20 sccm) than the total flow exiting the reactor (exhaust+ detector). This is achieved by using a mass flow controller for each component, except for the flow entering the detector, which is regulated through an inlet valve. The overflow (≈10-20 sccm) is monitored through a Tee-piece 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. 

The reactor

The detector

The detector is most of the cases a Proton Transfer Reaction-Mass Spectrometer (PTR-MS). This instrument has been extensively used to monitor volatiles concentration and is already described in Sect. The use of the same instrument for the two measures alternately permits to get crucial insights into the missing reactivity: it can measure the amount of a molecule in ambient air, and its amount after reaction with OH inside the reactor, which can be used to determine the rate coefficient of an "unknown" molecule with OH. Such application is still under study and looks promising for those groups whose PTR-MS has a high sensitivity also for larger masses. Alternatively, the CRM can also operate with a Gas Chromatography Photo Ionization Detector (GC-PID, Noelscher et al., 2012a). Such system is smaller (260x 160x 400 mm and 650x 1660x 550 mm), more portable (8 kg and 150 kg), less power consuming (50 W and 1500 W) and less expensive (18.000 euros and 180.000 euros) compared to the PTR-MS. In a GC-PID the air is drawn through a particle filter into the system. A short capillary column is used to separate the various VOCs and water from the sample matrix. The separated molecules are then selectively ionized by UV light in the detection cell. The formed ions are accelerated by an electric field to a collector module which gives a chromatogram whose peak area is off-line analysed to determine the mixing ratio of pyrrole. The disadvantages of this system are: possible interference of toluene, since its retention time overlaps with pyrrole (35-55 s); decrease in sensitivity over long operational time (less than 10% deviation in sensitivity over 5 days, 35% of deviation after 10 days); time resolution between 5-20 minutes. Pyrrole is calibrated for both detectors at dry and wet conditions. In both cases a good linearity is found and wet pyrrole usually shows a higher sensitivity compared to dry pyrrole (about 10% different for PTR-MS).

Method calibration

The CRM is calibrated using different reactive gas standards, whose concentration is known and their rate coefficient with OH well established. The measured reactivity calculated from eq. (2.9) is then compared to the injected, or theoretical reactivity, which is the one expected from the test gas used for calibrating the instrument. The injected reactivity is calculated according to eq. (2.10):

R = k testgas+OH X testgas , (2.10) 
with k testgas+OH being the rate coefficient of the reaction between the test gas and OH, and X the concentration of the test gas inside the reactor. Common test gases used to perform this test are propane (1.1 10 -12 cm 3 molecules -1 s -1 ), ethane (2.4 10-13 cm 3 molecules -1 s -1 ), isoprene (1 10 -10 cm 3 molecules -1 s -1 ) and mixtures of hydrocarbons (see for instance [START_REF] Kim | Contributions of primary and secondary biogenic VOC tototal OH reactivity during the CABINEX (Community Atmosphere-Biosphere INteractions Experiments)-09 field campaign[END_REF]). Such molecules are chosen as proxies for atmospheric reactive gases. 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. Mixing can be achieved by using a simple tee-piece, or a mixing vessel where a higher surface/volume ratio is achieved. 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 can be investigated. So far, an excellent linearity for the method has been reported until 1200 s -1 (Kim et al., 2011).

Interferences

The following possible interferences have been found for the Comparative Reactivity Method:

-Photolysis of pyrrole Photolysis of water vapor by the UV Hg lamp is needed to produce OH radicals, but it also constitutes an instrumental interference for this technique. The pen ray Hg lamp (LOT Oriel, France) emits at 184.9 nm, 253.6 nm, 312.5 nm, 365 nm and 435.8 nm; pyrrole can absorb at the lamp emission lines therefore its initial concentration can be affected during an experiment. As already discussed in this chapter, pyrrole concentration is measured before (C0) and after photolysis (C1), with the latter being the one considered for calculations. Therefore, the experimental stage of C1 permits to exclude any photolysis interference for pyrrole.

-Differences in humidity among C2 and C3

One of the principal interferences identified for this method is the different humidity in the reactor when sampling ambient air [START_REF] Sinha | The Comparative Reactivity Method -a new tool to measure total OH Reactivity in ambient air[END_REF]. Such differences are observed between the level C2 (background level of pyrrole when OH is produced in the reactor) and C3 (concentration of pyrrole after injection of ambient air inside the system) and often lead to an under or over estimation of the value of reactivity in ambient air. To track such changes we look at the m/z 68 (pyrrole) and m/z 37/m/z 19 ratio (first water cluster -OH recycling due to NO When the UV lamp is switched on, photolysis of water vapor occurs according to the reaction R 12:

H 2 O 184.9nm ----→ OH + H (R 12)
Leading to

H + O 2 -→ HO 2 + M (R 13 
)
When NO is present in ambient air it can react with HO 2 ecycling OH radicals inside the reactor:

NO + HO 2 -→ OH + NO 2 (R 14)
To determine the interference that NO has on the instrument, experiments with a standard gas of NO, and standards of reactive test gases (e.g. propane, ethane, isoprene) are performed and a correction for the data is obtained.

Data processing

Values of OH reactivity determined with eq. (2.9) are corrected for the interferences encountered in the set-up of the CRM and discussed in section 2.2.6. Corrections are performed at different steps and factors determined from empirical or theoretical tests conducted on the system over time are applied.

-Humidity differences between C2 and C3 correction:

The interference is monitored through m/z 68 and m/z 37/m/z 19 [START_REF] Michoud | Detailed characterizations of the new Mines Douai comparative reactivity method instrument via laboratory experiments and modeling[END_REF]Zannoni et al., 2015). The ratio m/z 37/m/z 19 is a measure of water content inside the PTR-MS, see also [START_REF] Ammann | Technical note: Water vapour concentration and flux measurements with PTR-MS[END_REF]. When the ratio m/z 37/m/z 19 is smaller during the measure of C2 compared to the one during C3 (for instance when using synthetic dry clean air for C2), it will result in a smaller difference between C2 and C3 hence an underestimation of ambient OH reactivity. On the other hand, if the m/z 37/m/z 19 ratio is larger during C3 compared to the one during C2, then the ambient OH reactivity will be overestimated. Experiments are 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/m/z 19 is investigated and used to correct the ambient C2 value.

A linear least squares fit describes the dependency of C2 on m/z 37/m/z 19. 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:

C2 corrected = C2 + p[(m/z37/m/z19) duringC3 -(m/z37/m/z19) duringC2 ] (2.11)
-NO interference correction:

The change in measured reactivity is determined from experiments conducted at different reactivity values under incremental additions of a NO gas standard into the system (Fig. 2.5). Additions of NO are performed by diluting NO first with air, then with a test gas (for reactivity¿ 0 s -1 ), then with pyrrole, before entering the reactor. When NO is added into the system, reactions R2, R3 and R4 occur, and OH recycling is evident by the decrease of pyrrole concentration measured by the detector (Fig. 2.5). NO is first added when the system is measuring C2, which corresponds to examine the effect of NO on 0 s -1 OH reactivity. Thereafter, the same incremental additions of NO are conducted while the system is measuring C3. For this purpose, a test gas standard can be used to reach higher values of reactivity and differences among the C2 level observed at 0 s -1 (Fig. Michoud and coauthors (2015) have reported a quadratic linear dependency of NO on different values of reactivity, which also depends on different kinetics regimes, i.e. pyrrole/OH ratio, in the system (Fig. 2.6). The difference between C3 measured and expected (decrease in reactivity) is higher for higher concentrations of NO introduced into the system and higher for higher pyrrole/OH. 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. showing the NO interference on the reactivity and its dependency on the kinetics regime adopted inside the system. In the window of [pyrrole]/[OH] usually adopted for ambient measures of OH reactivity with the CRM it is reported a factor of 2 difference in the absolute change of reactivity for 100 ppbv of NO.

Therefore they derived the following expressions to correct for NO interferences:

C3 corrected = C3 measured + ∆C3 (2.12) ∆C3 = a 1 [pyrrole] [OH] + a 2 [NO] 2 + b 1 [pyrrole] [OH] + b 2 [NO] (2.13)
NO 2 has a similar effect as NO, since it can be converted into NO which can lead again to OH recycling and interfere in the measures of OH reactivity. Although it would be easier thinking that NO is generated from the photolysis of NO 2 , Michoud et al., (2015) speculated that heterogeneous chemical processes on stainless steel pieces of the system might be the real cause of such conversion. The experimental tests conducted by [START_REF] Michoud | Detailed characterizations of the new Mines Douai comparative reactivity method instrument via laboratory experiments and modeling[END_REF] suggest an average conversion of NO 2 into NO of 24% (±9%, 1σ). Using a similar approach as the one reported for NO, the correction for NO 2 interference is conducted on the level C3, using a quadratic regression from experimental calibrations with incremental additions of NO 2 into the reactor. It was found that the correction is independent on the [pyrrole]/[OH] and the magnitude for NO 2 correction is lower than the one for NO.

-pseudo-first-order kinetics assumption Equation (2.5) is derived from the assumption that pyrrole reacts with OH according to the pseudo first order kinetics ([pyrrole]¿[OH]). However, the CRM is often operated in the [pyrrole]/[OH] regime between 1.2-3. Therefore, data of reactivity acquired at lower pyrrole/OH are corrected to be in the pseudo first order kinetics regime. Two approaches have been developed so far to correct the data: a theoretical approach, as reported by [START_REF] Sinha | The Comparative Reactivity Method -a new tool to measure total OH Reactivity in ambient air[END_REF] and Noelscher et al., (2012), and an experimental approach, as reported by [START_REF] Michoud | Detailed characterizations of the new Mines Douai comparative reactivity method instrument via laboratory experiments and modeling[END_REF] and Zannoni et al., (2015). The theoretical correction is based on the FACSIMILE model which is 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 10 -13 ) at different concentrations, for an OH reactivity in ambient air between 8 and 300 -1 . However, the theoretical 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 is based on the calibrations conducted on the CRM with different test gases. A known amount of an external gas standard whose reaction rate with OH is well established is mixed in line with zero air and is injected inside the reactor. The concentration of such gas in the reactor and its rate coefficient with OH permits to determine the injected OH reactivity with eq. . The empirical determination of the correction to apply for the kinetics regime strictly depends on the reactor itself and operational settings deployed during the experiments. However, similar trends are always observed: the correction factor decreases for higher [pyrrole]/[OH], when the regime is closer to pseudofirst-order conditions; larger differences among tests are usually seen for lower correction factor, when the regime is further 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 is 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:

R corrected = R measured × F, (2.14) 
With F being the correction factor determined as the slope (or a mean value) from the experimental calibrations.

-dilution inside the flow reactor

The dilution factor is given by 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). This value is multiplied for the corrected OH reactivity to obtain the reactivity in ambient air.

Figure 2.7 provides an example of the different impacts of the above described corrections on the raw data of reactivity for ambient data collected during a field experiment. Corrections are cumulative and applied on the raw values of reactivity in the following order: (i) correction for humidity differences, (ii) correction for pseudo-first-order conditions and (iii) dilution (NO correction has not been considered for this specific case due to the low NO concentration observed in ambient air). 

Limit of detection and measurement uncertainties

The limit of detection (LOD) for CRM measures corresponds to the least detectable difference between the two levels C2 and C3. It is calculated from a measure of C2 (longer than the usual 5 minutes C2), whose variability is considered as 1 standard deviation. Three times the standard deviation is then considered as C3 and the reactivity from eq. (2.5) is calculated for the given experimental C1, C2, and 3σ the standard deviation of C2 as C3.

A LOD around 3 s-1 is usually found for most CRM systems. The measurement uncertainty is calculated from the theory of the propagation of the errors and was found to be ≈20% by [START_REF] Sinha | The Comparative Reactivity Method -a new tool to measure total OH Reactivity in ambient air[END_REF]. Such uncertainty includes uncertainty in the pyrrole+OH rate coefficient of reaction (1.20±0.16) × 10 -10 cm 3 molecules -1 s -1 , flow fluctuations (10%), uncertainty on the pyrrole standard (5%) and instrumental precision (6%). A detailed description of the calculations for the overall instrumental uncertainty (systematic+ precision+ corrections of the data processing) is provided by [START_REF] Michoud | Detailed characterizations of the new Mines Douai comparative reactivity method instrument via laboratory experiments and modeling[END_REF]. The largest source of uncertainty in such calculations is given by NO. For OH reactivity above 15 s -1 and NO below 30 ppbv the total uncertainty ranges between 17-25%, it increases up to 70% for NO below 80 ppbv and reaches 200% for NO larger than 80 ppbv. The instrumental precision depends on the OH reactivity value and ranges from 50% at low reactivity (around the LOD) to less than 4% for OH reactivity higher than 50 s -1 . When systematic errors are included the total uncertainty reaches about 20% for OH reactivity higher than 15 s -1 .

CRM-LSCE 2.3.1 Optimization of the Comparative Reactivity Method at LSCE

A Comparative Reactivity Method instrument was already existing in our laboratory and successfully deployed during the field work MEGAPOLI for measuring ambient OH reactivity in Paris [START_REF] Dolgorouky | Total OH reactivity measurements in Paris during the 2010 MEGAPOLI winter campaign[END_REF]. However, some improvements of the instrument were needed at that stage. Therefore, I built and qualified a new CRM at our institute during my PhD project. Since I was involved into two field works to deploy our CRM, I improved our instrument according to the field works constraints.

Below are summarized the main points that were achieved throughout these years, some of these points will be explained in more detail in chapter 3:

(1) To improve the performance of the CRM:

-increase of the signal sensitivity

In order to conduct reactivity measurements at remote sites, where ambient OH reactivity can be close to the LoD of the instrument (3 s -1 , 3σ) such as the experience of the field campaign "ChArMEx", we carried out several tests on the instrument flows regime.

Choosing the best "flows regime" is a matter of compromise to have a good sensitivity and reduced interferences. As a matter of fact, the lower is the signal of pyrrole the lower is its noise. Hence we considerably reduced the flow of pyrrole used in the previous set-up (to 2 sccm from 5 sccm for the same dilution). In addition we changed the proportions between the other flows entering the instrument and increased the final dilution of pyrrole. We also increased the dwell time of acquisition of pyrrole in the PTR-MS to 20 s. We obtained a very clean signal of pyrrole (1σ SD on C2 ∼0.3 ppbv) which permitted to distinguish an OH reactivity down to 3 s -1 . It is important to notice that for very low levels of reactivity valves and pressure effects in the reactor when changing from C2 to C3 have greater effects resulting in higher difficulty in the data evaluation for data collected at remote sites. A further improvement would be to change the sampling time depending on the field sites.

-reduction of the temperature dependency

When the instrument was deployed on our first field work, probably due to the high ambient temperature reached during those days, we discovered that our system was very sensitive to temperature changes. Therefore, we equipped our system with a temperature regulated box set at 25±2 o C.

-flows fluctuations and monitoring An opening for continuous flows check was realized in line with the zero air gas line to control any flow fluctuation or change in the system. Indeed at the opening we should always measure a flow corresponding to the difference between the total flow set to enter the reactor and the total flow set to exit the reactor. For extensive periods of operation of the instrument we observed some flow fluctuations. The reason for that was due to the use of pyrrole in the method, which can polymerize in the lines and clog at the PTR-MS first tee when the inlet line gets restricted to the capillary line. We did not solve this issue, unless doing a fast cleaning of the PTR-MS tee and capillary line as soon as we observed any change at the overflow rate. However, regulating the temperature of the instrument and insulating all lines of pyrrole seemed to reduce the effects of polymerization.

-automatic ambient measurements

The addition of a 4-ways automatic valve to the set-up permitted to conduct automatic ambient reactivity measurements. The valve operates in a way that the system is sampling either zero air (C2) while the sampling line is flushed by a second pump, either ambient air (C3) while the pump flushes the line for zero air. The valve automation is programmed through the PTR-MS control software and the switching time between the two positions is usually conducted every five minutes (Fig. Before introducing a valve for automated measures, OH reactivity at LSCE was determined by interpolating over C2 background levels acquired 2-3 times per day, which brought an additional uncertainty of 15% on the final results of OH reactivity [START_REF] Dolgorouky | Total OH reactivity measurements in Paris during the 2010 MEGAPOLI winter campaign[END_REF].

-reduction of the time constraints for measuring C1

During an intercomparison exercise carried out in summer 2013 at the field site of Ersa in Corsica, France with the help of Sebastien Dusanter from Mines Douai, we developed a way to conduct faster measures of C1 with the CRM. The time needed to acquire C1 (i.e. initial concentration of pyrrole after photolysis) is often challenged by the lamp warming up times and reactor dryness. Especially when checks are done after ambient observations, where the system has run for several days under very humid conditions, acquisition times for C1 can be extremely long (up to a day for the reactor of Mines Douai for instance).

Basically, if the reactor has still some water vapor content and the lamp is on, even if the greater production of OH radicals is reduced, the acquisition of C1 will be still affected by the presence of OH radicals. With the scavenger method (on the field realized with methane (Zannoni et al., 2015), in the laboratory realized with propane as well [START_REF] Michoud | Detailed characterizations of the new Mines Douai comparative reactivity method instrument via laboratory experiments and modeling[END_REF]) a known amount of highly concentrated gas which cannot be measured by the PTR-MS (i.e. having a proton affinity smaller than water, see section 2.1.2) is introduced in the system while measuring C2. Methane will scavenge all the OH radicals present in the system, while this has not to be dried and pyrrole signal quickly reaches the C1 level.

-detailed protocol for deriving the corrections for the instrumental interferences

The intercomparison with the CRM constructed at Mines Douai was of great help to elucidate a common procedure to evaluate ambient reactivity data. As described in section 2.2.6 the data evaluation is a long process for the CRM technique. Qualifying the instrument and asses an experimental way to correct the data is almost half of the work to obtain results of OH reactivity. The qualification section (2.2.5) and data processing section (2.2.7) report extensively a procedure we adopted that was partly discussed during the intercomparison exercise (especially for what concerns the humidity changes and kinetics regime correction). More information about the intercomparison exercise, tests and ambient measurements can be found in Zannoni et al., (2015).

(2) To reduce the possible interferences found for CRM:

-reduced photolysis rate Photolysis of water vapor by the UV Hg lamp is needed to produce OH radicals, but it also constitutes an instrumental artifact for this technique.

Pyrrole can absorb at the lamp emission lines therefore its initial concentration can be affected during an experiment. As already discussed in this chapter, pyrrole concentration is measured before (C0) and after photolysis (C1), with the latter being the one considered for calculations. The experimental stage of C1 permits to exclude any photolysis interference from the method. However, some ambient species may also absorb at the lamp emission lines, generating other species which can further react with OH. It is important therefore to keep the photolysis rate in the instrument low. From laboratory experiments we observed that to minimize photolysis we can play on some parameters, such as: (i) pyrrole concentration, the lower the concentration the lower its photolysis, (ii) lamp intensity, the lamp power supply permits to change between two different intensities (10 mA, 18 mA), (iii) the lamp position: the deeper it is placed into the reactor the higher is the photolysis. By working on these parameters we reduced the photolysis to 5% for some experiments, below 10% for all of them, from ∼18-20% in the previous set-up.

-minimized changes in humidity differences between C2 and C3

To reduce changes between C2 and C3 we decided to use a catalytic converter to produce zero air. In such fashion, ambient air is scrubbed resulting in clean air (C2) with the same humidity of the sampled ambient air (C3). However, we still observe small changes in the humidity among C2 and C3, which explains why we are still correcting our data for such changes. The best optimization would be therefore to humidify zero air to the exact value of humidity monitored in the sampled ambient air.

CRM-LSCE performance

Figure 2.9 shows the CRM built at LSCE during my PhD project. The instrument has been extensively qualified after its construction in the laboratory and on the field during the field works conducted in these three years. A full instrument qualification includes:

-calibration of pyrrole inside the CRM for dry and wet conditions.

A sensitivity around 10 ncps ppbv-1 is found with the system being more sensitive for wet pyrrole than for dry pyrrole (in agreement with the trend reported by Sinha et al.,

-photolysis rate and [OH].

The photolysis rate is determined from the difference between the levels C0 and C1, while [OH] inside the reactor is given by the difference between C1 and C2. As already mentioned in this chapter, lamp intensity and position, dilution of pyrrole and nitrogen flow rate need to be adjusted to have a low enough photolysis rate and high enough [OH]. A compromise among these parameters is needed in order to reduce secondary photochemistry effects and measuring OH reactivity in environments with high loadings of reactive compounds.

In CRM-LSCE photolysis of pyrrole is below 10% and [OH] between 40-50 ppbv.

-Calibration of the CRM with test gases.

Figure 2.9 shows the calibration conducted with propane and isoprene as test gases for a large pyrrole/OH range, varying between 2 and 9. A linear dependency between the measured and injected reactivity is obtained for a range of reactivity between the LOD of our CRM (3 s -1 ) and 500 s -1 . A good agreement (slope of 1.01) and good correlation (R2=0.96) is also obtained.

-Assess of the corrections for humidity and NO interferences, and pseudo first order kinetics deviation: The correction factor for deviation from pseudo first order kinetics is obtained experimentally as described in section 2.2.7. Figure 2.12 shows that the correction factor linearly decreases for higher pyrrole/OH, towards the pseudo-first order kinetics conditions. A cor- rection factor of 1 is reported for CRM-LSCE in the pyrrole/OH window of 3-4.5. Results in Fig. 2.9 were obtained with calibrations of CRM-LSCE with propane and isoprene. -LOD and uncertainty CRM-LSCE has an LOD of 3 s -1 (3σ). The total systematic uncertainty is 35%. It includes: uncertainty on the rate constant of reaction between pyrrole and OH, uncertainty associated to the concentration of the pyrrole standard, stability of the PTR-MS sensitivity over time, humidity, pseudo first order kinetics and dilution corrections. For our system the largest sources of uncertainty are the stated concentration of the pyrrole standard from the producers (20%) and the correction for pseudo first order kinetics deviation (26%).

The measures precision depends on the concentrations C1, C2, C3. Instrumental precision dominates in the low range of OH reactivity (below 15 s-1) while systematic errors are more influent for higher OH reactivity values. The overall uncertainty (systematic+ precision) is below 35% for OH reactivity higher than 8 s -1 , increases up to 50% for OH reactivity close to the instrumental LOD. 

CRM-LSCE: field deployment

We deployed our Comparative Reactivity Method instrument in the Mediterranean during one intercomparison exercise (Zannoni et al., 2015, see chapter 3) and two field campaigns (chapters 4 and 5) within the international projects ChArMEx (Chemistry-Aerosols in a Mediterranean Experiment) and Canopee (Biosphere-Atmosphere exchange of organic compounds: impact of intra-canopy processes). We investigated two field sites, both located in the western Mediterranean basin, with different peculiarities and constraints.

The site chosen for the field work ChArMEx is located at Ersa, in the northern cape of Corsica. It is a receptor coastal site influenced by air masses coming from continental areas mainly enriched of anthropogenic pollutants and their oxidation products. It is also influenced by the dense Mediterranean maquis that surrounds the site, mainly composed by lower shrubs strong terpenes emitters. In this site I deployed our instrument during summer 2013, conducting both the intercomparison exercise with the instrument constructed at Mines Douai (CRM-MD) and the field campaign to elucidate the reactivity of the transported air masses. The main constraints of this site were: (i) the expected low OH reactivity since not close to a source of emissions; (ii) the large variability in humidity for being close to the sea; (iii) the elevated temperature for being in the Mediterranean during summertime; (iv) site logistics and power failures. Furthermore, our instrument was never tested before together with another instrument operating under the same conditions. Indeed my work during the first year mainly focused on the construction of a system able in detecting small differences between C2 and C3, i.e. with a signal of pyrrole affected by low noise, and with reduced humidity differences. I qualified the instrument for different flows regimes and chose the best compromise to have a low concentration of pyrrole and high enough production of OH. I equipped the instrument with a catalytic converter to reduce humidity differences between background pyrrole level and pyrrole diluted in ambient air. However, the main issues of our instrument were the extreme dependence to temperature of pyrrole and its enhanced polymerization in the PTR-MS lines. For these reasons the CRM was equipped with a temperature insulated box, and the pyrrole sensitivity to temperature immediately decreased. Main data gaps among our results were due to instrumental maintenance, controls, and power failures.

The site chosen for the field campaign Canopee is located at the Oak Observatory within the Observatoire de Haute Provence, in the south of France. It is a forested site influenced by biogenic VOCs directly emitted by trees and their higher generation oxidation products, with poor anthropogenic influence. It is dominated at 75% by the downy oak tree species. Downy oaks emit isoprene at 99%; being isoprene the largest emitted VOC globally, the Oak Observatory results in a quasi-homogeneous natural laboratory for focused studies on isoprene: from its emission, to its transformation and impact. In this site we deployed our CRM during spring 2014. The main constraints of this site were: (i) the high level of OH reactivity, since isoprene is one of the most reactive compounds towards OH and our measures were scaling from ambient to branch enclosure environments; (ii) instrumental accuracy for an environment dominated by isoprene; (iii) larger signal variability due to plants fast isoprene release and source proximity; (iv) elevated ambient temperature as for the field work in Corsica. My main work during the second year of PhD focused indeed in accurately qualifying our CRM for a broader range of OH reactivity. The instrument was qualified to respond linearly over a range from the LOD to 500 s -1 . I tested it in the laboratory with several atmospheric gas proxies (propane, ethane, isoprene) and frequently repeated these tests on the field with isoprene and propane. We developed a sampling strategy to carry out simultaneous measures of trace gases and OH reactivity at two heights in the forest for better elucidating isoprene transformation from its emission. The residence time of ambient air in the two independent sampling lines was kept short and similar (13 s for CRM, 23 s for instruments for trace gases analysis) to avoid gas losses and prevent small differences in the comparison between measured and calculated reactivity. Furthermore the sampling lines were located close to perform collocated observations. To reduce the temperature sensitivity observed during the field work in Corsica I equipped the CRM with a temperature controlled box, kept at 25±2 o C. Main issues arose from the lamp loss of efficiency, hence a scarce production of OH radicals inside the reactor, and system quality check controls. Table 2.1 reports a comparison of the performance of our CRM between the two field works. 

Abstract

The hydroxyl radical (OH) plays a key role in the atmosphere, as it initiates most of the oxidation processes of volatile organic compounds (VOCs), and can ultimately lead to the formation of ozone and secondary organic aerosols (SOAs). There are still uncertainties associated with the OH budget assessed using current models of atmospheric chemistry and direct measurements of OH sources and sinks have proved to be valuable tools to improve our understanding of the OH chemistry.

The total first order loss rate of OH, or total OH reactivity, can be directly measured using three different methods, such as the following: total OH loss rate measurement, laserinduced pump and probe technique and comparative reactivity method. Observations of total OH reactivity are usually coupled to individual measurements of reactive compounds in the gas phase, which are used to calculate the OH reactivity. Studies using the three methods have highlighted that a significant fraction of OH reactivity is often not explained by individually measured reactive compounds and could be associated to unmeasured or unknown chemical species. Therefore accurate and reproducible measurements of OH reactivity are required.

The comparative reactivity method (CRM) has demonstrated to be an advantageous technique with an extensive range of applications, and for this reason it has been adopted by several research groups since its development. However, this method also requires careful corrections to derive ambient OH reactivity.

Herein we present an intercomparison exercise of two CRM instruments, CRM-LSCE (Laboratoire des Sciences du Climat et de l'Environnement) and CRM-MD (Mines Douai), conducted during July 2013 at the Mediterranean site of Ersa, Cape Corsica, France. The intercomparison exercise included tests to assess the corrections needed by the two instruments to process the raw data sets as well as OH reactivity observations. The observation was divided in three parts: 2 days of plant emissions (8-9 July), 2 days of ambient measurements (10-11 July) and 2 days (12-13 July) of plant emissions. We discuss in detail the experimental approach adopted and how the data sets were processed for both instruments. Corrections required for the two instruments lead to higher values of reactivity in ambient air; overall 20 % increase for CRM-MD and 49 % for CRM-LSCE compared to the raw data. We show that ambient OH reactivity measured by the two instruments agrees very well (correlation described by a linear least squares fit with a slope of 1 and R 2 of 0.75).

This study highlights that ambient measurements of OH reactivity with differently configured CRM instruments yield consistent results in a low NO x (NO + NO 2 ), terpene rich environment, despite differential corrections relevant to each instrument. Conducting more intercomparison exercises, involving more CRM instruments operated under different ambient and instrumental settings will help in assessing the variability induced due to instrument-specific corrections further.

Introduction

The hydroxyl radical (OH) is the main oxidizing agent in the atmosphere during daytime. It initiates the oxidation of most trace gases emitted by natural and anthropogenic sources and participates in almost all the complex atmospheric chemical pathways. Oxidation of trace gases leads to the production of ozone (O 3 ) and secondary organic aerosols (SOAs) which can impact air pollution and climate. With such a role, it is essential to accurately understand both sources and sinks of OH. The main sources of OH are the following: photolysis of O 3 , formaldehyde (HCHO) and nitrous acid (HONO), reaction of alkenes with ozone, and recycling from peroxyradicals in low NO x (NO + NO 2 ) environments ( Goldstein and Galbally (2007) have estimated the presence of 10 4 -10 5 different organics measured in the atmosphere, this number may be only a small part of the species actually present and makes exhaustive measurements of VOCs very challenging and unfeasible with current analytical techniques. In this context, several research groups in the past decade developed methods capable of measuring directly the total sink of OH, termed total OH reactivity.

Measurements of total OH reactivity present several advantages. The first one is to obtain direct information on the total OH sink term in a given environment without the need of measuring every species present in the gas phase. Secondly, since OH is in a steady state in the atmosphere the balance between OH production and loss rates can provide additional information on OH sources [START_REF] Martinez | OH and HO 2 concentrations, sources, and loss rates during the Southern Oxidants Study in Nashville, Tennessee, summer 1999[END_REF][START_REF] Hens | Observation and modelling of HOx radicals in a boreal forest[END_REF]. Moreover, OH reactivity measurements help to estimate instantaneous ozone production rates and regimes [START_REF] Sinha | Constraints on instantaneous ozone production rates and regimes during DOMINO derived using in-situ OH reactivity measurements[END_REF]. Finally, when mixing ratios of individual gaseous compounds are available at the same site under study, measured total OH reactivity can be used as a tool for chemical closure of the reactive carbon budget for that specific environment. In this case, we can determine the calculated OH reactivity as follows:

k OH = i k i+OH • X i , (3.1) 
with i any measured chemical in the gas phase, k i+OH the rate coefficient of the reaction between i and OH, and X i the measured concentration of i.

Several studies on simultaneous observations of total OH reactivity and gaseous compounds have highlighted discrepancies between the total measured OH reactivity and calculated reactivity, up to 90 % in biogenic dominated environments e.g. The comparative reactivity method was more recently developed [START_REF] Sinha | The Comparative Reactivity Method -a new tool to measure total OH Reactivity in ambient air[END_REF]. It is an indirect method since OH is not directly monitored, based on the competition for synthetically generated OH radicals between a reference molecule, pyrrole, and reactive compounds in ambient air. This is realized in a glass flow reactor where ambient air (≈ 0.25 sL min -1 ), pyrrole, and OH are continuously mixed in different stages, with the reactor coupled to a pyrrole detector, most of the time being a proton-transfer reaction mass spectrometer (PTR-MS). The reactivity is obtained from changes in pyrrole concentration as a result of the competition inside the reactor for OH radicals.

The comparative reactivity method exhibits several advantages compared to other existing methods. Among those, the smaller sampling flow needed to run it (since no FAGE apparatus is needed), which broadens the application of the technique to branch and plant enclosure studies for instance; the reader can refer to Kim et ) and from a plant enclosure (8-9 July and 12-13 July) to cover a broad range of OH reactivity (from the limit of detection, LOD, of the instruments up to 300 s -1 ).

Experimental

The comparative reactivity method

The comparative reactivity method (CRM) relies on the competitive kinetics for OH radicals between a reference molecule not present in ambient air at normal conditions (i. The higher the concentration and number of reactive species in ambient air, the larger is the reactivity, and broader the difference between C2 and C3. Regular switches between C2 and C3 permit to determine the total OH reactivity in ambient air using Eq. (3.2):

k OH = (C3 -C2) (C1 -C3) • k pyrrole+OH • C1, (3.2) 
with k pyrrole+OH the rate constant of the reaction between pyrrole and OH. For the derivation of this equation the reader can refer to [START_REF] Sinha | The Comparative Reactivity Method -a new tool to measure total OH Reactivity in ambient air[END_REF].

In this expression it is assumed that the reaction between pyrrole and OH follows the pseudo first order kinetics, thus

[pyrrole] > [OH].
Measurements of OH reactivity with this method are usually conducted with the instrument recording alternatively C2 and C3 levels, while C1 can be monitored less often.

We automatically acquire C2 and C3 by using solenoid valves, which permit fast switches between zero air and ambient air to dilute pyrrole inside the reactor. In the tests reported herein we switch between the two levels every 5 min, to monitor the competition for OH radicals only and exclude interferences from possible fast humidity changes in ambient air, which can lead to OH field variations inside the reactor.

Measuring C1 usually takes a longer time, because of lamp warming up when switching from C0, and mainly because of the time required to dry the reactor completely. For this reason, we tested a new approach on both CRM systems which represents an alternative method to measure the initial concentration of pyrrole (C1). This approach is based on introducing a concentrated reactive molecule into the reactor, with the aim of minimizing pyrrole consumption due to OH reaction to a negligible fraction. The OH-scavenger has to exhibit a proton affinity lower than water to avoid a consumption of H 3 O + inside the PTR-MS, since a large amount of this species is needed to scavenge OH. Tests performed using methane at 30 000 ppmv are discussed in Sect. 3.3.1. This new approach showed to be an excellent alternative since it allows recording C1 more precisely in only a few minutes compared to hours with the usual method.

Data processing

To process data of OH reactivity we correct the values obtained from Eq. (3.1) as follows (see also Hansen et For instance, if zero air has a lower humidity than ambient air, the ratio m37/m19 will be smaller for C2 compared to C3, which will result in a smaller difference between C2 and C3 and an underestimation of the reactivity in ambient air. In addition, humidity differences can also vary in opposite directions (C2 can have lower humidity than C3 and vice versa).

To quantify this type of correction we inject in the reactor a known amount of dry clean air and produce in this way a C2 level that differs from the actual C2 only for a different humidity (referred in this study as C2 * ). Levels of C2 are plotted vs. m37/m19 ratio recorded during C2 (see Fig. 3.2).

We correct therefore the measured C2 by applying Eq. (3.3):

C2 corrected = C2 + p • [(m/z37/m/z19) duringC3 -(m/z37/m/z19) duringC2 ], (3.3) 
where p corresponds to a mean value of the slopes from the linear least squares fits obtained from different tests on the field and represented in Fig. 3.2. A comparison on the humidity correction for the two CRMs will be presented in Sect. 3.3.3 (ii) When the UV lamp is switched on, photolysis of water vapour at 184.9 nm occurs as follows:

H 2 O -→ OH + H (R 12)
H recombines with O 2 present in zero air to rapidly generate HO 2 :

H + O 2 + M->HO 2 + M (R 13)
HO 2 can react with NO, if this is present in the sampled air, to generate OH:

NO + HO 2 + M->OH + NO 2 (R 14)
This secondary source of OH leads to a lower level of C3, the magnitude of which depends on the amount of ambient NO. This artifact leads to an underestimation of the OH reactivity in ambient air and can even result in negative values. A detailed description on how to assess the sensitivity of the CRM to NO and how to quantify the correction for this artifact is described elsewhere ( 

k OH corrected = k OH measured • F. (3.4) 
Previous studies used simple numerical simulations to determine such correction factor.

Simulations were run at pyrrole-to-OH ratio of 10, near pseudo first order condition, and 1.22, experimental conditions, for more information see [START_REF] Sinha | The Comparative Reactivity Method -a new tool to measure total OH Reactivity in ambient air[END_REF]. A fitting function is obtained from simulations in the experimental conditions which showed that if a correction is not taken into account, measurements of OH reactivity can be overestimated for low values of pyrrole-to-OH ratio.

In our study, we use an experimental approach to correct for deviations from first order kinetics, which can be more representative of the complex chemistry occurring inside the reactor.

To do so, we introduce inside the reactor a known amount of a standard gas whose reactivity with OH is well determined and reported in literature. We test the instrument response over a broad range of reactivity, for instance from the LOD to 300 s -1 , for different standard gases and different pyrrole-to-OH ratios. From each test a linear least squares fit for the measured OH reactivity vs. the injected reactivity is obtained, and the inverse of the slope is then reported for every pyrrole-to-OH ratio investigated. In such way, we obtain a correction factor which is instrument specific for the experimental conditions adopted.

In our intercomparison exercise we used as test gases propane and ethane, with ethane being the same standard gas for both instruments. changes, secondary OH formation, and deviation from first order kinetics, are then corrected for the dilution of ambient air sampled inside the 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 N 2 , pyrrole and ambient air).

Comparative Reactivity Method set up

A description of the two CRM instruments used in this study, including operating conditions, is given below. It is illustrated by a detailed description of the instrument constructed at LSCE (Laboratoire des Sciences du Climat et de l'Environnement) in Fig. 3.3 and differences with the one from MD (Mines Douai) are reported in Tab. A three-way valve is used to inject an external gas standard inside the sampling line. Additions of a standard test gas permit to derive the correction for a deviation from first order kinetics (see Sect. 3.3.4). A four-way valve is used to switch automatically every 5 min between C2 (zero air from the catalytic converter) and C3 (ambient air). An additional pump is used to either flush the sampling line with ambient air while the system is measuring C2 or to flush the catalytic converter while the system is measuring C3. Sampling lines for the reactor and the catalytic converter are collocated to reduce humidity variations when measuring C2 and C3. Although the humidity difference between C2 and C3 is reduced with a catalytic converter, we still observe differences between the two levels; therefore, we correct the raw data as reported in the data processing section.

Five mass flow controllers are used to control the flow rates, including pyrrole, synthetic air, N 2 , external standard (for instance propane), and the flow rate at the exhaust to ensure a constant and precise dilution of pyrrole and ambient air during the measurements. An opening for an overflow is placed before the mixing of zero air with the external standard and is kept around 0.01-0.02 sL min -1 , to avoid any pressure build up in the system and to provide an outlet to check flows stability at any time. CRM-LSCE measures total OH reactivity automatically, except for manual quality check controls (external standard injection), and C1 acquisition.

The dwell time for the acquisition of m/z 68 is 20 s, and C2-C3 switches are performed every 5 min, leading to OH reactivity measurements every 10 min. The LOD of LSCE-CRM is ∼ 3 s -1 (3σ) and the systematic uncertainty is ∼ 35 % (1σ), including uncertainties on the rate coefficient between pyrrole and OH (8 %), detector sensitivity changes and pyrrole standard concentration (22 %), correction factor for kinetic regime (26 %) and flows fluctuations (2 %).

Potential measurement artifacts discussed in [START_REF] Sinha | The Comparative Reactivity Method -a new tool to measure total OH Reactivity in ambient air[END_REF] are either corrected for the CRM-LSCE system or negligible under characteristic ambient conditions of the measuring site. In particular, photolysis is quantified to be ∼ 5 %; humidity changes are corrected as reported in the data processing section and OH formation by HO 2 + NO is negligible.

The CRM-MD instrument is described elsewhere [START_REF] Hansen | Intercomparison of the comparative reactivity method (CRM) and pump-probe technique for measuring total OH reactivity in an urban environment[END_REF][START_REF] Michoud | Detailed characterizations of the new Mines Douai comparative reactivity method instrument via laboratory experiments and modeling[END_REF]. For this study, several improvements were performed compared to the instrument described in [START_REF] Hansen | Intercomparison of the comparative reactivity method (CRM) and pump-probe technique for measuring total OH reactivity in an urban environment[END_REF], to achieve a lower pyrrole photolysis in the reactor (< 5 %), and by consequence, to reduce the potential photolysis of other trace gases. The CRM-MD instrument was operated under the same conditions of flow rates, pyrrole concentration, and pyrrole-to-OH ratios as the LSCE instrument to allow an assessment of the reproducibility of OH reactivity measurements using the CRM technique. CRM-MD exhibits similar figures of merit than CRM-LSCE, including a detection limit (3σ) of 3 s -1 and a systematic error quantified to be ∼ 18 % (1σ). Differences in uncertainty between the two instruments can be explained by different uncertainties (1σ) on the concentration of the pyrrole standard used (20 % for CRM-LSCE and 5 % for CRM-MD) and uncertainties in the correction factors applied for deviations from first order kinetics (26 % for CRM-LSCE while 9 % for CRM-MD).

The main differences between both instruments are listed in Tab. 3.1 and are discussed below:

i. Choice of the detector; both have a proton transfer reaction mass spectrometer: quadrupole from IONICON Analytik, Austria for LSCE and Time of Flight from KORE Technology, UK for MD.

ii. The sampling point during the ambient kOH experiment: the sampling lines of the two instruments were placed on top of each trailer, about 30 m far from each other, and 2 m different in height. The length of the sampling lines was the same, while the outer diameter size and sampling flow rates differ to have a similar residence time of the sample in the lines of about 3 s.

iii. The length of the sampling line during the enclosure kOH experiment: approximately 30 m for CRM-MD and 5.5 m for CRM-LSCE. A longer sampling line was used for CRM-MD to perform collocated measurements with CRM-LSCE. However, the sampling flow rate was adjusted to 2 L min -1 to get similar residence times in the sampling lines of the two instruments (approximately 14 and 16 s for CRM-LSCE and CRM-MD, respectively).

iv. The sampling strategy: CRM-MD is equipped with a Teflon pump between the sampling line and the reactor while CRM-LSCE has the sampling line directly connected to the reactor, without any pump. The extra flow from the pump is vented through an open T-connector and similar sampling flow rates are achieved for both instruments. In addition, the sampling line of CRM-LSCE has a PTFE filter at the inlet to exclude particles with a diameter larger than 0.25 µ entering the reactor, while CRM-MD has no filters at the inlet.

In addition, each instrument uses a different pyrrole standard, i.e. from Westfalen, Germany (10.2 ppmv in N 2 , 20 % uncertainty, 1σ) for CRM-LSCE and from PRAXAIR Inc., France (10.1 ppmv in N 2 , 5 % uncertainty, 1σ) for CRM-MD. There are legitimate concerns that differences in the OH reactivity measurements could be due to the pyrrole standard since this type of gas cylinder is not common. In order to estimate the impact of using two different standards on the intercomparison results, the standard from Mines Douai was tested on the LSCE instrument, which instead was calibrated using the LSCE standard.

The concentration of pyrrole measured in the MD cylinder was 9170 ± 272 ppbv, which is less than 10 % different of the certified concentration of 10.1 ppmv.

Description of the field site and experiments

The two CRM instruments were deployed from the 8- The intercomparison exercise consisted of three periods of collocated measurements of OH reactivity (between 8 and 9 July, between 10 and 11 July and during 12-13 July) and tests to evaluate the data processing using a common procedure.

During these days, ambient reactivity was close to the LOD of the systems; therefore we decided to measure the reactivity of a plant species close to our trailers and known to emit highly reactive compounds as monoterpenes (Bracho-Nunez et al., 2011). The plant we chose is a Rosmarinus officinalis, commonly known as rosemary, found in low shrubs with evergreen needle-like leaves and native to the Mediterranean region.

For this experiment, we placed our inlets in a small enclosure constructed from a PET flask and showed to not interfere with ambient measurements. We chose it to prevent the sampling lines from rain and wind exposure and concentrate the emissions from the plant.

From time to time we induced higher emissions by applying some mechanical stress (for instance by scraping or cutting some small branches); hence the results reported in the next section are not indicative for the plant's natural emissions. Figure 3.4 shows a top view of the field site and respective position of the two instruments.

Results and discussion

In the following section we present results of the intercomparison exercise and tests run on the two instruments to define a common and consistent approach to evaluate the data of OH reactivity. Tests include measurement of C1 according to the conventional approach presented in the experimental section and reported by [START_REF] Sinha | The Comparative Reactivity Method -a new tool to measure total OH Reactivity in ambient air[END_REF] as well as measurement of C1 according to a new approach based on the use of an OH scavenger. We show results from collocated measurements of OH reactivity and the corrections needed for both instruments, and how corrections influence the correlation of the results of the two instruments.

C1 acquired with the conventional and scavenger approaches

The initial concentration of pyrrole, named C1, is usually measured when pyrrole is mixed with dry zero air and dry nitrogen, with the mercury lamp on. However, switching from humid to dry air to get a complete drying of the reactor can often be time consuming, especially when the instrument is operating on the field.

For this reason we conducted the experiment to inject a known amount of a scavenger molecule, in this case methane, into the CRM reactors to reach a mixing ratio of approximately 3 % by volume. C1 was then also acquired under dry conditions, with m/z 37 being 2.35 × 10 5 cps, i.e. 1 order of magnitude lower than under wet conditions, at time 12.30. In this case, the pyrrole mixing ratio reached 73.8 ± 2.9 ppbv, which is not significantly different from the concentration measured using the scavenger approach. In this specific experiment, the acquisition of C1 with the usual approach took approximately 20 min, this time can vary to hours depending on the reactor design and coating. Comparison between C1 acquired with the OH scavenger approach and with the original approach. Values of m/z 37 refer to the protonated first water cluster which is used as tracer for absolute humidity in the system and depends on PTR-MS operational conditions, in our case E/N = 120 Td.

For the CRM-LSCE instrument, similar values of C1 were found using both methodologies, highlighting the feasibility of the scavenger approach. Similar tests performed on the CRM-MD instrument showed significant differences in C1 values measured using the two approaches, with higher C1 values when the scavenger was used. This disagreement is likely due to difficulties to completely dry the reactor for the CRM-MD instrument, leading to the formation of OH from the photolysis of residual water molecules, which in turn leads to an underestimation of C1. The scavenger approach appeared to give a more robust determination of C1 for this instrument. Similar tests were also conducted in the laboratory after the ChArMEx field campaign using propane as a scavenger (at approximately 900 ppmv), showing consistent results with field observations.

The scavenger approach appears to be more suitable for field deployments than the conven-78Chapter 3. Intercomparison of two comparative reactivity method instruments tional approach for CRM instruments, where drying requires more than an hour, since it allows faster C1 measurements (response in a few minutes against hours depending on the reactor's conditions), allowing more frequent checks of pyrrole stability without impairing ambient measurements of OH reactivity.

Assessment of the correction for humidity differences between C2 and C3

As mentioned in Sect. 3.2.2, the correction on the C2 measurement aims at reducing artifacts due to different humidity levels between C2 and C3 measurements. While differences in humidity are already reduced using a catalytic converter to generate zero air from ambient air, small differences are still observed on the m37/m19 ratio, which in turn can lead to significant errors in OH reactivity measurements if C2 is not corrected.

Both CRM instruments were characterized in the laboratory and several times during the field experiment to quantify the C2-dependence on humidity.

Calibrations for humidity consist of modulating the humidity of wet zero air flowing inside the reactor while recording C2 by mixing the wet zero air with dry zero air at different ratios inside the reactor. In this way, we monitor C2 (ambient humidity) and C2 We performed simultaneous measurements of OH reactivity during 8-13 July 2013 and processed the raw data as reported in Sect. 3.2.2. We found that the correction for humidity differences applied to the raw data sets has an average impact of 12 % for CRM-LSCE and 4 % for CRM-MD (see Tab. 3.2). Interestingly, these corrections resulted in an increase of the CRM-LSCE measurements and in a decrease of the CRM-MD measurements. We believe that this opposite behaviour was due to a difference we had in the sampling set-up. CRM-LSCE usually operates with a PTFE filter at the inlet of the sampling line to prevent atmospheric particles entering the reactor; while CRM-MD did not use any filter for the intercomparison exercise. The PTFE filter might have act as water reservoir; retaining water vapours when the air was very humid and releasing water vapours when the air was dry. Therefore, using a filter at the inlet leads to both C2 drier or more humid than C3, depending on atmospheric conditions; while C2 of CRM-MD was always more humid than ambient air.

Assessment of the correction for the kinetics regime

As mentioned in Sect. 3.2.2, we use an experimental approach to estimate the correction factor that is needed to account for the deviation from pseudo first order kinetics during ambient measurements of OH reactivity. We introduced a known amount of OH reactivity produced by different gas standards in the reactors, including ethane and propane for both CRM instruments during the intercomparison on the field. Additional gases were also used during laboratory testing, before or after the field intercomparison, including isoprene for CRM-LSCE and ethene, propene, and isoprene for CRM-MD. These standards are intended to be representative for the range of reactivity of ambient trace gases with OH (bimolecular rate constants in the range 10 -13 -10 -10 cm 3 molecule -1 s -1 ). Moreover, the standard of ethane used in the field and during laboratory tests was the same one for both instruments.

Tests made with gas standards covered a range of OH reactivity from the LOD (≈ 3 s -1 , 3σ) up to 300 s -1 . A smaller range of OH reactivity was investigated on CRM-MD with values ranging from the LOD (≈ 3 s -1 , 3σ) up to 65 s -1 . However, tests performed in the laboratory using complex mixtures of NHMCs (non-methane hydrocarbons) and OVOCs (oxygenated volatile organic compounds) (see supplementary material of [START_REF] Michoud | Detailed characterizations of the new Mines Douai comparative reactivity method instrument via laboratory experiments and modeling[END_REF] showed that CRM-MD correctly measures higher OH reactivity values, with a linear response of the instrument up to approximately 900 s -1 . The range of pyrrole-to-OH ratios investigated during these tests ranges from 1.2 to 2.6, which is within the range of pyrrole-to-OH ratios observed during ambient measurements at Cape Corsica (1.2-2.6 for CRM-LSCE and 1.5-2.1 for CRM-MD).

Figure 3.6 shows results from the calibrations made for both CRMs on the field, using ethane (hollow circles) and propane (full circles) as gas standards. It is interesting to notice that the correction factor for both instruments seems to follow a linear dependency with the pyrrole-to-OH ratio inside the reactor. In particular, the correction factor decreases when higher ratios are achieved inside the reactor. This behaviour was shown to be reasonably well reproduced by modelling the chemistry inside the CRM [START_REF] Michoud | Detailed characterizations of the new Mines Douai comparative reactivity method instrument via laboratory experiments and modeling[END_REF]. Moreover, calibrations on CRM-LSCE reveal that a correction factor of 1 is reached for a pyrrole-to-OH ratio of 1.86, while CRM-MD reaches 1 at a ratio of 1.56. However, for pyrrole-to-OH in the range 1.2-2.6 as the one of this study and showed in Fig. 3.6, such linear dependency seems to be fairly significant only for CRM-MD (R 2 = 0.546), while it is not relevant for CRM-LSCE (R 2 = 0.206). Therefore the data set from CRM-MD was corrected with the equation from the linear fit reported on Fig. 3.6 while the data set from CRM-LSCE was corrected with a mean value of the correction factors obtained from the experiments conducted on the field. Since we obtained close corrections for our data sets (0.98 correction factor for CRM-LSCE, 0.97 for CRM-MD on average), this data processing did not substantially influence the correlation between the results from the two instruments. Table 3.2 reports a summary of the corrections resulting from our tests and their impact on the measures.

The second important point to notice from Fig. 3.6 is the larger variability in correction factors from the experiments observed for CRM-LSCE compared to CRM-MD (1σ on the correction factor equals to 0.22 for CRM-LSCE and 0.07 for CRM-MD). We think that the main difference is attributable to a possible different mixing efficiency occurring inside the reactors where the two arms for air and nitrogen/OH are pointing. Although our reactors have the same shape, covering material and same flow rates injected, we suspect that even small differences in the length and pointing of the injection arms inside the reactor might provoke a different mixing and hence radical segregation inside the two systems. These differences in radical segregation could lead to differences in kinetics inside the two reactors. We need to further investigate different reactors to actually verify this hypothesis. To prevent that such small differences determine a wrong interpretation of the measured reactivity we consider therefore important that each CRM undergoes the experimental quantification of this correction factor; not only to assess the right correction for the kinetics regime but also to determine the specific reactor performance. Propane and ethane also showed slightly different behaviour when used as test gases for the CRM calibration. Different rate coefficients with OH could explain this behaviour, since for the same injected reactivity different concentration of the selected test gas are needed, hence the higher the concentration the closer the system is in the pseudo first order kinetics assumption. Additional experimental tests performed in the laboratory with a more reactive test gas as isoprene, and by modelled results of compounds with different reactivity conducted in the same pyrrole/OH range and discussed in the paper of [START_REF] Michoud | Detailed characterizations of the new Mines Douai comparative reactivity method instrument via laboratory experiments and modeling[END_REF], supported this hypothesis. However, the larger variability in the correction factors from all experimental field tests (propane and ethane) makes differences among test gases behaviour not significant in the evaluated range of pyrrole/OH, hence a mean value or a linear fit including all experimental results is suitable to correct the reactivity.

Correction for dilution

After corrections on C2 for changes in humidity between C2 and C3, and on the reactivity for deviations from the pseudo first order kinetics, we accounted for the dilution of the sampled air inside our reactors to determine the reactivity in ambient air. As mentioned in 82Chapter 3. Intercomparison of two comparative reactivity method instruments Sect. 3.2.2, such correction is calculated from the sampled flow rate of ambient air and the total flow rate within the reactor. Factors of 1.36 and 1.31 were calculated for CRM-LSCE and CRM-MD respectively, and a similar increase of our final data is therefore obtained. 

Measurement uncertainty

Processed reactivity data are subject to three types of corrections, which impact the final result by 49 % for CRM-LSCE and 20 % by CRM-MD (Tab. 3.2). Among the discussed corrections, humidity differences play a more important role for CRM-LSCE while the other corrections influence the measurements from both instruments in a similar manner due to similar operating conditions.

Overall uncertainties include systematic errors and precision and were estimated according to the calculation described by [START_REF] Michoud | Detailed characterizations of the new Mines Douai comparative reactivity method instrument via laboratory experiments and modeling[END_REF]. Systematic errors originates from the uncertainty on the rate coefficient between pyrrole and OH, k pyrrole+OH , the uncertainty associated to the pyrrole standard, the stability of the PTR-MS sensitivity over time, the humidity and pseudo first order corrections described above and the correction for dilution. Such uncertainty is estimated to be 35 % for CRM-LSCE and 18 % for CRM-MD. Differences between instruments are due to the different uncertainties on the concentration of pyrrole in the standard cylinder (20 % for CRM-LSCE while 5 % for CRM-MD) and on the correction factor assessed for the kinetics regime (26 % for CRM-LSCE while 9 % for CRM-MD). The measurement precision depends on the concentration levels C1, C2, C3. The random error from precision dominates in the low range of OH reactivity (below 15 s -1 ) while systematic errors dominates for higher OH reactivity values. Overall uncertainty (systematic and precision) for this specific experiment, were estimated to be below 35 % on average for CRM-LSCE for OH reactivity values higher than 8 s -1 and approximately 18 % for CRM-MD when OH reactivity values are higher than 15 s -1 . For lower OH reactivity the overall uncertainty increases up to 50 % at the LOD of 3 s -1 (3σ) for both instruments [START_REF] Michoud | Detailed characterizations of the new Mines Douai comparative reactivity method instrument via laboratory experiments and modeling[END_REF].

Intercomparison of OH reactivity results

Simultaneous measurements of OH reactivity with CRM-LSCE and CRM-MD were conducted between the 8 and 13 July, 2013; the processing of the raw data was discussed in Sects. 3.2.2-3.2.4.

Figure 3.7 shows the correlation between reactivity data collected by CRM-LSCE (y axes) and CRM-MD (x axes) from their sampling (panel a, raw data) throughout their processing (panel b and c, respectively data corrected for humidity differences and data corrected for deviation from the assumed kinetics) to the final results (panel d, reactivity in ambient air). Data points include three different sampling periods: a first plant enclosure test during 8-9 July, ambient measurements between 10-11 July, and a second plant enclosure test between 12 and 13 July. As previously mentioned, to produce higher reactivity than ambient levels and extend our range of values for comparison we applied some stress on the plant to induce the emission of high levels of reactive compounds. In turn, our instruments responded to these high levels with small delays, and data acquisition was not perfectly synchronized, despite the fact that we achieved a residence time in the sampling lines on the same order of magnitude (12 s for CRM-LSCE and 13 s for CRM-MD). By consequence, small delays resulted in significant differences for high values of OH reactivity. We smoothed such differences considering thirty minutes averages of the measurements. Scatter plots therefore report all the data points obtained from our intercomparison experiment (190 points) and the agreement is quantified using linear least squares fit according to

k OH CRM-LSCE = b • k OH CRM-MD + a. (3.5) 
Text boxes in Fig. 3.7 report an equation for each correlation plot, 1σ standard deviation on the equation coefficients and the determination coefficients R 2 for the proportion of variability in the data sets.

These panels show a stepwise (A→D) increase in the level of correlation and a slight decrease in variability among data sets from the two instruments when each correction is subsequently applied. During the sampling, CRM-LSCE measured a lower reactivity compared to CRM-MD (19 % lower for the whole raw data set). Corrections for humidity changes and deviation from pseudo first order kinetics brought the results closer, with a difference of only 4 %. Finally, panel d shows that the correlation between the two data sets when the correction for ambient air dilution is applied is described by a slope of 1 and a coefficient R 2 of 0.75; which demonstrates that the results from the two instruments agree very well within the instrumental uncertainty. A linear least squares fit is also applied to the same data sets in a narrower range of reactivity values between 0 and 50 s -1 which is more relevant for the ambient OH reactivity values at the field site. For this range of values the variability among data is higher compared to the data points in the range 0-300 s -1 (R 2 from 0.667 to 0.543 vs. R 2 from 0.706 to 0.717). However, the agreement among CRM-LSCE and CRM-MD reactivity data sets also increases with the corrections applied when the 0-50 s -1 range is considered. From the raw data to the final corrected reactivity in the interval 0-50 s -1 the slope of the fits varies from 0.74 (raw data), 0.93 (humidity corrected data), 0.92 (kinetics corrected data) to 0.96 (dilution corrected, final result). Therefore the two data sets show a good agreement, within the instrumental uncertainties, also for reactivity values below 50 s -1 .

Figure 3.8 shows the time series of ambient OH reactivity measured by CRM-LSCE (red data points) and CRM-MD (blue data points). Data points refer to fully corrected results from the three periods of exercise including plant enclosure and ambient air measurements.

The signal measured by the PTR-MS of CRM-LSCE at m/z 137, which corresponds to the unfragmented protonated mass of total monoterpenes, is also reported as a reference for reactive biogenic VOCs, in particular for the plant enclosure test. Peaks emerging during the plant enclosure tests were obtained from induced plant emissions (8-9 July and 12-13 July). As Fig. 3.8 shows, OH reactivity peaked when m/z 137 peaked and signals from CRM-LSCE, CRM-MD and PTR-MS during the whole test exhibit the same variability. The method also demonstrated the real time quick response to the induced plant emissions.

It is worth noticing that this exercise was run on only two instruments which were also operated under similar conditions. It would be therefore very interesting to conduct this type of exercises on a larger number of CRMs, operated with different settings and in various environments. This would allow determining work cases when different corrections need to be applied and getting more insights on the impact they have on reactivity. However, intercomparison exercises for CRM instruments alone cannot help identifying specific and still unknown analytical issues for this technique. Therefore, experiments involving CRM and other techniques would be of greater interest. We here present for the first time an alternative approach to rapidly measure the initial concentration of pyrrole (C1) without perturbing the system. The method consists in introducing an OH scavenger in the reactor, when the system is measuring C2 under wet conditions. The scavenger, methane in this study, reacts with most of the OH radicals available for reaction with pyrrole and/or any other ambient molecule. Therefore, even if the cell is wet, and OH radicals are produced, the amount of pyrrole reacting with OH is negligible, and its actual level would be C1. The main advantage of this alternative approach is a substantial reduction in the conditioning time from several 10s of minutes to a few minutes. Such improvement is particularly useful during field works.

We document in detail the corrections needed to treat a data set of reactivity measured by CRM and use an alternative experimental approach to correct for deviations from first order kinetics. Humidity differences between C2 and C3 arise even when using a catalytic converter to generate zero air. The corrections applied for humidity influence the raw data of 4 % (CRM-MD) and 12 % (CRM-LSCE) on average. We showed how the instruments response changed by introducing known amounts of reactivity in the kinetics regime of pyrrole-to-OH ratios ranging from 1.2-2.6. In particular, we saw that the correction factor needed to account for a deviation from pseudo first order conditions is close to unity.

When the three corrections for humidity differences, deviations from first order kinetics, and dilution are applied they have an average impact on the two data sets of 20 % for CRM-MD and 49 % for CRM-LSCE.

We also tested the ability of the two instruments in measuring OH reactivity over a broad range of values from the instruments LOD (3 s -1 ) to approximately 300 s -1 . Correlations between 30 min averaged data resulted in CRM LSCE measurements being extremely close to CRM MD measurements, a correlation described by a linear least squares fit with a slope of 1 and a R 2 of 0.75. This excellent agreement among our results consolidates the robustness of the comparative reactivity method to measure OH reactivity. Our study also stresses out the intensive data processing for this method and the importance of a proper determination of each correction needed to process the data for each instrument.

Finally, more intercomparison exercises among CRM instruments, and among different methods used to measure OH reactivity would be of great interest to evaluate the limitations and strengths of this technique.

OH reactivity and concentrations of Biogenic Volatile Organic Compounds in a Mediterranean forest of downy oak trees
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Abstract

Understanding the processes between the biosphere and the atmosphere is challenged by the difficulty to determine with enough accuracy the composition of the atmosphere.

Total OH reactivity, which is defined as the total loss of the hydroxyl radical in the atmosphere, has proved to be an excellent tool to identify indirectly the important reactive species in ambient air. High levels of unknown reactivity were found in several forests worldwide and were often higher than at urban sites. Such results demonstrated the importance of OH reactivity for characterizing two of the major unknowns currently present associated to forests: the set of primary emissions from the canopy to the atmosphere and biogenic compounds oxidation pathways. Previous studies also highlighted the need to quantify OH reactivity and missing OH reactivity at more forested sites.

Our study presents results of a field experiment conducted during late spring 2014 at the forest site at the Observatoire de Haute Provence, OHP, France. The forest is mainly composed of downy oak trees, a deciduous tree species characteristic of the Mediterranean region. We deployed the Comparative Reactivity Method and a set of state-of-the-art techniques such as Proton Transfer Reaction-Mass Spectrometry and Gas Chromatography to measure the total OH reactivity, the concentration of volatile organic compounds and main atmospheric constituents at the site. We sampled the air masses at two heights: 2 m, i.e. inside the canopy, and 10 m, i.e. above the canopy, where the mean canopy height is 5 m. We found that the OH reactivity at the site mainly depended on the main primary biogenic species emitted by the forest, which was isoprene and to a lesser extent by its degradation products and long lived atmospheric compounds (up to 26 % during daytime). We determined that the daytime total measured reactivity equaled the calculated reactivity obtained from the concentrations of the compounds measured at the site. Hence, no significant missing reactivity is reported in this specific site, neither inside, nor above the canopy. However, during two nights we reported a missing fraction of OH reactivity up to 50 %, possibly due to unmeasured oxidation products.

Our results confirm the weak intra canopy oxidation, already suggested in a previous study focused on isoprene fluxes. They also demonstrate how helpful can be the OH reactivity as a tool to clearly characterize the suite of species present in the atmosphere. We show that our result of reactivity is among the highest reported in forests worldwide and stress the importance to quantify OH reactivity at more and diverse Mediterranean forests.

Introduction

Biogenic Volatile Organic Compounds (BVOCs) are the most important class of reactive organic compounds in the troposphere, once emitted they can be rapidly oxidized into other forms which have important feedbacks on air quality and climate.

The dominant source of BVOCs is the foliage of terrestrial vegetation ( for OH, 7× 10 11 molecules cm -3 for ozone and 2.5× 10 8 molecules cm -3 for NO 3 ). By comparison, anthropogenic emitted molecules have lifetimes that vary between hours to years [START_REF] Atkinson | Atmospheric chemistry of VOCs and NO x[END_REF] which make biogenic compounds playing a dominant role in the lower troposphere and atmospheric boundary layer.

Isoprene dominant loss is the oxidation reaction with the OH radical, which involves the formation of six isomeric peroxyradicals which in unpolluted environments (under low NO x regime) further react forming methyl vinyl ketone (MVK), methacrolein (MACR) and formaldehyde (HCHO) as primary products in the highest yields [START_REF] Jenkin | Peroxy Radical Kinetics Resulting from the OH-Initiated Oxidation of 1,3-Butadiene, 2,3-Dimethyl-1,3-Butadiene and Isoprene[END_REF].

Other product intermediates and secondary products in its oxidation pathway include hydroperoxides, hydroxyacetone, glyoxal, methylglyoxal, 3-methylfuran, acetic acid, glycolaldehyde and formic acid. Reactions with OH finally lead to the production of carbon dioxide and water, including formation of ozone and low volatile products which can partition to the particle phase. Significant production of ground level ozone on the regional scale were reported by 

Ambient air sampling

We measured the total OH reactivity together with the concentrations of BVOCs emitted by the forest, their oxidation products and main atmospheric constituents. For these measurements we deployed the Comparative Reactivity Method (CRM, home built), a Proton Transfer Reaction Mass-Spectrometer (PTR-MS, Ionicon Analytik GmbH, Austria), a Gas Chromatography Flame Ionization Detector (GC-FID, Chromatotech, France), a formaldehyde analyzer through the Hantzch reaction (Aero-Laser GmbH, Germany), offline analysis of sampling tubes through Gas Chromatography Mass Spectrometry (GC-MS, 3800/2200 ion trap MS, Varian, USA) and a NO x detector (Thermo Scientific, USA). We sampled simultaneously OH reactivity and VOCs levels through two PFA sampling lines (OD 3/8 ′′ ) collocated on a mast. Measurements were performed sequentially at two heights inside and above the canopy (respectively 2 and 10 m), during 29 May 2014-12 June 2014. With an average canopy height of 5 m, air collection conducted at 2 and 10 m at OHP was used to elucidate the composition and reactivity of air masses inside and above the whole forest. The sampling lines were insulated with black tubing and slightly heated with a thermocouple type K (1 • C above ambient temperature) to prevent losses along the tubes. Ambient air sampled from the two lines was directed to the two main trailers were the instruments were placed. Ambient air from sampling line A was divided through a manifold into four lines, directed respectively to PTR-MS, GC-FID, an HCHO analyzer and a main driving pump. Sampling line B was used for OH reactivity measurements and the manifold separated the flows to measure C2 (background pyrrole signal for OH reactivity), C3 (ambient air signal for OH reactivity) and a second driving pump. Flows to the main pumps were adjusted to achieve residence times differing about 10 s maximum between the two sampling lines (residence time for CRM of 13 s and for the other instruments of 23 s).

An autosampler (Sypac V2, Tera Environnement, France) was used to adsorb air on packed sampling tubes in stainless steel with Tenax TA and Carbopack X as sorbent, for GC-MS offline analysis of monoterpenes levels. In this case we used an independent extra line that was placed at middle height on the mast. Sampling was performed every three hours on specific days and relative speciation among the detected monoterpenes (α-pinene, βpinene, myrcene, limonene) was used to determine the monoterpenes specific abundance and infer their amount from the total monoterpenes concentration, which instead was measured by PTR-MS every 5 min.

In addition, NO x (NO + NO 2 ) were monitored from sampling through an independent extra line placed 15 m away from the main sampling site. Ozone was monitored by the regional air quality network and its sampling line was placed a few hundred meters away the main sampling site. A CRM instrument consists of a glass flow reactor and a detector, in our case a commercial Proton Transfer Reaction-Mass Spectrometer (PTR-MS quadrupole, Ionicon Analytik GmbH, Innsbruck, Austria). The concept of CRM is to produce a competition between a reference molecule, pyrrole (C 4 H 5 N) and reactive molecules in ambient air to take up OH radicals generated inside the glass reactor. OH radicals are obtained from photolysis of water vapor with a pen ray Hg lamp which emits at 184.9 nm placed inside one of the reactor arms. Pyrrole is first diluted in zero air and dry nitrogen, and its concentration is monitored on the PTR-MS at the protonated m/z 68 (C0). When the Hg lamp is switched on, pyrrole concentration decreases due to photolysis and its concentration is monitored as C1. Then, the flow of nitrogen passes through a bubbler and water vapors are transported to the lamp to achieve photolysis and production of OH; in this stage pyrrole reacts with OH (rate coefficient = 1.2 ×10 -10 cm 3 molecule -1 s -1 at 25 Reactivity in ambient air is obtained every 10 min and raw values are corrected for humidity differences between the levels C2 and C3, deviation from first order kinetics, and dilution inside the reactor (Zannoni et al., 2015).

Comparative Reactivity Method and instrument performance

We qualified the performance of the CRM before and during the field campaign through injections of a known amount of reactivity generated by external gas standards. For this purpose, we used a standard of propane, which has a medium reactivity towards OH (k propane+OH =1.1× 10 -12 cm 3 molecule -1 s -1 , (Atkinson et al., 1997) and can therefore represent a proxy of an unknown air matrix; and isoprene, which instead is very reactive towards OH (k isoprene+OH = 1× 10 -10 cm 3 molecule -1 s -1 , (Atkinson, 1986) and represents the main component of the air parcels sampled in this specific forest. Injections were performed over a range of pyrrole/OH between 2 and 9, with 9 being the closest to pseudo first order kinetics regime. The reactivity measured plotted versus the reactivity injected with the two mentioned standards gave a slope of 1.01 ± 0.04 (1σ) and an R 2 of 0.96 up to reactivity values of 500 s -1 .The correction factor (slope of injected reactivity versus measured reactivity) is plotted versus the pyrrole-to-OH ratio and used to correct the raw reactivity for deviations in the kinetics regime. Corrections for humidity were obtained by averaging the results of three main tests conducted during the field campaign and were comparable to the results obtained in the laboratory (19 % standard deviation among results). Calibrations of the PTR-MS for pyrrole dry and wet were carried out at the beginning and end of the field campaign and showed a very good agreement between each other (difference within 1 % for the dry calibration factor and 4 % for the wet calibration factor).

During the days dedicated to the sampling of trace gases, we measured OH reactivity only for five days (three days inside the canopy and two days above the canopy) due to time needed to accurately qualify the performance of our instrument on the field, settings adjustment and tests needed to process the raw data.

Our instrument performs measurements between the limit of detection, LoD, of the instrument (3 s -1 , 3σ) up to 500 s -1 with an overall systematic uncertainty of 35 % (1σ). More information on our instrument can be found in Zannoni et al. (2015).

Complementary measurements at the field site

We measured the concentration of BVOCs emitted from the forest, their oxidation products and main atmospheric constituents. Concentrations are used to calculate the OH reactivity at the site with Eq. (4.2) and the species specific relative contribution.

R = i k i+OH • X i (4.2)
with i any measured compound listed in Tab. 4.1.

Proton Transfer Reaction-Mass Spectrometer

We used a Proton Transfer Reaction-Quadrupole Mass Spectrometer (PTR-QMS, Ionicon Analytik, Austria) operated under standard conditions (p drift = 2.2 mbar, E/N = 130 Td (1 Td = 10 -17 V cm -1 ), T inlet = 60 • C) to record the concentrations of trace gases at the site, [START_REF] Lindinger | Proton-transfer-reaction mass spectrometry (PTR-MS): on-line monitoring of volatile organic compounds at pptv levels[END_REF]. We sampled the air masses in the scan mode, and inspected all species with protonated mass from m/z 21 to m/z 138 with cycles of 5 min each. Sampling in the scan mode procedure revealed to be a convenient way for analyzing unknown air parcels.

We calibrated the instrument using a gas calibration unit (GCU, Ionicon Analytik, Austria) with a standard gas mixture (GCU, Ionicon Analytik, Austria) containing: methanol (m/z 33), acetonitrile (m/z 42), acetaldehyde (m/z 45), acrolein (m/z 57), acetone (m/z 59), isoprene (m/z 69), crotonaldehyde (m/z 71), methyl ethyl ketone (m/z 73), benzene (m/z 79), toluene (m/z 93), α-pinene (m/z 137); see Tab. 4.2 for the list of compounds, their protonated mass, mean sensitivity from field calibrations and masses LoD. Calibrations were run over the range 0-20 ppbv at the beginning and at the end of the field campaign, with no significant change in the detector sensitivity (differences up to 10 % and for most species within 5 %) therefore we used a mean calibration factor for the whole campaign.

Volume mixing ratios for the calibrated species were obtained following the procedure of Taipale et al. (2008). Mixing ratios for the non-calibrated species were obtained from the transmission curve of the instrument and the species specific transmission coefficient. Correlations within mixing ratios obtained from calibration and transmission coefficients for calibrated species showed a good/fair agreement (R 2 for m/z 33, m/z 45 and m/z 69 respectively 0.81, 0.86 and 0.43).

We used a Gas Chromatography-Flame Ionization Detector to cross validate the concentration obtained for isoprene, which is the dominant compound at the site, usually measured at the protonated m/z 69 with the PTR-MS but often prone to fragmentation in the drift tube (see Sect. 4.2.4.2). All the measured species, except isoprene, were not cross validated, and their mass identification was conducted based on the existing literature at similar sites, e.g. 

Gas chromatography-flame ionization detector

A gas chromatograph equipped with a flame ionization detector (GC-FID, airmoVOC C2-C6, Chromatotec, Saint Antoine, France) was deployed to sample hydrocarbons in the fraction C2-C6, with a time resolution of 30 min (10 min sampling followed by 20 min analysis). The instrument sampled ambient air with a flow rate of 18 sccm via a stainless steel inlet. Ambient air passed through a Nafion dryer, then to a preconcentration trap cooled down to -8 (1σ). Correlation between isoprene measured by GC-FID and m/z 69 identified as the protonated isoprene mass over thirty minutes averaged data showed differences within 14 % among the two instruments (isoprene GC-FID = 0.86(isoprene PTR-MS ), R 2 = 0.93).

Formaldehyde analyzer

Formaldehyde was measured with a commercial Aerolaser analyzer (AL-4021, Aero-Laser GmbH, Germany). The technique, a continuous liquid fluorimetry, has been described in detail elsewhere [START_REF] Dasgupta | Continuous liquidphase fluorometry coupled to a diffusion scrubber for the real-time determination of atmospheric formaldehyde, hydrogen peroxide and sulfur dioxide[END_REF]. Briefly, gaseous HCHO was scrubbed into a diluted sulfuric acid solution in a stripping coil thermostated at +10 • C. A fluorescent compound was quantitatively produced at +70 • C by the reaction of the liquid solution with the Hantzsch reagent (i.e. a dilute mixture of acetyl acetone, acetic acid, and ammonium acetate) and subsequently detected at 510 nm.

The working conditions applied to the AL 4021 for this study were similar to those applied previously for the same device in two HCHO studies conducted in Antarctica [START_REF] Preunkert | Towards a quasi-complete reconstruction of past atmospheric aerosol load and composition (organic and inorganic) over Europe since 1920 inferred from Alpine ice cores[END_REF][START_REF] Preunkert | Formaldehyde (HCHO) in air, snow, and interstitial air at Concordia (East Antarctic Plateau) in summer[END_REF]. In brief, liquid reagents were prepared from analytical grade chemicals (Merck, USA) and ultrapure water (18 MOhm, TOC < 1 ppbv, Elga Labwater); the air flow was kept at 1000 sccm which ensured a stripping efficiency of more than 99 %. Raw data were collected with a time resolution of 30 s. Gas standard calibrations and background levels took 50 and 25 min and were performed every 12 and 3 h, respectively. A mean detection limit of 42 ± 16 pptv is calculated as twice the standard deviation of the raw data (30 s) obtained during the 121 zero measurements made during the campaign, which was consistent with the typical LoD achieved (∼ 30 pptv) with the same analyzer in the previous studies above cited.

To minimize the effects of temperature changes on the field (see details in [START_REF] Preunkert | Towards a quasi-complete reconstruction of past atmospheric aerosol load and composition (organic and inorganic) over Europe since 1920 inferred from Alpine ice cores[END_REF], the instrument was placed in a thermostated box at 24 Nitrogen oxides were sampled at 15 m from the main sampling site, hence we assumed that their concentration inside and above the canopy was not affected by any significant change.

GC-MS offline analysis

Adsorbing sampling tubes in stainless steel with Tenax TA and Carbopack X as sorbents were used to sample monoterpenes as α-pinene, β-pinene, β-myrcene and limonene for offline analysis with a Gas Chromatograph-Mass Spectrometer (GC-MS, 3800/2200 ion trap MS, Varian, USA). Sampling was conducted at ambient temperature with an autosampler (Sypac V2, Tera Environnement, France) every three hours, tubes were then stored at 4 • C and analyzed within one month in the laboratory. Concentrations of individual monoterpenes were then used to infer their relative abundance from the total monoterpenes concentration obtained with the PTR-MS and calculate their contribution to the OH reactivity.

O 3 , CH 4 , CO

Ozone is constantly monitored at OHP from the regional Air quality network Air-Paca, France (http://www.atmopaca.org/). The monitor is placed in a container located a few hundred meters distant from the sampling site. Methane and carbon monoxide mean concentrations were derived based on measurements conducted during spring 2012 and considered to be 1900 and 180 ppbv respectively.

Meteorological parameters

Meteorological parameters such as temperature, relative humidity (CS215, Campbell Scientific, UK), Photosynthetical Active Radiation (PAR) (LI-190, Li-Cor, Lincoln, NE, USA), wind speed and wind direction were acquired through sensors already available at the measurements site (O 3 HP website: https://o3hp.obs-hp.fr/index.php/fr/).

In this work we used data collected at 2 m and at 6 m to help discussing results inside the canopy and above the canopy respectively.

Results

Trace gases profiles and atmospheric regime

During the first week of campaign we observed some peaks of contamination due to car exhaust for about one hour every morning. Such data points were filtered from the data sets that will be discussed in this section.

Figures 4.2 and 4.3 illustrate diurnal profiles and time series of m/z 69, identified as isoprene, its main degradation products m/z 71, identified as MVK+MACR+ISOPOOH and here referred as ISOP.OXs (isoprene oxidation products), and formaldehyde (HCHO), together with meteorological parameters as air temperature and PAR, at both sampling heights. Figure 4.2 shows that these compounds have clearly diurnal profiles, but while isoprene covariates perfectly with PAR and temperature, its degradation products tend to increase after isoprene increases, which confirms the main secondary origin of such species. Isoprene peaks when temperature is highest in both cases: during the afternoon inside the canopy (left panel), during the late afternoon above the canopy (right panel). Formaldehyde mixing ratios are higher than m/z 71 for both the heights; inside the canopy its profile is clearly diurnal, while above the canopy it looks more stable, mostly because of the higher nighttime level reached on 8 June 2014, see Fig. 4.3.

Time series are reported in Fig. 4.3 for the whole campaign period, from 29 May 2014 to 12 June 2014, and distinguished between air masses sampled at 2 m (data reported with the green line), and at 10 m (data reported with the blue line), on different days. All species show a progressive increase towards the end of the field campaign, when air temperature at the site was higher compared to the first days of measures. Data collected between 7-12 June 2014 above and inside the canopy can be directly compared, based on similar conditions of temperature and solar radiation. Maximum values for isoprene inside and above the canopy are close (maximum at 10 m is 19 ppbv, maximum at 2 m is 23 ppbv) and small differences can be explained mainly on a dilution basis, a better mixing of air masses reached above the canopy height due to the sparse canopy structure. Interestingly, high levels of m/z 71 and HCHO were recorded during the nights between 7 and 8 June and between 11 and 12 June. Such high nighttime concentrations are also observed for other chemical species (see text below). Figure 4.4 illustrates time series for masses m/z 33, m/z 45, m/z 59, m/z 73 and m/z 137; identified respectively as methanol, acetaldehyde, acetone, methyl ethyl ketone and sum of monoterpenes. Monoterpenes are primary emitted biogenic compounds while the other species can have both primary and secondary origins [START_REF] Jacob | Atmospheric budget of acetone[END_REF], 2005[START_REF] Millet | Global atmospheric budget of acetaldehyde: 3-D model analysis and constraints from in-situ and satellite observations[END_REF]. Methanol has a daily maximum of 14 ppbv (inside the canopy), which makes it the second most abundant com- pound measured at OHP after isoprene (daily max inside the canopy 23 ppbv), followed by acetone, acetaldehyde, monoterpenes, ISOP.OXs, toluene and benzene, in order of abundance (Tab. 4.3). Based on a 24 h statistics, methanol is instead the first most abundant compound at OHP, followed by isoprene, acetone and acetaldehyde. Both methanol and isoprene have a diurnal profile, but methanol has a longer lifetime compared to isoprene (estimated to be 12 days and 1.4 h respectively, see [START_REF] Atkinson | Gas-phase tropospheric chemistry of biogenic volatile organic compounds: a review[END_REF] therefore over 24 h the former shows less variability in the atmosphere.

During the two nights mentioned above (8 and 12 June) the concentration of the oxygenated compounds was higher compared to the other nights. More discussion on this behaviour is provided in Sect. 4.3.4.

Anthropogenic hydrocarbons mixing ratios in the fraction C2-C6 were individually below 1.5 ppbv, with ethane the most abundant (mean over the campaign = 0.9 ± 0.2 ppbv), followed by acetylene, ethylene and iso-pentane. Anthropogenic tracers measured by PTR-MS showed the same trend and confirmed the poor anthropogenic influence at this forested site: benzene maximum was 0.41 ppbv, with a 24 h statistics mean of 0.04 ppbv, toluene was maximum 0.69 ppbv and its mean over 24 h was 0.05 ppbv. Concentrations of NO and NO 2 were maximum 1.7 and 5 ppbv with a mean value of 0. performed at different portions of the forest, distant between each other a few hundreds of meters. It is interesting to notice that atmospheric levels of VOCs are close only for anthropogenic species while all biogenic species and oxygenated compounds have almost doubled from 2012 to 2014. The same isoprene-temperature dependence was achieved during the two experimental works, which demonstrates that the higher mean concentration of biogenic compounds observed in 2014 was probably due to the higher mean temperature during the second campaign. . At 10 m it varied between the LoD and a maximum of 68 s -1 and was on average 24 ± 14 s -1 . OH reactivity had the same trend of temperature and PAR, with a diurnal profile that demonstrates its dependency on the emission and profile of biogenic compounds emitted by the forest, released when sunrise started and temperature increased. During 11 June 2014 OH reactivity started to increase at 6 a.m. (CEST) when the sun rose up and it reached a maximum around 10:30 a.m., then again around 4 p.m., associated to more intense solar radiation. It decreased after sunset, at 8 p.m. when also temperature and light reduced. Reactivity sampled at 10 m had also a diurnal profile. On 7 June 2014 it started to increase at 6:30 a.m., had its maximum around 6:30 p.m. and decreased at 9:30 p.m. On 8 June 2014 it increased at 6:30 a.m. and reached its maximum at 2:15 p.m. 

Total OH reactivity

Measured and calculated OH reactivity

We compared the total OH reactivity measured with the CRM instrument with the one calculated from the concentrations of the measured trace gases and their rate coefficients with OH. Tab. 4.1 illustrates the classes and species measured by ancillary methods on the field used to compute their relative contribution to the OH reactivity. It has to be noticed that due to instruments availability and the relative homogeneity of species emitted by the forest, only a few primary emitted compounds and main atmospheric species were measured and used to calculate the OH reactivity. For methane and carbon monoxide we derived a mean value from measurements run in 2012, respectively 1900 and 180 ppbv. Isoprene oxidation products (ISOP.OXs) OH reactivity was calculated from their measured total concentration and the mean rate coefficient of the reaction of MVK and MACR with OH. Since we did not separate the different ISOP.OXs, we could not determine the exact fraction of MVK and MACR contributing to the OH reactivity, which leads to a slight overestimation of the calculated reactivity (Rivera-Rios et al., 2014); in our case such overestimation is not significant due to the higher abundance of isoprene.

Calculated OH reactivity was determined to be between 5 and 58 s -1 and on average 24 ± 19 s -1 between 11-12 June 2014 at 2 m inside the canopy. At 10 m, above the canopy height, it varied between 3 and 55 s -1 , being on average 19 ± 12 s -1 . For both time series, during daytime, inside and above the canopy height, the measured OH reactivity agreed very well with the calculated one within the instrumental uncertainties. Since there was not a significant difference between the two values we can conclude that no significant missing reactivity was observed in this specific ecosystem in the Mediterranean basin during our measurement campaign. In addition, the precise characterization of the composition of air even at 10 m height corroborates the weak oxidation of primary compounds within the canopy.

Simultaneous ancillary measurements of trace gases permit to resolve the total OH reactivity into the relative contributions of the individual species. Figures 4.7 and 4.8 show the breakdown of OH reactivity into the main contributors during daytime and nighttime at the two heights considered. In all cases the dominant reactive species was isoprene. Isoprene is among the most reactive compounds towards OH, the most abundant compound in this forest and nearly the only compound emitted by downy oak trees which constitute the large majority of tree species accounted in this ecosystem. Hence, we expected its large contribution to the reactivity. Isoprene made up from 28 to 83 % of the total OH reactivity during nighttime (total mean 6 s -1 ) and daytime (total mean 29 s -1 ) respectively at 2 m high. It made up from 24 % during night to 74 % during the day of the total reactivity (total means 6 and 20 s -1 respectively) at 10 m. Assuming the same OH reactivity inside and above the canopy during those days of measurements ( 30• temperature maximum at 2 m, and 32 • maximum at 10 m) the weight of isoprene between the two heights differs only of 9 points percentage, considered that at 2 m data of alkanes+alkenes are missing, we can conclude that there was not a substantial difference between the two heights. Inside the canopy during daytime, all the measured species apart from isoprene, contributed in total about 17 % to the OH reactivity. Carbon monoxide, HCHO and NO 2 were the second important species accounting for 3 points percentage each, followed by acetaldehyde, MVK+MACR and monoterpenes with 2 points percentage each and all the other compounds less than this. During nighttime, the concentration of isoprene reduced to a few pptv and other species such as CO and methane which were more stable in the atmosphere became more important, contributing to 16 and 5 % respectively. Formaldehyde, NO 2 , acetaldehyde, MVK+MACR and monoterpenes made up respectively 11, 16, 8, 5 and 4 %. Above the canopy during daytime the second most reactive species were CO, NO 2 , HCHO and MVK+MACR (5, 5, 4 and 3 %). Still above the canopy but during nighttime, CO, NO 2 , HCHO, alkanes+alkenes, MVK+MACR, methane and acetaldehyde weighted respectively 17, 15, 14, 6, 5, 5 and 5 %. Monoterpenes weighted about 2-1 % during daytime and 4 % during night in both cases. Monoterpenes are also very reactive BVOCs towards OH, when present they can definitely compete with isoprene in terms of reactivity. At OHP, monoterpenes mixing ratios were low (see Tab. 4.3), they did not constitute a major class of compounds of the area and by consequence their contribution to the OH reactivity was poor. To investigate the molecules responsible for the missing OH reactivity, we examined the variability of the calculated and measured OH reactivity, along with primary biogenic compounds, anthropogenic tracers, OVOCs and ozone concentrations, and ISOP.OXs / isoprene ratio. It is striking noticing that whereas isoprenoids exhibited a regular diurnal cycle, all OVOCs showed increased nighttime values (Figs. 4.3 and 4.4). Species profiles as reported in Fig. 4.3 show that on 7 June 2014 ISOP.OXs and HCHO started to increase during the day, around 1 p.m., reached a maximum around 7:30 p.m. and then decreased during the night. While isoprene concentration flattered much faster due to its higher reaction rate, its oxidation products reacted slower, which explains the higher ISOP.OXs / isoprene ratio observed. The ISOP.OXs / isoprene ratio had the same magnitude and trend for both missing reactivity events and reached a maximum during these two specific nights compared to the rest of the campaign period (Fig. 4.3). Interestingly, ISOP.OXs / isoprene well anticovariated with ozone's decrease (Figs. 4.9 and 4.10). Profiles of other measured OVOCs (m/z 45, m/z 59, m/z 73, Fig. 4.4) show higher concentrations around the midnight of both nights, suggesting an accumulation of oxygenated compounds and an intense nighttime chemistry. Indeed, meteorological parameters as wind speed and wind direction for data collected at 10 m help noticing that during the night between 7 and 8 June 2014 the wind blew from the same direction with low speed, suggesting more stable meteorological conditions which could have favored some nighttime chemistry (Fig. 4.10). Daytime air temperature for these two days was also the highest registered over the whole measurement campaign (Fig. 4.3).

Several evidences make us believe that the production of OVOCs was linked to the oxidation of biogenic molecules. First, common anthropogenic tracers as acetonitrile and benzene did not show any special increase during these events, supporting the idea that such nighttime higher concentration of oxidized compounds in the atmosphere was associated to local drivers rather than transport. Secondly, we observed an increase of atmospheric levels of some masses measured by the PTR-MS and not used to calculate the OH reactivity before, such as: m/z 47, m/z 61, m/z 75, m/z 83, m/z 87 and m/z 101. These protonated masses can be identified as oxidation products resulting from the degradation of isoprene according to the existing literature and associated respectively to: formic acid, acetic acid, hydroxyacetone, 3-methylfuran and other unsaturated C5, methacrylic acid and isoprene hydroperoxides [START_REF] Warneke | Isoprene and Its Oxidation Products Methyl Vinyl Ketone, Methacrolein, and Isoprene Related Peroxides Measured Online over the Tropical Rain Forest of Surinam in March 1998[END_REF][START_REF] Holzinger | Diurnal cycles and seasonal variation of isoprene and its oxidation products in the tropical savanna atmosphere[END_REF]. We estimated roughly the contribution of such species to the calculated OH reactivity and found out that only a small fraction of the missing OH reactivity could be explained. Therefore there must be other unmeasured species that were formed locally, very likely OVOCs that were present during those nights.

Gas phase chemistry during nighttime is usually initiated by ozone and the nitrate radical.

The low levels of NO x observed at the site (nighttime NO was maximum 0.8 ppbv and on average 0.14 ± 0.13 ppbv) indicate that nitrate chemistry is not a probable source of such oxidized compounds; on the other hand ozone isoprene chemistry is slow and cannot explain alone their production in the gas phase (isoprene lifetime with nitrate is 1.6 h while with ozone is calculated to be 1.3 days [START_REF] Atkinson | Gas-phase tropospheric chemistry of biogenic volatile organic compounds: a review[END_REF]. If the unmeasured OVOCs were not generated exclusively from isoprene, neither had anthropogenic precursors, we speculate that they must have been a combination of higher generation products derived from isoprene oxidation and OVOCs resulting from reactive primary biogenic precursors, other than isoprene, and more reactive towards ozone. We can expect that these biogenic precursors were larger molecules that could not be measured with our means.

Holzinger et al. ( 2005) measured a whole class of oxidation products in a pine forest and suggested that they must have formed from reactions of ozone with very reactive terpene-like compounds. He estimated these compounds to be emitted about 6-30 times more the emission of the observed monoterpenes above his forest. [START_REF] Karl | The bi-directional exchange of oxygenated VOCs between a loblolly pine (Pinus taeda) plantation and the atmosphere[END_REF] have identified the same oxygenated compounds for different pine species and speculated their production at the leaf level, rather than in the gas phase. Recent experiments on leaves of tobacco plantations have identified the unsaturated semivolatile compounds undergoing leaves reactions (Hansel et al., oral presentation EGU 2015). Those compounds once deposited on the leaves quickly undergo surface oxidation reactions with ozone releasing volatile products into the gas phase. Oxidation reactions are favored by higher ambient RH, high ozone levels and can also occur when leaves stomata are closed. Measuring the species initiating these surface reactions is extremely difficult with the instruments we had on the field, therefore we do not have more clues to support this hypothesis nor exclude it has occurred in the forest of OHP. Focused studies on the leaves of downy oak trees with branch enclosure techniques would be of help to elucidate it.

OH reactivity at other biogenic sites

Our results of reactivity from OHP constitute the first data set of total OH reactivity measured in a Mediterranean forest. Nevertheless, several observations in other forested sites exist to date. Such environments constitute perfect laboratories to study the emissions from different plant species and their evolution due to natural factors such as light and air temperature. OH reactivity observations have been of great help in the years to elucidate the presence of unknown compounds and to eventually assess BVOCs oxidation patterns which were not before characterized [START_REF] Nakashima | Total OH reactivity measurements in laboratory studies of the photooxidation of isoprene[END_REF][START_REF] Nölscher | Using total OH reactivity to assess isoprene photooxidation via measurement and model[END_REF]. In addition, biogenic species constitute a class of compounds with the highest reactivity towards the hydroxyl radical. OH reactivity during springtime and summertime in forests is usually higher than in metropolitan areas which are often polluted by less reactive hydrocarbons.

Figure 4.11 illustrates all the existing studies of OH reactivity conducted in biogenic environments with their corresponding references. Colored bars show the range of reactivity measured at the site; while colors refer to different type of climatic zones to which the studied forests belong. The reader has to notice that not all the studies were carried out with the same method (see figure's caption for more details). The forest at OHP is among the investigated biogenic sites producing the highest OH reactivity worldwide. The only two sites where a higher reactivity was reached is the tropical rainforest of Borneo [START_REF] Edwards | OH reactivity in a South East Asian tropical rainforest during the Oxidant and Particle Photochemical Processes (OP3) project[END_REF], where a maximum of 84 s -1 was reported and the tropical rainforest of Suriname with a maximum of 72 s -1 (Sinha et al., 2008). Tropical forests are usually more heterogeneous in plants species and BVOCs emission patterns compared to the forest at OHP, which is particularly homogeneous also compared to other Mediterannean forests. In Borneo, the dominant primary species to the OH reactivity was also isoprene (relative contribution of 36.8 %), but terpenes made up 7 % and the largest portion of reactivity was attributed to the oxidation products of BVOCs and products intermediates (47.1 %). In conclusion, on one side the intense temperature and solar radiation result in similar emission strength and reactivity, while on the other side, biodiversity and canopy structure draw the major differences between the two sites. Indeed, the forest at OHP besides being homogeneous is also shorter and sparser compared to tropical forests, such structure allows a better mixing of the air masses and a faster transport of the primary species to the atmosphere.

By comparison, the investigated mixed temperate forests and boreal forests produced lower OH reactivity, which can also be attributed to the lower temperature and less intense solar radiation leading to weaker emissions from the local canopies.

Summary and conclusion

During late spring 2014 at the downy oaks forest of the site Observatoire de Haute Provence we found that the total OH reactivity was maximum 69 s -1 at 2 m (inside the canopy), and 68 s -1 at 10 m (above the canopy). Interestingly, during daytime, at both heights the measured OH reactivity was in good agreement, within the measurements uncertainties, with the calculated OH reactivity obtained from the suite of measurements of trace gases concentration available during our field experiment. Hence, we did not observe any missing OH reactivity neither inside nor above the forest.

In addition, considered the homogeneity of the forest and strong reactivity of isoprene, we expected isoprene to be the species contributing mostly to the OH reactivity, at least for measurements at 2 m high. We found indeed that inside the canopy during daytime, isoprene contributed to the OH reactivity at the 83 %, followed by CO, NO 2 and HCHO. Above the canopy height, isoprene made up 74 %, followed by CO, NO 2 , HCHO and MVK+MACR. Such results indicate that there was not a significant difference in the speciation inside and above the canopy. During nighttime, when isoprene emissions arrested and atmospheric concentrations were a few pptv, long lived species such as CO and methane contributed to about 16-17 and 5 % for both inside and above the canopy. Still, even by night, isoprene accounted for the largest portion of OH reactivity.

The low levels of isoprene oxidation products observed during the day indicate that the intracanopy oxidation is low, and almost all the isoprene emitted by the canopy is transported to the atmosphere, which confirms the previous experimental work on isoprene fluxes conducted during spring 2012. The fact that no missing OH reactivity was observed, especially above the canopy, additionally corroborates the fact that any unmeasured compound, product of the oxidation of isoprene was present.

During the nights between 7-8 June 2014 and 11-12 June 2014 from sampling above and inside the canopy respectively, the total OH reactivity we measured was significantly higher compared to the calculated OH reactivity. Such missing reactivity accounted for more than 50 % and can be explained by locally produced unmeasured oxidation products. We speculate that unmeasured OVOCs represent a mixture of species including higher generation products resulting from isoprene oxidation and products of the reaction between reactive biogenic precursors and ozone.

Our work represents the first and unique data set to date of total OH reactivity measured in a Mediterranean forest. In a worldwide perspective, the investigated forest of downy oaks at OHP produces an OH reactivity among the highest measured. Remarkably, only tropical forests showed to be as much reactive as OHP. Lower OH reactivity was measured in boreal and mixed temperate forests, due to the lower temperature and solar radiation and possibly to the more heterogeneous-like forests (i.e. less abundance of isoprene).

The Mediterranean region is rich in biodiversity, and biogenic activity is enhanced by its characteristic climate. Out of 2 million km 2 of surface only about 100 thousands remain undisturbed by human activity. We expect therefore that OH reactivity in the Mediterranean can vary much depending on the type of vegetation, its extension and interaction with pollutants derived by human activity. In addition, the Mediterranean is also a hotspot for climate change. This issue will certainly impact the biogenic emissions strength and pattern which therefore will influence the total OH reactivity. We would therefore pose the interest with our work to persecute studies of OH reactivity and BVOCs levels at diverse biogenic sources in the Mediterranean area for extensive periods.

Chapter 5

Total OH reactivity at a receptor coastal site in the Mediterranean basin during summer 2013

This chapter contains the draft of an article in preparation that is going to be submitted to Atmos. Chem. Phys., ChArMEx special issue. Several participants to the project ChArMEx are coauthors to this article.

Abstract

Total OH reactivity, the total first order loss rate of OH in ambient air directly provides the total reactive carbon loading in air. We measured the total OH reactivity for the first time in the western Mediterranean basin during summertime. Measurements were performed at the field site Ersa, in the northern cape of Corsica, France, during summer 2013 for the project CARBOSOR (CARBOn within continental pollution plumes: SOurces and Reactivity) under the project ChArMeX (Chemistry-Aerosols Mediterranean Experiment).

Here, we compare the measured total OH reactivity with the OH reactivity calculated from the measured reactive gases. The difference among these two parameters is regarded as the missing reactivity, i.e. the fraction of reactivity due to the unmeasured species. The measured total OH reactivity at the site varied between the instrumental LoD (3 s -1 ) to a maximum of 17±6 s -1 and was on average 5±4 s -1 (1σ standard deviation of the data). It covariated with air temperature and showed a diurnal profile similar to the one observed for the atmospheric mixing ratio of the biogenic species measured at the site. During the period between 23-30/07 a significant fraction of missing OH reactivity was observed (56% on average of missing fraction). A set of tools, as air masses regime modelling and trace gases concentration were helpful to demonstrate the influence that secondary originated products have on the missing OH reactivity. In addition, box model simulations considering the oxidation of the primary biogenic compounds helped identifying the classes of unmeasured species.

Introduction

Atmospheric photochemical reactions are initiated by four main oxidants: the hydroxyl radical (OH), ozone (O 3 ), the nitrate (NO 3 ) and chlorine (Cl) atoms. Among those, the OH radical is by far the most important atmospheric oxidant, capable to react with the vast majority of chemical species in the troposphere (Levy, 1971). Photochemically initiated reactions are the most efficient cleansing process occurring in the atmosphere, and constitute an important sink for Volatile Organic Compounds and other atmospheric gases.

Total OH reactivity is the total hydroxyl radical rate loss in the atmosphere due to the presence of reactive species. It is a direct measure of the total sink of OH and an index of the total loading of reactants in ambient air, without considering the unfeasible task of measuring every single species present. Measurements of total OH reactivity in ambient air are often coupled to measurements of a limited number of trace gases. The Mediterranean basin stretches east to west from the tip of Portugal to the shores of Lebanon and north to south from Italy to Morocco and Libya; it comprises countries from three different continents and a population of 450 million inhabitants. The climate is characterized by humid-cool winters to hot-dry summers in which the area is usually exposed to an intense solar radiation and high temperature levels. Forests, woodlands and shrubs occupy large areas of the region, with a rich biodiversity and a high number of species identified to exist here and nowhere else in the world. Moreover, the Mediterranean is also exposed to an intense atmospheric circulation and mixing of air masses at a larger scale.

During summertime, the weather system is dominated from west by the Azores anticyclone and from east by a low pressure monsoon system. In this way, the average air flow is driven from north to south, exposing the basin to air masses coming from European mega cities and industrialized areas. In addition, the region also receives pollution events from Asia at higher altitude, and dust events from North Africa [START_REF] Lelieveld | Global Air Pollution Crossroads over the Mediterranean[END_REF]. Transported pollution and an intense local anthropogenic and biogenic activity result in high loadings of atmospheric gases and particles and a complex chemistry.

Climate model predictions indicate that the Mediterranean will face unique impacts of climate change. Results show that the region will face higher temperatures and extended drought stress periods, which will affect the strength and type of emissions further impacting air quality and climate [START_REF] Giorgi | Climate change projections for the Mediterranean region[END_REF]. Besides this, it is proved that the Mediterranean lack of observations, and joint international efforts are needed [START_REF] Mellouki | Regional Climate Variability and its Impacts in the Mediterranean Area[END_REF].

In this context, we measured the total OH reactivity at a receptor coastal site in the Mediterranean basin during summer 2013 within the ChArMEx project (Chemistry and Aerosols in a Mediterranean Experiment). Measurements were part of an intensive field work aimed at investigating sources and sinks of gaseous constituents in the area (CAR-BOSOR, CARBOn within continental pollution plumes: SOurces and Reactivity). Total OH reactivity was measured with the Comparative Reactivity Method during 16/07/2013-05/08/2013 at the monitoring station of Ersa, in the northern cape of the island Corsica, France. The field site was chosen for being: (i) free from local anthropogenic pollutants;

(ii) exposed to air masses of different origin, including air masses enriched in processed compounds transported from continental areas. The utility of the OH reactivity was to measure the total loading of reactive molecules reaching the site, and investigate the completeness of the measurements conducted in the gas-phase. This study presents the first data set of measured OH reactivity obtained during summertime in a receptor site in the Mediterranean basin. It offers a comparison between the measured reactivity and the calculated reactivity from trace gases measures, providing crucial insights into the summertime reactive carbon budget in this area of the western basin.

Field site

Ersa windfarm (42.97 • N, 9.38 • E, altitude 533 m) is located in the northern cape of Corsica, France, in the western Mediterranean basin (Fig. 5.1). It is 2.5 km far from the nearest coast (west side) and 50 km far from the largest closest city and harbour Bastia (south side). It is located on a hill (533 m a.s.l.) and surrounded by the Mediterranean see on west, north and east sides. The site was chosen for its unique characteristics of receiving air masses from continental areas especially France and northern Italy, with the harbours of Marseille and Genoa about 300 km far, and the industrialized areas of Milan and the Po valley 400 km away. Furthermore, the whole measurement station is densely surrounded by the Mediterranean maquis, a shrubland biome typical of the whole Mediterranean region. The station consists of a long-term meteorology, aerosol size and composition monitoring laboratory (measurements run from 2012 to 2014), and temporary measurements of gases and aerosol properties over a total surface area of a few hundred square meters. Measurements of total OH reactivity and trace gases reported in this study were all performed within this area (see Fig. 5.1 for details on instruments allocation). We conducted our measurements of OH reactivity during two main phases: an intercomparison exercise with another instrument for measuring the OH reactivity between 8/07 and 13/07/2013 (see Zannoni et al., (2015)), the CARBOSOR (CARBOn within continental pollution plumes: SOurces and Reactivity) ambient measurements campaign during 16/07-05/08/2013. Within this project, instruments for measuring gaseous constituents, including radicals, inorganic and organic compounds, aerosol chemical composition and physical properties, meteorology were simultaneously deployed. The next section will provide an overview of the methods used for this study.

Methods

Comparative Reactivity Method

We carried out measurements of total OH reactivity using a Comparative Reactivity Method instrument assembled in our laboratory (CRM-LSCE from Laboratoire des Sciences du Climat et de l'Environnement, see Zannoni et al., (2015)). In brief, the Comparative Reactivity Method (CRM) is based on the concept of producing a competition for in-situ generated OH radicals, between a reactive reference compound, in our case pyrrole (C 4 H 5 N), and ambient reactive gases [START_REF] Sinha | The Comparative Reactivity Method -a new tool to measure total OH Reactivity in ambient air[END_REF]. This is reproduced by introducing a known amount of pyrrole diluted in zero air and N 2 in a flow reactor coupled to a Proton Transfer Reaction-Mass Spectrometer (PTR-MS, for more information about this technique please refer to the next section). Pyrrole is chosen as reference compound for its well characterized kinetics [START_REF] Atkinson | Rate constants for the gas phase reactions of OH radicals and O3 with pyrrole at 295 ± 1 K and atmospheric pressure[END_REF][START_REF] Wallington | Kinetics of the gas phase reaction of OH radicals with pyrrole and thiophene[END_REF][START_REF] Dillon | Reaction of Hydroxyl Radicals with C4H5N (Pyrrole): Temperature and Pressure Dependent Rate Coefficients[END_REF], for not being present in the atmosphere at normal conditions, and for being easily de- tectable at the protonated m/z 68 (C 4 H 5 NH + ) with a PTR-MS without any interference. A Proton Transfer Reaction-Mass Spectrometer is the detector of choice for its real-time measurements capabilities and robustness over time (Nölscher et al., 2012b).

A usual experiment with a CRM includes in order: monitoring of C0 wet/dry, followed by C1 dry, C2 wet, and C3 ambient. With C0, C1, C2, C3 being in order the concentration of pyrrole detected with the PTR-MS: after injection (C0), when photolysis reaches the equilibrium (C1), after reaction with OH (C2), when ambient air is injected and the competition for OH radicals can start (C3). Alternated switches between C2 (background pyrrole in zero air) and C3 (pyrrole in ambient air) result in pyrrole signal modulations which are used to derive total OH reactivity values from the following equation:

R air = C3 -C2 C1 -C3 k pyrrole+[OH] C1 (5.1) 
With k pyrrole+[OH] rate constant of reaction between pyrrole and OH= (1.20±0.16)×10 -10 cm 3 molecule -1 s -1 [START_REF] Atkinson | Rate constants for the gas phase reactions of OH radicals and O3 with pyrrole at 295 ± 1 K and atmospheric pressure[END_REF][START_REF] Dillon | Reaction of Hydroxyl Radicals with C4H5N (Pyrrole): Temperature and Pressure Dependent Rate Coefficients[END_REF].

A detailed description of our instrument is available in Zannoni et al., 2015. Our instrument showed on the field an unexpected sensitivity on temperature changes. We speculate that this behaviour depends on: (i) the higher temperature of ambient air with respect to the one inside the van where the CRM was located and (ii) the "stickiness" of pyrrole. We partly solved the problem by covering the lines where pyrrole was flowing with insulating coating foam, and by placing the whole CRM in a temperature insulated box.

During the whole campaign we run several quality controls on our system, to assure that none of the accounted variables could lead to any misleading result (see Tab. 5.1 for type and frequency of tests). We accounted for: flows of all species injected and coming out the reactor, pyrrole initial concentration (C1), response to a known injected OH reactivity (for instance with propane as test gas, [START_REF] Atkinson | Evaluated kinetic and photochemical data for atmospheric chemistry: Volume III -gas phase reactions of inorganic halogens[END_REF], sensitivity of the PTR-MS towards m/z 68. We calibrated the PTR-MS for pyrrole twice during the whole campaign and took an average value from the two calibrations (within 15% difference for the dry calibration factors and within 5% difference for the wet calibration factors). In addition, every time a C1 was measured, we also measured C0 dry and wet which confirmed the previously determined dry and wet calibration factors.

k propane+OH = (1.1±0.2)×10 -12 cm 3 molecule -1 s -1 ,
The C1 value was on average 72pm4 ppbv. Such variability was given by a systematic decrease of the flow entering the PTR-MS due to clogging of the inlet lines for pyrrole stickiness. For this reason, we decided to keep a regular maintenance of our PTR-MS and clean the lines when needed. To determine the most accurate result of reactivity we interpolated the measurements of C1 over those days where no control was run.

We performed a sensitivity study on the C1 value. Over our results of measured total OH reactivity, C1 changes due to small flows fluctuations do not affect the final result of reactivity. We did a sensitivity study also on temperature fluctuations inside our van (25-30 • C), considering different rate constants for the reaction between pyrrole and OH [START_REF] Wallington | Kinetics of the gas phase reaction of OH radicals with pyrrole and thiophene[END_REF]. We saw that also in this case, the final result was not affected by temperature changes (differences maximum of 0.3 s -1 of reactivity among values). We recorded PTR-MS data using a dwell time for pyrrole of 20 s, to assure a high sensitivity
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in the measurement and be able to distinguish a variation between C2 and C3 values even at low reactivity. We had a full cycle of measurements every 30 s. We switched between C2 and C3 values every 5 minutes, resulting in a data point of reactivity every 10 minutes.

Each data point of reactivity obtained from Eq. (5.1) was corrected for: (i) humidity changes between C2 and C3, (ii) deviation from pseudo fist order kinetics between pyrrole and OH, (iii) dilution of ambient air reactivity inside the reactor. A detailed description on how the correction factors were obtained and how the raw data were processed can be found in the publication of Zannoni et al., (2015). Particularly, we did not account for NO recycling in our reactor since ambient NO was below 2 ppbv at the site, which is not enough to produce OH recycling in our system. The LoD of CRM-LSCE is ≈3 s -1 (3σ) and the systematic uncertainty is ±35% (1σ), including uncertainties on the rate coefficient between pyrrole and OH (8%), detector sensitivity changes and pyrrole standard concentration (22%), correction factor for kinetic regime (26%) and flows fluctuations (2%).

Ancillary measurements at the field site

Gas-phase constituents were measured by combining a number of different techniques available at the site, including: Proton Transfer Reaction-Mass Spectrometry (PTR-MS), Gas Chromatography (GC), Liquid Chromatography (LC), formaldehyde analysis based on the Hantzch reaction method and wavelength-scanned cavity ring down spectrometer (WS-CRDS). The measured concentration with the reaction rate coefficients with OH of each measured component were used to calculate the OH reactivity with the following equation:

R = i k i+OH • X i (5.2) 
With i any measured compound listed in Tab. 5.2. In the following sections we present the mentioned techniques and Tab. 5.3 provides a summary of them.

Proton Transfer Reaction-Mass Spectrometry

Proton Transfer Reaction Mass Spectrometry (PTR-MS) is a technique based on chemical ionization through proton transfer, initially developed for the detection of gaseous organic compounds in ambient air (Lindinger and Jordan, 1998) and extensively deployed for online atmospheric trace gases measurements [START_REF] Holzinger | Diurnal cycles and seasonal variation of isoprene and its oxidation products in the tropical savanna atmosphere[END_REF][START_REF] Karl | Emissions of volatile organic compounds inferred from airborne flux measurements over a megacity[END_REF]. The PTR-MS deployed during the field work ChArMEx is a PTR-ToF-MS (Proton Transfer Reaction-Time of Flight-Mass Spectrometer) of second generation, from Kore Technology 

isoprene, α-pinene, β-pinene, limonene, α-terpinene, γ-terpinene, camphene. OVOCs (15) acetaldehyde, formic acid, acetone, acetic acid, mglyox, methyl ethyl ketone, propionic acid, ethyl vinyl ketone, butiric acid, nopinone, pinonaldehyde, methacrolein, methyl vinyl ketone, formaldehyde, methanol. Others (3) NO, NO 2 , CO.

Ltd., UK. Sampling was conducted through a 5 m PFA sampling line, which was installed about 1.5 m above the trailer were the PTR-MS was placed, kept at 50 • C, with a sampling flow rate of 1.2 sL min -1 and a sample residence time of 4 s. The sampling flow of the PTR-MS was 0.15 sL min -1 , hence an additional pump was installed in line with the PTR-MS in order to have a total sampling flow of 1.2 sL min -1 . The conditions of operation of the PTR-MS were: drift tube pressure of 1.33 mbar and drift tube temperature of 40 • C, for an E/N of 135 Td. Every hour the air sample passed automatically through a catalytic converter (stainless steel tubing filled with Pt wool held at 350 • C) to obtain a background value for each investigated mass. We calibrated the PTR-MS every three days using a Gas Calibration Unit (GCU, Ionicon Analytik GmbH, Austria) to dilute and humidify the standard gas mixtures (15 VOCs mixture by Restek, France; 9 VOCs mixture by Praxair, ; 19 OVOCs mixture by Praxair, ) at 50% while the temperature was 20 • C.The time resolution of each cycle was 10 minutes.

Finally, we calculated the volume mixing ratio of each component considering the signal of primary ions (H 3 O + ) and first water cluster (H 3 O+(H 2 O)) according to:

[RH] = i RHnet (i H 3 O + + [X] r i H 3 O + (H 2 O) ) 150000 R f (5.3)
Where [RH] is the volume mixing ratio of a given VOC, i RHnet the net signal of the VOC, the signal of H 3 O + ions, the signal of the first water cluster, X r the factor obtained for the effect of humidity on the sensitivity of the PTR-MS (see de Gouw and Warneke, (2007)), R f the sensitivity determined during calibrations and 150000 cps the corresponding number of primary H 3 O + ions in our PTR-MS.

Online Chromatography

Trace gases were sampled online with a Gas Chromatography-Flame Ionization Detector coupled to a second Flame Ionization detector (GC-FID/FID, Perkin Elmer, see Badol et al., ( 2004)) and with a Gas Chromatography/Flame Ionization Detector coupled to a Mass Spectrometer (GC-FID/MS, Perkin Elmer, see [START_REF] Roukos | Development and validation of an automated monitoring system for oxygenated volatile organic compounds and nitrile compounds in ambient air[END_REF]).

For the GC-FID/FID, hydrocarbons in the fraction C 2 -C 1 2, including alkanes, alkenes, alkynes and aromatics, were sampled at a flow rate of 0.015 sL min -1 through a 5 m PFA 1/8 ′′ OD sampling line. First, the air passed through a Nafion membrane for drying, then was pre concentrated for 40 min on a cool sorbent trap (Carbopack B and Carbosieve SIII) which was held at -30 • C by a Peltier cooling system. Compounds were thermodesorbed up to 300 • C and injected into the Perkin Elmer GC system. Separation was achieved by switching between two capillary columns which reduce issues of co-elution resulting in a better separation. The first column was a CP Sil 5CB (50 m, 0.25 mm, 1 µm) and permits to separate the heavy fraction of hydrocarbons (C 6 -C 1 2). The second column was a fused silica porous layer open tubular column, coated with Al 2 O 3 /Na 2 SO 4 (50 m, 0.32 mm, 5 µm) which enables to separate the light fraction of hydrocarbons (C 2 -C 5 ). Compounds when eluted were detected by the FID detector. The total time resolution of the GC-FID/FID is 90 minutes, with the first 50 minutes dedicated to the elution of the compounds. This instrument was calibrated twice, before and after the field campaign, with a standard gas mixture from NPL, UK.

The GC-FID/MS measured online the oxygenated VOCs in the fraction C 3 -C 7 , including aldehydes, ketones, alcohols, ethers, esters, as well as primary VOCs, including BVOCs and aromatics. For this instrument, air was sampled via a 5 m PFA 1/8 ′′ OD sampling line at a sampling flow rate of 0.015 sL min -1 by an Air server-unity (Markes International, UK) passing through a KI ozone scrubber. First it was diluted with dry zero air to keep its relative humidity below 50%; then it was collected on a cooled trap at 12.5 • C consisting of a 1.9 mm ID quartz tube filled with two different sorbents (5 mg of Carbopack B and 75 mg of Carbopack X, Supelco, USA). Compounds were then thermodesorbed at 280 • C, injected into the column and analyzed by the GC (Agilent Technologies, USA) equipped with a FID for detection and quantification and with a Mass Spectrometer (MS) to help their identification. The column was a high polar CP-lowox column (30 m, 0.53 mm, 10 µm) (Varian Inc., USA). Also in this case the total time resolution was 90 minutes, with the sampling lasting 40 minutes and the analysis lasting 50 minutes. Calibrations were performed before and after the campaign, using a cylinder containing 29 different compounds (Praxair Inc., USA).

Offline Chromatography

Trace gases were also sampled through an Automatic Clean ROom Sampling System (ACROSS, TERA Environment) on sampling tubes and offline analysed in the laboratory by GC-FID and HPLC-UV (High Performance Liquid Chromatography-UV light detector). Sampling of trace gases on cartridges lasted three hours. For the GC-FID analysis the fraction C 5 -C 1 6 including alkanes, alkenes, aromatics and BVOCs and the fraction of With the HPLC-UV we investigated the fraction C 1 -C 8 of carbonyls. The same sample device was deployed, but this time trace gases were absorbed on cartridges composed of 2,4-Dinitrophenylhydrazine (DNPH). The air was sampled via a 3 m Teflon PFA line (1/4 ′′ OD) at 1.5 sL min -1 and passed through a KI ozone scrubber and a stainless-steel particle filter (excluding paricles with Dp¿ 2µm). Concentrations of these species are available only for the 10 first days of the field work due to a leakage and contamination problem that occurred to the samples. The LoD (Limit of Detection) of all these trace molecules were determined as 3σ their background values and uncertainties were estimated based on the guidelines provided by the "'Aerosols, Clouds, and Trace gases Research InfraStructure (ACTRIS)"' network for uncertainty evaluation (ACTRIS Measurement Guideline VOC, 2012).

Hantzsch method for the analysis of formaldehyde

We measured formaldehyde with a commercial instrument based on the Hantzsch method (Model 4001, AERO-LASER GmbH, Garmisch-Partenkirchen, Germany). Gaseous HCHO is stripped into a slightly acidic solution, followed by reaction with the Hantzch reagent, i.e. a diluted mixture of acetyl acetone acetic acid and ammonium acetate. Such reaction produces a fluorescent compound which absorbs at 510 nm. Further details are available in [START_REF] Dasgupta | Continuous liquidphase fluorometry coupled to a diffusion scrubber for the real-time determination of atmospheric formaldehyde, hydrogen peroxide and sulfur dioxide[END_REF] ;[START_REF] Junkermann | On the distribution of formaldehyde in the western Po-Valley, Italy, during FORMAT 2002/2003[END_REF] and [START_REF] Preunkert | Towards a quasi-complete reconstruction of past atmospheric aerosol load and composition (organic and inorganic) over Europe since 1920 inferred from Alpine ice cores[END_REF]. Sampling was conducted through a 5 m long PTFE 1 4 OD line, with a 47 mm PFA in-line filter installed at the inlet and a flow rate of about 1 L min -1 . The liquid reagents (stripping solution and Hantzsch reagent) were prepared from analytical grade chemicals and ultrapure water according to the composition given by Nash, (1953) and stored at 4 • C on the field. The instrumental background was measured twice a day (using an external Hopcalite catalyst consisting of manganese and copper oxides) and calibrated three to four times a week using a liquid standard at 1.10 -6 mol L -1 , corresponding to a volume mixing ratio in the gaseous phase of about 16 ppbv. The calibration points were interpolated linearly in order to correct from sensitivity fluctuations of the instrument. The limit of detection, defined here as two times the standard deviation of the background, was 130 pptv. The coefficient of variation, i.e the ratio of the standard deviation to the mean background value, was estimated to be 0.4 %. Measurements of HCHO ran smoothly from the beginning of the campaign until 11 AM of 28/07/2013 (CEST). At this time an instrument failure occurred and measurements were stopped.

Chemiluminescence for the analysis of NO x

Nitrous oxides (NO x =NO+NO 2 ) were measured with a CRANOX instrument (Ecophysics, Switzerland). This instrument permits to measure both NO and NO 2 (after photolytic conversion) . It consists of a high performing two channel CLDs (Chemiluminescence Detectors) with pre-chambers for compensation of the background, an integrated powerful pump, a photolytic converter, an ozone instrument and a calibrator. An appropriate control software (Labview) handles and manages the different tasks. The detection limit is 50 pptv, for a 5 minutes time resolution.

Wavelength-scanned cavity ring down spectrometry (WS-CRDS)

The in-situ measurements of CO 2 , CH 4 , CO molar fractions at Ersa are part of the French monitoring network of greenhouse gases, integrated in the European Research Infrastructure ICOS. The air is sampled at the top of a 40 m high telecomunication tower (573 m), and is analyzed with a wavelength-scanned cavity ring down spectrometer (WS-CRDS, G2401 from Picarro, USA). The analyzer is calibrated every 3 weeks with a suite of four reference cylinders, whose molar fractions are linked to the WMO (World Meteorological Organization) scales through the LSCE (Laboratoire des Sciences du Climat et de l'Environnement) reference scale. Measurements are corrected for H 2 O dilution to calculate the molar fractions in dry air. 

Box model for mixing ratios and OH reactivity evaluation

In order to get more insights from the comparison of the measured and calculated OH reactivity, we analysed numerical simulations of the photo-oxidative chemistry performed with a simplified model. The simulations permit to analyse the atmospheric mixing ratio of the reactive species and the OH reactivity. Particularly, the modelling aims at understanding the impact of the oxidative products resulting from the oxidation of the primary BVOCs. We chose therefore to use a two-layer box model where the gaseous chemistry is described by a simplified chemical scheme.

The model assumes that the concentration of the compounds varies over time according to the following processes: chemistry, deposition, advection and boundary layer height variability. Emissions are not considered. Particle formation and partitioning of chemical species between the gaseous and the particle phase is also not considered. The model set-up only includes realistic variations of physical parameters typical of a summer day, since capturing the real meteorology at the site is too complex for the site constraints (site located on a hilly cape, surrounded for three sides by the sea). The chemical compounds are exchanged between the two layers in order to represent the effect of the diel boundary layer height variability. The top of the lower layer varies from 150 m during the night to 1000 m in the afternoon. Gaussian diurnal variation of temperature and solar radiation are also considered. The reference case includes advection of air, assuming a turnover time of the air inside the box of 6 h. This time frame corresponds to the time in which the air inside the box would be completely replaced by clean air (assuming no chemical species concentration is imposed and no emission occurs). A second case, without advection, is considered to test the hypothesis of the set up. Deposition velocities are computed using the model of [START_REF] Wesely | Parameterization of surface resistances to gaseous dry deposition in regional-scale numerical models[END_REF] for SO 2 , O 3 , H 2 O 2 , NO 2 , NO and HNO 3 , considering the deposition during midsummer on a surface covered by 60% of deciduous forests and 40% of crops corresponding approximately to the land coverage of eastern Corsica. Photolysis rates were calculated for 45 • N under cloud-free conditions for a typical summer day.

We input the initial concentration of H 2 O 2 , SO 2 , CH 4 , CO, PAN-like species and ozone for both layers, while the concentrations of BVOCs and NO x are imposed during the whole simulations to match the levels observed on the field. We considered three groups of BVOCs to run the simulations: isoprene (iso), a-pinene (apin), limonene (limo); according to their similar reactivity towards OH and available chemical mechanisms in literature. In these groups, the concentration profiles of all measured BVOCs were considered: isoprene stands alone, a-pinene makes a group with b-pinene and camphene, while limonene is grouped with terpinenes. The initiation of the oxidation of limonene and a-pinene is described according to the SAPRC99 mechanism while isoprene and the secondary products oxidation scheme is described according to [START_REF] Szopa | Assessment of the reduction methods used to develop chemical schemes: building of a new chemical scheme for VOC oxidation suited to three dimensional multiscale HOx-NOx-VOC chemistry simulations[END_REF] (updated with recent literature for inorganic chemistry and CH 4 oxidation). The rate constant of the oxidation reactions of the biogenics with OH and ozone were updated according to SAPRC07. Specifically, the chemical scheme was developed to reproduce correctly the reactivity (particularly the production of ozone) in various scenarios, see [START_REF] Szopa | Assessment of the reduction methods used to develop chemical schemes: building of a new chemical scheme for VOC oxidation suited to three dimensional multiscale HOx-NOx-VOC chemistry simulations[END_REF]. For this reason, the chemical scheme is reduced, the oxidation leads directly to stable products on one hand and artificial operators representing the NO/NO 2 conversions involved into the peroxy/alkoxy chemistry on the other hand. Most of the compounds participating to the chemical scheme represent a group of compounds that belong to the same chemical class rather than an individual chemical species. Therefore, the model output does not provide the information of the individual secondary species contributing to the reactivity, while it can yield the relative contributions to the reactivity of the main chemical families.

The model output is the mixing ratio of reactive atmospheric constituents and surrogates chemical species. From the obtained mixing ratios we calculated the OH reactivity, namely modelled OH reactivity. Simulations were run over five days. Since successive diurnal cycles for key species (e.g. O 3 , H 2 O 2 , OH, HO 2 ) are nearly identical from the first day, we will discuss the results of the diurnal profile of the first 24-h to avoid considering bias due to accumulation of reactive species.

Results

Air masses regime

We modelled the back-trajectories of 48 h, every 6 hours, that reached the monitoring site (coordinates 42.969 We classified the obtained back-trajectories according to their origin, the altitude and wind speed. More information about the modelling of the back-trajectories and chemical processes of the air masses can be found in the article of Michoud et al., (in preparation). The most abundant clusters are the second and fifth, i.e. the West and calm-low wind clusters, respectively, with 30% of recurrence. Afterwards, the first (NE), third (S) and fourth (NW) are present at 26%, 8% and 6%, respectively. The first four clusters are characterized by different time of travel, considering their last contamination from the time that the air mass left the continental coast. We observed that the air masses from the Marine-West cluster spent 36 to 48 h above the sea, while the air masses from North-East, and North-West clusters spent between 10-20 hours and 12-18 hours, respectively. Air masses reported for the South cluster had instead a transport time between 12-24 hours, which represents the time spent by the air masses above the continental areas (Corsica and Sardinia Islands). Different times of travel indicate different processing times for the air masses, with a possible longer processing time for the air masses belonging to the Marine-West cluster compared to the others. Finally, the fifth cluster groups the air masses characterized by short distances crossed in 48 h and therefore by calm situations with low wind speed. Total OH reactivity had a clear diurnal profile: background reactivity was 4 s -1 on average over the whole campaign, it increased at 8 h and reached a maximum at 11 h, started to decrease at 19 h and reached its background value at 22 h (Fig. 5.3, all times are given in local time, GMT/UTC+2 hours). Largest variability is observed at 11 h and 18 h in the 24 hours profile. Figures 5.3 and 5.4 offer a comparison between the diurnal profiles of OH reactivity and total concentration of Biogenic Volatile Organic Compounds (BVOCs) measured at the same site. The averaged 24 hours total mixing ratio of BVOCs (see Tab.5.2 for the measured BVOCs compounds) increased at 7 h, peaked at 12 h (whisker) and 14 h (average) started to decrease at 17h and went to the background value at 22 h. Remarkably, both profiles have the same shape, suggesting a close dependence of OH reactivity to the concentration of the biogenic compounds. All the chemical species reported in Tab.5.2 were measured at the site during the same period and their concentrations were input in Eq. (5.2) to determine the calculated OH reactivity. The calculated OH reactivity during the measuring campaign varied between 0.6 s -1 and 11 s -1 , was on average 3±2 s -1 (1σ). As the measured reactivity, also the calculated reactivity had a distinct diurnal profile (Fig. 5.5). 

Contributions from different classes of compounds

A broad suite of complementary measurements were available at the site, to make it simple, we classified these species into four main groups: Anthropogenic Volatile Organic Compounds (AVOCs, 44 compounds measured), Biogenic Volatile Organic Compounds (BVOCs, 7 compounds), Oxygenated Volatile Organic Compounds (OVOCs, 15 compounds), others (3 inorganic species: CO, NO and NO 2 ). A large interest of the project focused on anthropogenic compounds and their oxidation products, expecting major influences on the atmospheric composition from air masses coming from continental polluted areas. However, only weak pollution events reached the site during our measurements campaign. Figure 5.5 reports the mean daytime and nighttime contributions to the calculated OH reactivity at the site during the three weeks of measurements according to the four groups listed in Tab. 5.2 and mentioned above. Remarkably, during daytime only seven BVOCs contributed to the largest fraction of OH reactivity (39%), followed by inorganics (34%), OVOCs (16%) and finally AVOCs (11%). It means that, in terms of reactivity, seven measured BVOCs had a larger impact than the 44 measured AVOCs, which, under weak pollution events is expectable since BVOCs have generally shorter lifetimes with OH than AVOCs [START_REF] Atkinson | Gas-phase tropospheric chemistry of biogenic volatile organic compounds: a review[END_REF]. Interestingly, BVOCs accounted only 10% of the total VOCs concentration measured during daytime during the same period, followed by OVOCs (67%) and AVOCs (23%). The larger BVOCs influence in reactivity is also cor- roborated by the similarity already observed between the diurnal profile of OH reactivity and BVOCs at our site (Figs. 5.3 and 5.4). During nighttime BVOCs concentration decreased (Fig. 5.3) and inorganic species had the major impact (52%), followed by OVOCs (24%), AVOCs (21%) and BVOCs (4%). In particular, inorganic species and long lived OVOCs and AVOCs constituted a background reactivity of ∼4 s -1 , the same observed during nighttime in the diurnal profile reported in Fig. 5.3.

Impact of biogenic VOCs

Among the biogenic species measured at the site, the total fraction of monoterpenes contributed more than isoprene alone (black line compared with the red line in Fig. 5.5).

During daytime the reactivity of monoterpenes with OH varied between 1.4 to 7.4 s -1 , and it covariated with air temperature at the site. Isoprene absolute reactivity with OH, on the other side, varied between 0.3-2.3 s -1 during daytime (minimum value during the day on 29/07/13 and maximum value during the day on 03/08/2013). In comparison with monoterpenes reactivity, the reactivity of isoprene covariated with both air temperature and solar irradiance. In terms of atmospheric mixing ratios, monoterpenes constituted 4% of the total VOCs concentration, while isoprene only 2.5%. Such result can be explained by the larger emission of monoterpenes compared to isoprene from the local vegetation, mainly composed by Mediterranean aromatic shrubs. Overall both monoterpenes and isoprene reactivity had the characteristic diurnal profile observed for their atmospheric concentration. Additionally, BVOCs reactivity increased when the wind speed measured at the site was lower (see Fig. 5.6), meaning that highest atmospheric mixing ratios are reached for calm meteorological conditions. This result suggests a larger local contribution of BVOCs, which can be expected from their known shorter lifetime compared to other atmospheric constituents. The very reactive monoterpene α-terpinene had the largest contribution among the measured BVOCs (31%), followed by isoprene (30%), β-pinene (17%), limonene (12%), αpinene (8%), camphene (2%) and γ-terpinene (1%), over a total BVOCs reactivity considered of 2±2 s -1 , mean value over the field campaign. During the night monoterpenes had overall a larger impact than isoprene, due to their known only-temperature dependency [START_REF] Kesselmeier | Biogenic Volatile Organic Compounds (VOC): An Overview on Emission, Physiology and Ecology[END_REF]. Also during nighttime, the largest impact was given by α-terpinene, see Tab. 5.5.

In terms of absolute OH reactivity α-terpinene had a maximum of 5.3 s -1 on 02/08/13 at 2 PM (CEST), which is also when the highest peak of OH reactivity due to BVOCs was observed during the field campaign. Remarkably, the mean concentration of this compound makes it the fourth largest BVOCs measured, with isoprene being the first (35%), followed by β-pinene (22%), α-pinene (15%), α-terpinene (13%), limonene (9%) and γ-terpinene (1%). It reached a maximum of 594 pptv, with an average value between 10 AM and 5 PM during the field campaign of 131±110 pptv. Hence, its short lifetime is due to the high rate coefficient towards OH reported in literature, which amounts to 3.6 10 -10 cm 3 molecules -1 s -1 , see [START_REF] Atkinson | Kinetics and mechanisms of the gas-phase reactions of the hydroxyl radical with organic compounds under atmospheric conditions[END_REF], higher than the one of the very reactive isoprene (k isoprene+OH =1 10 -10 cm 3 molecules -1 s -1 , [START_REF] Atkinson | Kinetics and mechanisms of the gas-phase reactions of the hydroxyl radical with organic compounds under atmospheric conditions[END_REF])) for instance.

Very little is reported in literature regarding the emission and ambient level of this compound in the Mediterranean region. 7 shows together the time series of total measured reactivity and calculated OH reactivity. Data points were averaged over three hours (longest time resolution achieved by the gas phase measurements) to allow a direct comparison between the measured and calculated reactivity. In addition Figure 5.7 also reports the uncertainties on the measured and calculated reactivity, to highlight periods where an agreement or a significant discrepancy exists. Such uncertainties were considered to be 35% and 20%, respectively. When instrumental uncertainties are considered, the time series report a good agreement during the periods 20-23/07 and 31/07-05/08. The air masses during these days carried to the field site anthropogenic pollutants from the north of Italy and the south-west of France. Interestingly, such good agreement suggest that the air masses were mainly composed by measured AVOCs while OVOCs were present in lower amount. In contrast, the largest significant discrepancy among the measured and calculated reactivity is noticeable between the 23/07 and 30/07. To help understanding the source of this missing reactivity fraction we combined the modeled air masses regime (discussed in section 4.1) with the atmospheric mixing ratio of some common atmospheric tracers. We used isoprene and pinenes for air masses enriched by species derived by natural activities, while propane and ethane were chosen for the air masses enriched in anthropogenic pollutants. The regime of the air masses was interestingly various: during our field work we received air masses from diverse sectors which offered the possibility to analyse different possible scenarios for a site located in the western Mediterranean basin. The atmospheric mixing ratio of anthropogenic pollutants increased when the air masses were coming from the North East sector: between the 21-23/07 and between 31/07-03/08. On the other side, the biogenic enrichment was independent to the origin of the air masses, while it showed a closer variability to local drivers, such as the air temperature and the solar radiation. Peaks of concentration of BVOCs in ambient air were registered for all the modeled clusters of the air masses classification reported in Tab. 5.4. Remarkably, during the field work the site received air masses from the same sector more than once, however it does not seem that the magnitude of difference between the measured and calculated reactivity is associated to the origin of the air masses (compare Tab. 5.4 to Fig. 5.7). To get more insights into the source of our missing reactivity we need therefore to consider also the breakdown of the OH reactivity during these periods. Indeed, the highest contribution to the calculated OH reactivity during 23-27/07 was due to the OVOCs fraction, while during 27-30/07 the BVOCs explained the largest fraction of OH reactivity. We start hence to consider the emission of the primary species whose contribution to the OH reactivity was crucial at the site, thus the BVOCs. Some of them were sampled on-line through GC-FID, while others were first collected on sampling tubes and then off-line analysed in the laboratory through GC-MS (details about the methods were already provided in the methods section). The concentration obtained in these two ways was input for calculating the OH reactivity and their relative contribution. Speciated monoterpenes measured either by GC-FID or GC-MS were compared with the total monoterpenes concentration measured by PTR-MS. Proton Transfer Reaction-Mass Spectrometry cannot distinguish between structural isomers as monoterpenes, therefore its output is the sum of their individual concentrations. A comparison between the concentration of the to-tal fraction of monoterpenes obtained from the PTR-MS and the sum of the speciated monoterpenes acquired by gas chromatography showed indeed that between 0.2 and 0.6 ppbv of monoterpenes were not measured (Fig. 5.8), which is significant since uncertainties on GC and PTR-MS are quantified as 20% and 9% respectively. The ummeasured monoterpenes fraction can be due to monoterpenes not measured by GC methods (see Tab. 5.2 for the terpenes measured) or losses from sampling tubes prior to their analysis and of course can be subject to variation due to measurements uncertainty. 

estimated reactivity of the unmeasured terpenes

We input the missing concentration of terpenes with different species rate coefficients towards OH to estimate the terpenes impact to the calculated OH reactivity, i.e. whether the unmeasured monoterpenes fraction can explain alone the missing OH reactivity. Rate coefficients of a number of monoterpenes emitted by Mediterranean plant species were considered, for instance from a rosemary shrub since several plants of this species surrounded the monitoring station. Figure 5.9 displays the estimate of OH reactivity obtained from a number of monoterpenes, starting from the input of the missing monoterpenes concentration reported in Fig. 5.8. It has to be noticed that this is only a rough estimate of OH reactivity, since we do not know what was not measured, which is more likely to be the sum of different molecules rather than a single compound. Such compounds can actually explain a part of the missing reactivity over the whole measurements period (Fig. 5.9). However, it looks like to contribute only on minor levels to the whole missing fraction. This is especially evident when two cases are considered: the time period of significant missing reactivity (23-30/07), and the nighttime missing fraction. We need therefore to look into the secondary products contribution to explain the missing fraction of OH reactivity. 8 was used as input, with the specific rate coefficient of the species with OH. Missing OH reactivity is reported as reference.

unmeasured secondary products

Evidences of a stronger oxidation of VOCs at the site were observed and will be available in two companion publications focusing on VOCs chemical aging and BVOCs profiles at the field site. Michoud et al., (now in preparation) found out that air masses transported from the west sector (during 23-27/07/2013) were processed over a longer period of time compared to the air masses coming from other wind sectors.

Figure 5.10 shows the variability of CO and ethyne as anthropogenic tracers. The largest difference among the two tracers is reported for the period between 23-27/07, suggesting that part of CO might originate by VOCs processing rather than primary emission. Kalogridis et al., (now in preparation) looked at the time series of acetone and CO to trace the source of oxidation of VOCs. Indeed, CO in our case is considered as a product obtained by the oxidation of anthropogenic species, due to its good covariance during the campaign with the anthropogenic black carbon and acetylene (here not shown). Acetone, on the other side, is here considered as an oxidation product from both sources: anthropogenic and biogenic. Whereas acetone exhibits a similar covariance with CO during most of the days, thus suggesting an anthropogenic origin, a larger discrepancy is observed between 27-30/07 when BVOCs were at their maximum levels, suggesting therefore an additional biogenic source (Fig. 5.11).

During the same period the relative individual contributions of BVOCs to the calculated OH reactivity of the total BVOCs are considered. Figure 5.12 shows that isoprene, α- terpinene and limonene had a decisive impact in the OH reactivity. In particular, isoprene seems to have mostly a daytime impact while the monoterpenes had also a nighttime impact. 

Modeled OH reactivity

To get more insights into the OH reactivity of the secondary products generated from BVOCs oxidation we simulated their concentration with the model described in the methods section. From the concentration of these species we calculated what is referred in this section as modelled OH reactivity. In particular, we decided to look into the impact of the oxidation of the biogenic precursors measured at the site and see how much is their contribution in terms of reactivity. For this reason, we considered a two-layers box model with the chemical scheme as described in the methods section.

Model inputs

As input, we chose to use some of the physical and chemical conditions observed during the campaign. Since we are mainly interested to look at the effect of the BVOCs oxidation we focused on the period between 27/07/2013 and 30/07/2013 (see Figs. 5.7 and 5.12). During this period we observed the highest concentration of BVOCs (1134 pptv and 1335 pptv for isoprene and total monoterpenes, respectively), highest temperature (33 • C), low wind speed (below 2 m/s)and significant missing OH reactivity (56% average missing fraction during this period). In addition, on the 28/07/2013 we registered the maximum values of concentration of BVOCs, OH reactivity (17±6 s -1 and 7±1 s -1 measured and calculated respectively) and missing reactivity (59% average missing fraction) of the mentioned period. Therefore, the values measured on the 28/07/2013 were chosen as the initial concentration or imposed concentrations in our simulations. We input the 

Model results and sensitivity

The modeled OH reactivity with the conditions of this day had a maximum at 11.5 s -1 . We evaluated the hypothesis used in our model with a sensitivity analysis of the parameters that were input. Table 5.6 shows the results of the sensitivity study for a case where advection is not considered and the modelled OH reactivity results 12 s -1 . This result is slightly higher than the modeled value with advection since here accumulation of reactants enhances the reactivity. In the sensitivity analysis all the variables input in the base case are kept constant to the base case, except for one that is varied. The chosen range of variability is within the limits of minimum and maximum values observed during the campaign, except for the cases of 20 ppbv for isoprene and 10-50 ppbv for NO x .

The sensitivity analysis shows: (i) The model gives reasonable results, since for an input of isoprene of 20 ppbv (which is by far higher than the value measured in Corsica) results an OH reactivity of 70 s -1 . At the forest of OHP (Observatoire de Haute Provence), France, a concentration is multiplied by a factor of 2. However, we can notice that the OH reactivity almost doubles for higher NO x concentration (50 ppbv input) which would be an important result in an urban environment, but not for our case study (NO x maximum concentration measured during CARBOSOR was 7 ppbv). (v) Primary BVOCs concentration seems to have a major impact on the resulting OH reactivity. Therefore, from the range of results obtained through the sensitivity study we can conclude that the modeled OH reactivity has an uncertainty of about ± 2 s -1 .

Contributions to the modelled OH reactivity

The contributions to the modelled OH reactivity are represented in Fig. 5 ). Many of the species showed in Fig. 5.13 were not measured during the campaign, especially considered that most of these species represent more chemical compounds that fall into the named category. To compare the calculated and modelled OH reactivity we need to consider that half of the species reported in Fig. 5.13 were either not measured, either are surrogates including species measured and not measured. Therefore, we can only compare the absolute values obtained for the primary BVOCs and inorganics. The maximum calculated reactivity obtained for 28/07/2013 is 7±1 s -1 , while the modeled reactivity is 11.5±2 s -1 . Roughly, half of the species representing the modeled reactivity (BVOCs and inorganics) were also measured and amount to below 6 s -1 , the contribution of some secondary species also measured can easily reach the 7±1 s -1 calculated. The difference between 11.5 and 7 is likely to represent an additional contribute to the measured reactivity which is not accounted for in the calculated value.

The unmeasured organic products predicted by the model to be formed are indeed highly reactive and fall into two main categories: aldehydes and hydroperoxides. The model does not permit the further speciation of the groups into the individual produced compounds, however, it gives a direction that a major effort for measuring aldehydes and hydroperoxides should be done. The obtained modelled reactivity is still lower than the measured OH reactivity, even when uncertainties are considered (total measured OH reactivity of 17±6 s -1 , while modelled OH reactivity 11.5±2 s -1 ). Considered that our model only examines the oxidation of BVOCs, we can conclude that the difference between measured and modelled reactivity originates from: -the model does not consider long-range transported species. In this case we assume that the model represents well the reactivity of the BVOCs and the gap is only due to not having considered long-range transported species. the BVOCs considered. In this case our model underestimates the reactivity because of an uncorrect reproduction of the chemistry. More advanced chemical schemes as MIM2 [START_REF] Taraborrelli | Mainz Isoprene Mechanism 2 (MIM2): an isoprene oxidation mechanism for regional and global atmospheric modelling[END_REF] or considering the primary biogenic compounds individually in the simulations might further reduce the missing OH reactivity gap. -Furthermore, no partitioning and particles formation was undertaken by the model. The high ambient temperature registered during the campaign might have released more semivolatiles in the gas phase that could have contributed to the measured OH reactivity. We would like therefore to explore these options in the future in order to better elucidate the missing OH reactivity observed during our field measurements.

Conclusions

Total OH reactivity was intensively measured during summertime at a coastal receptor site in the western Mediterranean basin for three weeks. It was on average 5±4 s -1 (1σ standard deviation of the data) and maximum 17±6 s -1 (35% uncertainty). We compared the total measured reactivity with the reactivity inferred from the concentration of the species measured at the site. Such comparison highlighted that during 23/07/2013-30/07/2013, one week out of three of field measurements, a significant missing fraction (up to 59%) could not be explained by the measured compounds. Besides, we calculated that the biogenic species had the largest impact on the OH reactivity. This class of compounds had an average contribution during daytime of 45% on the whole reactivity calculated from the measures of our field work. We found out that a little part of the missing OH reactivity could be due to unmeasured monoterpenes emitted by the local vegetation. However, this finding adds only a little more information to our understanding. Interestingly, we noticed that some reference anthropogenic and biogenic tracers showed a different behavior during the period where a significant missing fraction was observed.

The time series of CO and ethyne were used to assess the primary and secondary origin of the air masses received at the site in a companion study. A large difference between the concentrations of these two tracers, with larger concentration of CO, suggested that air masses were longer processed during this period. Similarly, by comparing acetone and CO, a stronger oxidation of biogenic precursors was pointed out. A two-layers box model describing the oxidation of biogenic compounds through a simple chemical scheme was used as tool to get more insights into the origin of the missing OH reactivity. The modelled OH reactivity due to the oxidation of all the measured BVOCs, following the chemistry of isoprene, a-pinene and limonene, was 11.5±2 s -1 . This value was between the total measured reactivity (17±6 s -1 ) and the calculated OH reactivity (7±1 s -1 ) on 28/07/2013. Although the considered assumptions and the simplified chemical scheme we reduced the missing reactivity gap and found out that most of the missing reactivity is explained by two classes of compounds: aldehydes and hydroperoxides. We can conclude here that it is still challenging to capture all the secondary species formed from the oxidation of organic volatiles, even when many state of the art techniques are deployed simultaneously during an intensive field work. Simulations with more advanced chemical schemes of oxidation of the BVOCs, and simulations including long-range transport effects, would be of great help to our current understanding of the important reactive species in air. They would also be beneficial to assess the importance of some classes of compounds formed from the oxidation reactions of the BVOCs measured at this Mediterranean site. In order to measure the total OH reactivity in ambient air accurately it is important to have a robust instrument, easy to be used on the field, adaptable to different field constraints, whose data can be unambiguously processed. Scientists operating the Comparative Reactivity Method have showed, prior to this PhD project, promising results when deploying this technique in different environments. This PhD work has presented the method in detail, from its construction through its characterization to a detailed explanation on how the raw data are processed. The performance of the CRM device built during my PhD project was also compared through an intercomparison exercise to another CRM instrument built in another laboratory. The exercise served to investigate the performance of the two instruments through different tests to assess the corrections of the raw data and ambient measurements of reactivity. The main outcome of the intercomparison were: (i) novel method to measure the C1 reducing its time of acquisition, (ii) a detailed description for processing the raw data, (iii) different impact of such corrections for each instrument, (iv) excellent correlation among the data sets of ambient reactivity in the investigated range 0-300 s -1 .
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Ambient measurements of OH reactivity were conducted at two selected sites in the Mediterranean basin, as part of two intensive field campaigns, namely CANOPEE (Biosphereatmosphere exchange of organic compounds: impact of intra-canopy processes) and ChArMEx (Chemistry-Aerosols in a Mediterranean Experiment). The site chosen for the field campaign CANOPEE is a Mediterranean forest composed mainly by downy oak trees, which are a species known to emit almost exclusively isoprene. Simultaneous measurements of OH reactivity, BVOCs and main atmospheric constituents concentration were used to: (i) resolve our level of knowledge of the atmospheric composition inside and above this forest, (ii) determine the total loading of reactants above the forest. We found out that the measured and calculated reactivity were the same during daytime, when the OH reactivity is basically dominated only by isoprene (between 70-80%), to lesser extent by other BVOCs, OVOCs and inorganics. On the other hand, larger gaps between the measured and calculated reactivity were observed during the night, suggesting a larger contribution to the reactivity of the oxidation products of the primary BVOCs. We noticed that the two heights investigated (i.e. 2 m inside the canopy, 10 m above the canopy, mean canopy height 5 m) did not report any great difference in composition and measured reactivity, suggesting that most of the emissions released by vegetation were driven above the canopy without undergoing any significant chemical transformation. Finally, the OH reactivity measured on top of this forest of downy oaks reached 69 s -1 at its maximum. This result represents a large value of reactivity for a forest, so far as I know, only tropical forests reported such high values of reactivity.

The site chosen for the field campaign ChArMEX, on the other hand, presented different constraints. Ersa, in the northern cape of Corsica, is a receptor coastal site influenced by different air masses regimes with different footprints during summertime. We aimed at investigating the total loading and our level of knowledge of the composition of such air masses by measuring together the OH reactivity and the concentration of a broad suite of gaseous compounds. We observed a maximum OH reactivity of 17 s -1 , and a missing fraction of reactivity up to 50% during one week, out of three, of our measurements campaign. The contribution to the reactivity was mainly driven by the primary measured biogenic VOCs, followed by the inorganics, the oxygenated VOCs and finally the anthropogenic VOCs. Air masses back trajectories and gaseous profiles helped noticing that the missing reactivity could be explainable by unmeasured secondary-generated compounds.

Preliminary results obtained from simple model simulations suggested that BVOCs oxidation played an important role on the field. With the measured concentrations of the primary biogenics the model reproduced a value of reactivity between the calculated and the measured one. Such results highlighted that modelling the oxidation of the biogenic precursors can add some valuable information to our measurements, and classes of unmeasured species such as aldehydes and hydroperoxides can have a larger, than estimated, contribution to the reactivity.

The OH reactivity tool demonstrated also in this thesis work its utility to better comprehend the atmospheric reactive composition and processes. In the Mediterranean region, large sinks of the OH radical were measured at two contrasted sites. Above the forest of OHP, the maximum value of reactivity was 69 s -1 . In Corsica, during summertime, the peak of reactivity was 17 s -1 . Two large values if we consider these numbers in their context, i.e. temperate forest environment and receptor site. In both cases, the major drivers to such high values are the biogenic compounds, whose emissions are triggered by the higher values of ambient temperature and solar radiation encountered in the Mediterranean region during summertime. However, the Mediterranean region is very complex: its vegetation cover is highly variable within the region, it is rich in biodiversity and it is strongly influenced by the anthropogenic footprint. The OH reactivity tool has the great advantage of providing directly the total loading of atmospheric reactants. We saw with this thesis work that high loadings were measured during spring-summertime in the Mediterranean basin. However, in order to better characterize the atmospheric cleansing capacity over this region, more measurements of OH reactivity at other targeted sites are needed.

Forests can contribute largely to the OH reactivity, also in the Mediterranean. Our understanding of BVOCs oxidation processes, isoprene chemistry, and forests emission is, nevertheless, still limited. At OHP, we resolved the OH reactivity during daytime, when emissions were transported faster above the canopy structure, but nighttime chemical processes are left unclear. On the other hand, a receptor site in the Mediterranean, although being far from any source of pollution, was still affected by high loadings of reactants during summertime. The measured reactivity showed indeed a diurnal profile, average values above the background value and a larger than expected biogenic contribution. The combination of more effects as local oxidation processes and transported processed species made the understanding of our measurements at this site even more puzzling. Preliminary results, obtained with a model which considers a simple chemical scheme for the oxidation of the BVOCs, showed that unmeasured products of the oxidation of the measured BVOCs partly explain the observed missing OH reactivity.

The missing OH reactivity seems still to be a mixture of unmeasured primary and secondary generated compounds. At OHP, we observed an increasing level of oxygenated products during the nights of missing reactivity. Are these products leading to the missing reactivity or are there primary unmeasured precursors that lead together with their secondary products to the missing reactivity? This is still an open question. In Corsica, the missing reactivity was to a minor extent explained by the unmeasured monoterpenes. Unmeasured secondary products generated from the oxidation of BVOCs seem to have a larger contribution. Although the sites presented different influences, this thesis work confirms one common feature: BVOCs oxidation remains a major unknown in atmospheric chemistry. In this context, approaches as combining the OH reactivity measurements to other tools, and improving the current analytical techniques for measuring oxygenated larger semivolatile compounds on the field would be beneficial.

Perspectives for further research

I underlined throughout the thesis the utility of measuring directly the total loading of reactants with only one parameter, as it is done by measuring the total OH reactivity.

It is important that measurements of such parameter are extremely accurate and comparable when obtained from different instruments. The Comparative Reactivity Method reported a broader range of applications compared to other existing techniques but at the same time an exhausting data processing and instrumental interferences are also reported. This thesis work as well as the recent publication of [START_REF] Hansen | Intercomparison of the comparative reactivity method (CRM) and pump-probe technique for measuring total OH reactivity in an urban environment[END_REF] presented first comparison of two CRMs and a CRM and pump and probe instrument. A larger comparison among the three existing techniques, including more instruments for the same technique, will take place during October 2015 at the SAPHIR atmospheric chamber in Juelich Forschungszentrum. This exercise will help strengthen our confidence in these measurements techniques, further highlights the limitations and advantages of each of them and possibly starting to consider common operative procedures such as for calibrating the instrument and processing the raw data.

One of the major application of the OH reactivity, and the one discussed in this thesis project, is the comparison of the total reactivity measured with the one calculated from the measured species. This approach helps understanding the fraction not measured and why. It helped to stress so far that many unknowns are still associated to forests emissions and their chemical transformation. Understanding the missing reactivity is often more complicated than how it seems, since most of the times the unmeasured compounds are a mixture of primary emissions and secondary generated products. Additional tools are therefore needed in order to disentangle the two processes and better understand field results of OH reactivity, and more specifically, field observations at a biogenic dominated site. Some promising tools that can be combined to measurements of OH reactivity are: branch enclosure studies on the field, atmospheric chambers/environmental chambers laboratory studies and chemical models.

Branch enclosures permit to isolate a specific plant species and concentrate its emissions with regards to the background atmospheric compounds. Consequently, one can obtain: (i) information whether the unmeasured compounds are emitted by that specific plant species, (ii) information whether the unmeasured compounds are emitted or produced by oxidation processes. Kim et al., (2011) followed this approach, and by investigating the reactivity of the main plant species of a forest in Michigan they concluded that the unmeasured oxidation products generated from the primary emitted BVOCs at the site were indeed responsible for the missing reactivity. Another interesting result that can be obtained from plant cuvettes measurements is the fluxes of OH reactivity, or direct total flux of reactants.

Noelscher et al., (2013) measured the fluxes of OH reactivity 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 indeed confirmed that heat stress induced on plants trigger the emission of unknown/unmeasured compounds, therefore explaining the missing OH reactivity. An attempt in using a branch enclosure to measure the reactivity of a downy oak branch was also done during my PhD work (see poster in the appendix). However, our instrument needed more work to perform correctly measurements of such high values of reactivity and we aim at improving this aspect in the near future.

Laboratory studies with flow tubes and atmospheric chambers reported also promising results. Both Nakashima et al., (2012) and Noelscher et al., (2014) deployed the OH reactivity tool to investigate the oxidation of isoprene in the laboratory. Conversely to plant cuvettes, such combination helps to isolate oxidation processes from plants emissions and highlight possible not-considered before, oxidation pathways. Combining plant chambers to atmospheric chambers opens also new possibilities for studying the emissions and the oxidation of specific plants in a controlled environment. This might also be a possible outcome from the experiments of the intercomparison exercise planned in Juelich, due to the possibility of using their combined facility of the plant chamber SAPHIR+ and the atmospheric chamber SAPHIR.

Models resembling the chemistry of the oxidation of BVOCs to different details would be of great benefit when combined to measurements. Chapter 5 shows that preliminary attempts in modelling the chemistry of the biogenic species measured in Corsica provide important unmeasured reactive species as the classes of the hydroperoxides and aldehydes. We are interested in improving these attempts by using a model based on more recent and more detailed chemical scheme of reactions, and by considering the effects of long-range transport. This would be of benefit in order to: (i) understand the unmeasured reactive compounds contributing to the measured reactivity in Corsica, (ii) confirm the larger impact of local biogenic oxidation compared to long-range transported aged air masses.

Finally, the data of reactivity here provided could be used to determine the ozone formation potential and the aerosol yields at the investigated sites. This will be useful to assess the atmospheric impact of the loadings of reactive gases over the region and show potential applications of including measures of reactivity in regional monitoring networks. 

Total OH reactivity

The hydroxyl radical reacts with most of the atmospheric species, and leads ultimately to the formation of ozone and Secondary Organic Aerosols which impact human health, air quality and climate [1]. Total OH reactivity is the total loss of OH due to atmospheric reactive gases. Measurements of total OH reactivity help to quantify the actual OH budget and the total loading of reactants in ambient air. Moreover, the comparison between total OH reactivity and the sumof reactivity obtained fromgas-phase measurements reveals whether unmeasured or unknown compoundsare present in the atmosphere. BVOCs are key compoundsin atmospheric processes for their high abundance and high reactivity towards OH [2]. Previous studies highlighted the need to investigate OH reactivity processes close to biogenic sources.

In the followingwe show preliminary results of a measurement campaign run duringthree weeks (16/07/2013-05/08/2013) in summer 2013 at a remote site in the Mediterranean basin, within the ChArMEx-CARBOSOR project.

We measured the total OH reactivity with the Comparative Reactivity Method (CRM, [2,3,4]), and we compared the results with the calculated reactivity obtained fromgas measurements run with complementary techniques.

Comparative Reactivity Method (CRM)

Pyrrole isdiluted in aglass flow reactor and its concentration ismonitored with a PTR-MSafter injection (C0), photolysis (C1), after OH radicals are artificially produced (C2) and when ambient air is sampled and the competition for OH radicals between pyrrole and ambient reactive gases has started (C3). 

OH reactivity fromgas-phase measurements and BVOCs impact

BVOC's contribution to OH reactivity is high during the whole campaign (higher duringthe second part of the campaign due to higher temperature). This suggests that local vegetation and meteorological conditions had a large impact on the reactivity. Among the measured biogenic species, isoprene, a-terpinene and b-pinene were the species contributingmore to the reactivity. Values reported in the table refer to BVOC's contributions during the whole campaign.

Conclusions

Total OH reactivity at Cape Corsica during 16/07/2013-05/08/2013 ranged between our instrument LOD and 20 s -1 , on average 5 s -1 . Correlations with gas phase measurements showed that BVOC's had a large impact on the OH reactivity and that during 23-30/07/2013 there was a significant missing reactivity. We believe that unmeasured monoterpenes and air masses enriched of OVOC's (longer processed air masses coming fromwest) can explain the missing fraction. Figure7, 8. Absolute missing reactivity and missing monoterpenes concentration fromthe difference between total monoterpenes (m/z 137PTR-MS) and speciated ones fromsampling tubes. 

Total OH reactivity

The hydroxyl radical reacts with most of the atmospheric species, and leads ultimately to the formation of ozone and Secondary Organic Aerosols which impact human health, air quality and climate [1]. Total OH reactivity is the total loss of OH due to atmospheric reactive gases. Measurements of total OH reactivity help to quantify the actual OH budget and the total loading of reactants in ambient air. Differences in total OH reactivity and the sum of reactivity obtained from individual gas-phase measurements reveals whether unmeasured or unknown compounds are present in the atmosphere. Biogenic Volatile Organic compounds are key compounds in atmospheric processes for their high abundance and high reactivity towards OH [2]. Previous studies on OH reactivity at forest sites revealed high missing reactivity fractions and highlighted the need to investigate it at more sites [3]. Observatoire Haute Provence is a downy oak forest in the Mediterranean basin where previous measurements on isoprene fluxes reported low oxidative capacity within the forest height [4]. We here present preliminary results of measurements of total OH reactivity conducted during late spring 2014 at OHP. Measurements were run inside the canopy (2 m), above the canopy (10 m) and in a branch enclosure on consecutive days. CRM is first qualified by introducing a known amount of reactivity given by standard reactive gases (i.e. propane and isoprene).

Comparative Reactivity

These results depend on pyrrole/OH and they are used to assess an experimental correction for deviation from pseudo first order kinetics.

Weights of the stepwise corrections for our analytical system are represented with their magnitude. Overall uncertainty is 30%. 

Conclusions

OH reactivity results: Inside the canopy: 26s-1 on average, 79s-1 max Above the canopy: 22s-1 on average, 57s-1 max In the chamber max2500s- Speciated OH reactivity shows that isoprene is the main contributor with day-night and forest height dependency. Daytime pies show a higher impact of isoprene inside the forest. Nighttime pies show a reduced impact of isoprene bylonglived species and isoprene degradation products.
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Finally, the greatest of all thanks is for my family for always supporting my choices and encouraging me all the times. Lors de mesures dans une forêt de chênes pubescents, émetteurs isoprène, dans le sud de la France, nous avons observé que la réactivité OH maximale était très élevée (69 s-1), en accord avec la réactivité calculée à partir des mesures des gaz réactifs. Ce travail de thèse met en évidence que: (i) le bassin méditerranéen est un fort émetteur de gaz réactifs, (ii) la réactivité mesurée dans ces deux sites de la Méditerranée a été fortement impactée par les émissions biogéniques, (iii) il reste encore beaucoup de composés inconnus associés aux émissions biogéniques primaires et secondaires. A l'avenir, plusieurs approches pourraient etre utilisées pour identifier ces composés inconnus: en couplant la mesure de la réactivité OH avec des mesures de plantes dans des enceintes fermées (composés primaires), études en chambre de vieillissement (composés primaires et secondaires), ainsi que des approches de modélisation.

Title : OH reactivity measurements in the Mediterranean region

Keywords : Volatile organic compounds, Comparative reactivity method, mass spectrometry

Summary:

The total OH reactivity is the total loss frequency of the hydroxyl radical due to reactive gases in ambient air. It represents a top down measure of the total loading of reactants in a given environment. Here we present an experimental work focusing on the technical improvements of the Comparative Reactivity Method to measure the OH reactivity on the field and field measurements of OH reactivity at two targeted sites in the Mediterranean basin. The measured OH reactivity was high at both sites. At a receptor site in Corsica (France) during summer 2013, we observed that the OH reactivity was maximum 17 s -1 , on average 5.5 s -1 and during one week only 50% was explained by the complementary measurements in the gas phase. At a forest of downy oak trees, high isoprene emitters, in the south of France, we observed that the OH reactivity was maximum 69 s -1 , in agreement with the reactivity calculated from the measurements of reactive gases only during daytime. This thesis work highlights that: (i) the Mediterranean basin is a strong emitter of reactive gases, (ii) the reactivity measured in these two sites in the Mediterranean was strongly impacted by biogenic emissions, (iii) there are still many unknowns associated to measures of biogenic volatiles primary emitted and secondary produced. Such unknowns might be reduced in the future by coupling the measurement of the OH reactivity with plants enclosures and chambers studies as well as experiments with models.
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Figure 1 . 1 :

 11 Figure 1.1: Assessed anthropogenic radiative forcing between 1750 to 2011 (IPCC, 2013).

Figure 1 . 2 :

 12 Figure 1.2: Chemical structures of some common anthropogenic VOCs.

Figure 1 . 3 :

 13 Figure 1.3: Simplified schematic of biogenic VOCs emissions pathways (adapted from Fall et al., (1999))

Figure 1 . 4 :

 14 Figure 1.4: Chemical structures of some common biogenic VOCs.

Figure 1 .

 1 Figure 1.5 shows a simplified schematic of the oxidation reaction of a VOC with any of the three atmospheric oxidants. When the VOC reacts with OH and NO 3 , an alkyl radical (R .) is formed. Then, R . reacts with oxygen forming organic peroxyradicals (RO .2 ) and alkoxyradicals (RO . ). The latter can decompose, isomerise, and react with O 2 in the atmosphere.

Figure 1 . 5 :

 15 Figure 1.5: Simplified schematic of a volatile organic compound. Adapted from Atkinson (2000).

Figure 1 . 6 :

 16 Figure 1.6: Carbon mass balance calculations for the oxidation products of six biogenic VOCs. Adapted from Goldstein and Galbally (2007).

Figure 1 . 7 :

 17 Figure 1.7: OH reactivity measurements world map. Arrows indicate the sites where measurements of OH reactivity using the three different experimental methods were conducted. Green, gray and blue frames refer to forested, urban and coastal sites. Red font indicates the sites where a maximum value of OH reactivity>50 s -1 was reported. The star indicates the measurements carried out with the comparative reactivity method.
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 18 Figure 1.8: Present estimates of emissions of monoterpenes (a) and isoprene (b) for the Mediterranean and other European regions. Graphs courtesy of Palmira Messina.
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 110 Figure 1.10: Reduction of surface mean ozone concentration (ppbv) due to 20% reduction of local emissions (top panel), global emissions (bottom panel). From Richards et al., 2013.

Figure 1 .

 1 Figure 1.10 illustrates the effects on the mean surface ozone concentration over the Mediterranean region when local and global biogenic and natural emissions are reduced by 20%, (Richards et al., 2013). In particular, the top panel shows the ozone reduction (ppbv) when only a reduction on local sources is considered. Interestingly, the largest impact is observed when local anthropogenic NO x and local BVOCs are reduced by 20%, which amount respectively to 2.09 ppbv and 0.96 ppbv of reduction in concentration of ozone.
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 21 Figure 2.1: Schematic of the Proton Transfer Reaction-Mass Spectrometer with a quadrupole detector, showing the inlet for water and the air sample and the three sections: ion source, drift tube and detection module (adopted from M. Schwarzmann, 2001).

Figure 2 .

 2 Figure 2.3 shows a schematic of the glass flow reactor used for a CRM experiment . The length and volume of the glass reactor are approximately 14 cm and 94 cm 3 , respectively.The typical flow rate achieved inside the reactor ranges from 250 sccm to 350 sccm. Pyrrole gets mixed with zero/ambient air just before entering one arm of the reactor, while dry or humidified N 2 enters from a second arm, leaving the other three arms to the UV lamp, an exhaust and the detecting module (Fig.2.3). Nitrogen is dry at the first stages of the experiment (C0 and C1), when dry conditions are required to avoid OH radicals been

Figure 2 . 3 :

 23 Figure 2.3: Simplified drawing of the flow reactor in the Comparative Reactivity Method instrument. Labels show the size of the reactor and the use of each arm. It is made out of glass with an inner coating in PTFE.

Figure 2 . 4 :

 24 Figure 2.4: Measured OH reactivity vs Calculated OH reactivity reported by Kim et al., (2011). Results were obtained from laboratory calibrations and used to analyse the data collected during the CABINEX field campaign (Community Atmosphere-Biosphere INteractions Experiments) in 2009. A standard gas mixture including methanol, acetonitrile, acetaldehyde, acetone, isoprene, methyl vinyl ketone, benzene, toluene and camphene was used for the tests.
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 25 Figure 2.5: Pyrrole signal measured by the PTR-MS during an experiment for quantifying the NO interference on the CRM instrument. Consecutive additions of different and known amount of a NO standard lead to negative values of reactivity measured by the instrument (difference between C2+NO and C2 signals). In this example, NO additions are conducted on 0 s -1 OH reactivity, hence on the level C2.
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 26 Figure 2.6: Detailed empirical investigations reported in[START_REF] Michoud | Detailed characterizations of the new Mines Douai comparative reactivity method instrument via laboratory experiments and modeling[END_REF] showing the NO interference on the reactivity and its dependency on the kinetics regime adopted inside the system. In the window of [pyrrole]/[OH] usually adopted for ambient measures of OH reactivity with the CRM it is reported a factor of 2 difference in the absolute change of reactivity for 100 ppbv of NO.

  (2.10). The calibrations are usually performed over a broad range of OH reactivity and for different [pyrrole]/[OH] ratio. Indeed the [pyrrole]/[OH] can vary over time 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. Changes applied to these drivers permit to obtain different [pyrrole]/[OH] and investigate the response of the CRM under such changes. From these tests we can derive a correction factor used to process the data for each [pyrrole]/[OH] in the system. Figure 2.7 shows an example of plot where a correction factor (inverse of the slope of the regression analysis of measured reactivity/theoretical reactivity of the calibration) is represented versus the [pyrrole]/[OH]
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 27 Figure 2.7: Weights of consecutive corrections applied to the raw data of OH reactivity for ambient measurements. The specific example shows the impact of the corrections on the data processed for the field campaign CANOPEE.
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 28 Figure 2.8: Automatic alternated switches between C2 and C3 to determine the total OH reactivity for ambient measures.

Figure 2 .

 2 Figure 2.10 shows the variation of C2 according to different humidity changes in the sampled air. The slope of linear fit between dC2 and d m/z 37/m/z 19 is used in eq. (2.11) as the value p to correct for humidity changes.

Fig. 2 .Figure 2 . 9 :

 229 Fig.2.11 shows the changes in reactivity for increasing NO concentration. CRM-LSCE is sensitive to NO levels higher than 4 ppbv and shows a variation in reactivity of about 50 s -1 when 50 ppbv of NO are introduced inside the reactor. The difference in slope for the

  z 37/ m/z 19 (ncps) y=(-64.665 ± 11.4) x + 0.229 ± 0

Figure 2 . 10 :

 210 Figure2.10: Humidity dependency on the C2 level. Difference between the C2 acquired when air is injected for an experiment and background C2 value reported versus the difference between m/z 37/m/z 19 when air is injected for an experiment and m/z 37/m/z 19 of background C2.
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 211 Figure 2.11: The absolute reactivity calculated from eq. (2.5) based on the signals of C2 and C2+NO reported in Fig. 2.6 is reported versus the concentration of NO present in the reactor. Linear least squares fits of the data show the same trend with different slopes below and above 20 ppbv of NO.
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 212 Figure 2.12: Correction factor represented in function of [pyrrole]/[OH] levels reached inside the instrument. Each data point corresponds to a different calibration performed with a test gas standard. The correction factor is calculated as the inverse of the slope of the regression analysis of the measured reactivity versus theoretical reactivity (see Fig. 2.4).

Fig.ure 2

 2 Fig.ure 2.13 illustrates CRM-LSCE during the three years of my PhD project: in January 2013 (panel A) when it was built, in May 2013 (panel B) when it was used for the field work in Corsica, in April 2014 (panel C) during the field work in the forest of OHP, and finally in September 2015 (panel D) while I am writing this thesis.

Figure 2 .

 2 Figure 2.13: ...

  e. pyrrole C 4 H 5 N) and reactive species in ambient air. The experiment is conducted in a glass flow reactor coupled to a detector, in our case a proton transfer reaction mass spectrometer (PTR-MS)[START_REF] Lindinger | Proton-transfer-reaction mass spectrometry (PTR-MS): on-line monitoring of volatile organic compounds at pptv levels[END_REF]. The glass reactor is equipped with a UV lamp and four arms for flows inlets and outlets; the PTR-MS monitors the concentration of the reference molecule, pyrrole, at any time during the experiment at protonated m/z 68 (C 4 H 5 NH + ). A detailed description of the reactor and method is available in the publications ofSinha et al. (2008); Nölscher et al. (2012a) and is displayed in Fig. 3.1.

Figure 3 . 1 :

 31 Figure 3.1: Pyrrole concentration detected by the PTR-MS during a typical OH reactivity experiment with CRM. C0, C1, C2, C3 are concentrations corresponding to different experimental stages. Technical improvements were done to minimize the difference between C0 and C1 reducing pyrrole loss for photolysis.

Figure 3 . 2 :

 32 Figure 3.2: Linear least squares fit of m/z 68 during C2 vs. m37/m19 during C2 for the tests conducted on the field to assess the correction for humidity differences between C2 and C3 for CRM-LSCE. Equation coefficients are reported with one standard deviation. Differences in the intercepts are due to a less efficient tracking of absolute humidity from m37/m19 on a longer time scale.

3 . 1

 31 and discussed below.The comparative reactivity method instrument assembled at LSCE is a modified version of the CRM used during the MEGAPOLI field campaign and presented in[START_REF] Dolgorouky | Total OH reactivity measurements in Paris during the 2010 MEGAPOLI winter campaign[END_REF]. Briefly, pyrrole (Westfalen, Germany, 10.2 ppmv in N 2 , 20 % uncertainty), zero air (Messer standard mixture) and N 2 (Messer, purity 99.9999 %) are injected in a glass flow reactor (same shape and size as the one described by[START_REF] Sinha | The Comparative Reactivity Method -a new tool to measure total OH Reactivity in ambient air[END_REF]) and pyrrole concentration is monitored with a PTR-MS (High sensitivity quadrupole, from IONICON Analytic GmbH, Innsbruck, Austria). Zero air is obtained from synthetic air to achieve dry conditions for the acquisition of C1 and from sampling ambient air through a catalytic converter to generate zero air at ambient RH when measuring C2. A pump is placed at the exhaust of the cell, therefore the total flow is driven inside the reactor by the pump at the exhaust and the PTR-MS sampling. A UV pen ray Hg lamp (Lot Oriel, France) emitting at 184.9 nm is used to produce hydroxyl radicals. The total flow rate inside the reactor is usually kept around 0.3 sL min -1 , with a concentration of pyrrole in the range of 20-30 ppbv in the C2 level, C1 of 65 ± 5.8 ppbv (1σ) and pyrrole-to-OH ratio ranging from 1.2 to 2.6.

Figure 3 . 3 :

 33 Figure 3.3: Simplified not-to-scale schematic of the comparative reactivity method instrument of LSCE. Known flows of pyrrole, N 2 , and zero air are injected into a glass flow reactor. A four-way manual valve is used to humidify the flow of nitrogen, when OH radicals production is required. A four-way automatic valve allows for fast switches between C2 and C3 stages. A known amount of an external standard (in this case, propane) can be injected in the reactor to calibrate the instrument through a three-way valve.

Figure 3 . 4 :

 34 Figure 3.4: Top view of the field site at Cape Corsica. Relative distances between the trailers containing the instruments, details of the instruments and sampled plant species are provided.

Figure 3 .

 3 Figure3.5 shows three measurements of C1 performed with CRM-LSCE at flow rates of 12, 8, and 0.014 sL min -1 of methane mixed in a total flow of about 0.330 sL min -1 , leading to CH 4 mixing ratios of 3.4, 2.3 and 4.0 % respectively. At 11:30 (CEST), the PTR-MS was measuring C2, the cell was wet, pyrrole mixing ratio was 24.3 ± 0.4 ppbv and m/z 37 signal was 1.25 × 10 6 cps. At 11:40 we injected methane at the three flow rates indicated above and pyrrole mixing ratio increased to 73.5 ± 0.6, 71 ± 0.5 and 72.6 ± 2.9 ppbv inside the cell. It can be noticed, that we measured the same concentration of pyrrole when different

37 Figure 3 . 5 :

 3735 Figure 3.5: Comparison between C1 acquired with the OH scavenger approach and with the original approach. Values of m/z 37 refer to the protonated first water cluster which is used as tracer for absolute humidity in the system and depends on PTR-MS operational conditions, in our case E/N = 120 Td.
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 37 Figure 3.7: Linear least squares fits of total OH reactivity measured by CRM-LSCE vs. Total OH reactivity measured by CRM-MD. Panels from top left to bottom right show: correlation among raw results (a); correlation among data corrected for humidity (b); correlation among data corrected for humidity and deviation from pseudo first order kinetics (c); correlation among data corrected for humidity; kinetics regime and dilution inside the reactor (d); correlation among raw values in the range 0-50 s -1 (e); correlation among final values in the range 0-50 s -1 . (f ). Coefficient values are extracted from the equation: OH reactivity CRM-LSCE = b(OH reactivity CRM-MD) + a and report 1σ standard deviation. The regressions are applied to the values above the instrumental LOD only.
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 41 Figure 4.1: Site of Observatoire de Haute Provence (OHP) in the European map (a) and seen from above (b).

  Measurements of total OH reactivity were performed with a Comparative Reactivity Method instrument (home built CRM, see[START_REF] Sinha | The Comparative Reactivity Method -a new tool to measure total OH Reactivity in ambient air[END_REF] andNölscher et al. (2012b) for more details on the CRM).
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 42 Figure 4.2: Diurnal profile of m/z 69, m/z 71, HCHO, temperature and PAR for days of measurements at 2 m (left panel) and at 10 m (right panel) of the field campaign. Bars on m/z 69 correspond to ±1σ standard deviation. PAR data were collected at 6 m for both cases.

Figure 4

 4 Figure 4.3: Time series of m/z 69 (isoprene), m/z 71 (ISOP.OXs=MVK+MACR+ISOPOOH), HCHO and ISOP.OXs / isoprene during the field campaign at OHP. Data were collected inside the canopy (2 m, green line) and above the canopy (10 m, blue line) on different days. Temperature and PAR measured at 6 m are reported as reference on the top panel.
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 44 Figure 4.4: Time series of m/z 33 (methanol), m/z 45 (acetaldehyde), m/z 59 (acetone), m/z 73 (methyl ethyl ketone), m/z 137 (monoterpenes) inside (2 m, green line) and above (10 m, blue line) the canopy at OHP.
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 5 Figures 4.5and 4.6 report thirty-minutes averaged values of total OH reactivity inside and above the canopy during 11-12 June 2014 and 7-8 June 2014 with the black line and associated error bars (overall uncertainty 35 %, 1σ). At 2 m OH reactivity varied between the instrumental LoD up to 69 s -1 , and was on average 26 ± 19 s -1. At 10 m it varied between the LoD and a maximum of 68 s -1 and was on average 24 ± 14 s -1 . OH reactivity had the same trend of temperature and PAR, with a diurnal profile that demonstrates its dependency on the emission and profile of biogenic compounds emitted by the forest, released when sunrise started and temperature increased. During 11 June 2014 OH reactivity started to increase at 6 a.m. (CEST) when the sun rose up and it

  Figures 4.5and 4.6 report thirty-minutes averaged values of total OH reactivity inside and above the canopy during 11-12 June 2014 and 7-8 June 2014 with the black line and associated error bars (overall uncertainty 35 %, 1σ). At 2 m OH reactivity varied between the instrumental LoD up to 69 s -1 , and was on average 26 ± 19 s -1. At 10 m it varied between the LoD and a maximum of 68 s -1 and was on average 24 ± 14 s -1 . OH reactivity had the same trend of temperature and PAR, with a diurnal profile that demonstrates its dependency on the emission and profile of biogenic compounds emitted by the forest, released when sunrise started and temperature increased. During 11 June 2014 OH reactivity started to increase at 6 a.m. (CEST) when the sun rose up and it
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 45 Figure 4.5: Total OH reactivity measured (black line and markers) with the Comparative Reactivity Method (CRM) and calculated OH reactivity from measured concentrations of trace gases (green line) on the left axes, Photosynthetical Active Radiation on the right axes (gray dashed line), temperature and Relative Humidity on the left and right upper axes (red and blue lines). Data points represent thirty minutes averages of the sampled data and error bars correspond to 35 and 25 % (1σ) instrumental uncertainties. Data refer to air sampled inside the canopy at 2 m height.
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 46 Figure 4.6: Total OH reactivity measured (black line and markers) and OH reactivity calculated (green line) above the canopy at 10 m height. Temperature (red line), RH (blue line) and PAR (gray dashed line) are reported for reference. Data points represent thirty minutes averages over the data collected. Uncertainties correspond to 35 and 25 % for the measured and calculated reactivity respectively (1σ).
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 4 Figures 4.5 and 4.6show the covariation between measured (black line) and calculated (green line) OH reactivity during 11-12 June 2014 at 2 m and during 7-8 June 2014 at 10 m, with associated error bars (35 % for the measured reactivity and 25 % for the calculated reactivity, 1σ).

Figure 4 . 7 :

 47 Figure 4.7: Total OH reactivity speciation inside the canopy (2 m height) during daytime (left pie chart a) and during nighttime (right pie chart b). Data refer to air masses sampled at OHP during 11-12 June 2014. Total OH reactivity was 29 s -1 (daytime mean value) and 6 s -1 (nighttime mean value). All compounds reported in Tab. 4.1 were used to calculate their relative contributions.

Figure 4 . 8 :

 48 Figure 4.8: Total OH reactivity speciation above the canopy (10 m height) during daytime (left pie chart a) and during nighttime (right pie chart b). Data refer to air masses sampled at OHP during 7-8 June 2014.Total OH reactivity was 20 s -1 (daytime mean value) and 6 s -1 (nighttime mean value). All compounds reported in Tab. 4.1 were used to calculate their relative contributions. Others refer to the sum of the contributions of: acetonitrile, acetone, MEK, benzene and toluene.

4. 3 . 4

 34 Nighttime missing reactivityDuring the nights between 7 June 2014 and 8 June 2014 and between 11 June 2014 and 12 June 2014, the measured total OH reactivity and the calculated reactivity reported some discrepancies (Figs.4.5 and 4.6). For the results above the canopy such discrepancy was visible around midnight, and significant differences were observed from 1 a.m. to 4:30 a.m. (Fig.4.6). Inside the canopy, the signal of total OH reactivity started to scatter around 11:30 p.m., then again at 2 a.m. and flattered back to the signal of calculated OH reactivity around 4:30 a.m. (Fig.4.5). Both differences were respectively 13-14 s -1 and accounted for a fraction higher than 50 % of missing OH reactivity. Such values of missing reactivity are comparable to values of total OH reactivity measured in boreal and temperate forests[START_REF] Sinha | OH Reactivity Measurements within a Boreal Forest: Evidence for Unknown Reactive Emissions[END_REF][START_REF] Ren | OH, HO 2 , and OH reactivity during the PMTACS-NY Whiteface Mountain 2002 campaign: Observations and model comparison[END_REF].

Figure 4 . 10 :

 410 Figure 4.10: Total OH reactivity, calculated reactivity and ISOP.OXs / isoprene ratio at 10 m height. Ozone data were acquired a few hundred meters away from the sampling area. The upper panel shows wind direction and wind speed data.

Figure 4 . 11 :

 411 Figure 4.11: Total OH reactivity results from all the 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. Studies were all conducted during spring-summer time. This study and those from Sinha and Noelscher adopted the Comparative Reactivity Method; while Di Carlo, Ren, Mao, Ingham, Edwards and Hansen used a Total OH Loss Rate Measurement based on Laser Induced Fluorescence; Nakashima deployed a Laser Induced Fluorescence Pump and Probe Technique (see references for instrumental details).

Figure 5 . 1 :

 51 Figure 5.1: Field site of Ersa windfarm (42.97 • N, 9.38 • E, altitude 533 m) located in Corsica, France, where the ChArMEx-CARBOSOR campaign took place. Measures location: 1. Trace gases with PTR-MS, online and offline chromatography; 2. OH reactivity; 3. NO x , O 3 , aerosols composition and black carbon; 4. Meteo and particles microphysics; 5. HCHO, trace gases and radicals; 6. CO, CO 2 , CH 4 ; 7. Trace gases and particle filters; 8. Particles physics. The photo was taken before the start of the campaign (cars parked nearby).

C 6 -

 6 C 1 2 n-aldehydes were investigated. The sampling line and flow rate were respectively 3 m of 1 4 " OD PFA line and 0.2 sL min -1 . Air passed through a MnO 2 ozone scrubber and a stainless-steel particle filter (excluding paricles with Dp¿ 2µm). Sampling tubes were composed of Carbopack C (200 mg) and Carbopack B (200 mg), pre conditioned with clean air at 250 • C during 24 h. For more information about the sampling and the development on the field please refer to Detournay et al. (2011) and Ait-Helal et al., (2014).

Figure 5 . 2 :

 52 Figure 5.2: Total OH reactivity profile measured at Ersa, Corsica, France during July-August 2013. Data points have time resolution of 10 minutes, black line is the hourly average over these data. Air temperature and Relative Humidity (RH) are reported for reference.
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 43 Calculated OH reactivity and importance of biogenic VOCs at the measuring site 5.4.3.1 Long-term variability

Figure 5 . 3 :

 53 Figure 5.3: Diurnal pattern with 10-90% whiskers of the measured total OH reactivity.

Figure 5 . 4 :

 54 Figure 5.4: Total biogenic volatile organic compounds volume mixing ratio measured at Ersa during the whole campaign.

Figure 5 . 5 :

 55 Figure 5.5: Total measured OH reactivity and calculated OH reactivity from the measured compounds in ambient air, with their relative uncertainty (35% for the measured OH reactivity, 20% for the calculated reactivity).

Figure 5 . 6 :

 56 Figure 5.6: Daytime (left pie) and nighttime (right pie) contributions to the calculated OH reactivity for the measured compounds listed in Tab. 5.1. Total calculated OH reactivity during daytime was maximum 11 s -1 , on average 4±2 s -1 ; while during nighttime it was maximum 3 s -1 , on average 2±0.4 s -1 .

Figure 5 .

 5 Figure 5.7 shows together the time series of total measured reactivity and calculated OH reactivity. Data points were averaged over three hours (longest time resolution achieved by the gas phase measurements) to allow a direct comparison between the measured and calculated reactivity. In addition Figure5.7 also reports the uncertainties on the measured and calculated reactivity, to highlight periods where an agreement or a significant discrepancy exists. Such uncertainties were considered to be 35% and 20%, respectively. When instrumental uncertainties are considered, the time series report a good agreement during the periods 20-23/07 and 31/07-05/08. The air masses during these days carried to the field site anthropogenic pollutants from the north of Italy and the south-west of France. Interestingly, such good agreement suggest that the air masses were mainly composed by measured AVOCs while OVOCs were present in lower amount. In contrast, the largest significant discrepancy among the measured and calculated reactivity is noticeable between the 23/07 and 30/07. To help understanding the source of this missing reactivity fraction we combined the modeled air masses regime (discussed in section 4.1) with the atmospheric mixing ratio of some common atmospheric tracers. We used isoprene and pinenes for air masses enriched by species derived by natural activities, while propane and ethane were chosen for the air masses enriched in anthropogenic pollutants. The regime of the air masses was interestingly various: during our field work we received air masses from diverse sectors which offered the possibility to analyse different possible scenarios for a site located in the western Mediterranean basin. The atmospheric mixing ratio of anthropogenic pollutants increased when the air masses were coming from the North East sector: between the 21-23/07 and between 31/07-03/08. On the other side, the biogenic enrichment was independent to the origin of the air masses, while it showed a closer variability to local drivers, such as the air temperature and the solar radiation. Peaks of concentration of BVOCs in ambient air were registered for all the modeled clusters of the air masses classification reported in Tab. 5.4. Remarkably, during the field work the site received air masses from the same sector more than once, however it does not seem that the magnitude of difference between the measured and calculated reactivity is associated to the origin of the air masses (compare Tab. 5.4 to Fig.5.7).

Figure 5 . 7 :

 57 Figure 5.7: Absolute OH reactivity calculated for the measured biogenic compounds at the site during the period of the campaign. Higher panels show the profiles of wind direction, wind speed, solar irradiance, and air temperature measured at the same site during the same period.

Figure 5 . 8 :

 58 Figure 5.8: Total monoterpenes measured by PTR-MS compared to speciated monoterpenes measured off-line by GC-MS. Speciated monoterpenes were input for the calculation of the OH reactivity. The red dashed line refers to the difference between total measured and total speciated, here referred as "missing monoterpenes".

Figure 5 . 10 :Figure 5 . 11 :

 510511 Figure 5.10: Ethyne and CO variability along the time of the field work. Colored bars highlight the different clusters identified with Hysplit. Between 23 and 30/07 is reported the largest difference among the two anthropogenic species, although the air masses have different origins, higher loadings of CO corroborate the hypothesis of stronger oxidation during those days. Graph courtesy of Vincent Michoud.

  initial concentration of H 2 O 2 (1ppbv), SO 2 (1 ppbv), CH 4 (1840 ppbv), CO (100 ppbv), PAN-like species (affecting the reactivity but not the mass, 80 pptv) and ozone (60 ppbv) for both layers. These concentrations were chosen to represent typical rural concentrations (Sillman et al. 1990) for H 2 O 2 , SO 2 and PAN or based on concentrations typically observed during our campaign for CO, CH 4 and O 3 . The concentrations of BVOCs and NO x are imposed during the whole simulations to match the levels observed on the field. Their profiles were prepared by interpolating the measurements run on 28/07/2013 (see Fig. 5.13a, b, c). Temperature, relative humidity, solar radiation and other physical parameters were obtained from the average of the observed values on 28/07/2013 and input in the model.

Figure 5 . 13 :

 513 Figure 5.13: Observed (red line) and imposed (green line) atmospheric mixing ratios for isoprene (panel a), sum of pinenes and camphene (apinene, panel b), sum of limonene and terpinenes (limonene, panel c) during 28/07/2013.

Figure 5 . 14 :

 514 Figure 5.14: Modelled OH reactivity contributions predicted from the atmospheric mixing ratio of the BVOCs measured during 28/07/2013. The total OH reactivity obtained from the model amounted to 11.5 s -1 .

3 . 1 . 2 . 37 ( 1 )Figure2.

 312371 Figure2. Simplified schematicof CRM LSCE. A different setup (not shown)wasusedfor CRM MD.

Figure 4 .

 4 Figure 4. Correction factor dependency on pyrrole/OH measured from the injection of known reactivity with propane and ethane for the two instruments (LSCE hollow circles, MD full circles).

Figure 8 .Figure 3 .

 83 Figure 8. Correlations of CRM left to bottom right: (1) raw and pseudo first order devia dilution correction. Data are valuesincludeonestandardd

Figure 1 .

 1 Figure 1.Pyrrole concentrations during an OH reactivity experiment.

Figure 5 .Figure 6 Figure B. 1 :

 561 Figure 5. Correction factor dependency on pyrrole/OH assessed with several gas standards in the laboratory and on the field for CRM MD.

3 .

 3 ChArMEx-CARBOSOR campaign at Cape Corsica (42.97°N, 9.38°E, altitude 533 m) Chemistry-Aerosols in a Mediterranean Experiment-Source and Reactivity of gaseous Organic Carbon (hydrocarbons, OVOC 's of both anthropogenic and biogenic origin)

  PM 2:00 PM 3:00 PM 4:00 PM 5:00 PM 6:00 PM Time Diurnal Pattern of total OH reactivity (10-90 % whiskers) Reactivity fromancillary gas phase measurements at thesamesite iscalculated as thesumof theproductsbetween concentration and rate constant of reaction of each measured species. Total OH reactivity measured and calculated are then compared and their difference corresponds to the missingfraction. We used backwards trajectories and meteo data to investigate the missingfraction. Measured total OH reactivity during the three weeks of campaign ranged from the method LOD (2-3 s -1 ) to a maximum of 20 s -1 , on average ~5s -1 . Total OH reactivity showsaclear diurnal pattern. Diurnal pattern of total OH reactivity increased at 10 amand reached a maximum at 3 pm. It suggests that the largest contribution to the OH reactivity came frombiogenics and photo-oxidation products. The profile agrees well with the total biogenics mixingratio profiles (sumof m/z 69 and 137 froma PTR-MS) . AVOC's C2-C13 a-pinene, b-pinene PTR-TOF-MS CH3OH,CH3CN, CH3CHO, HCOOH, CH3COOH, CH3COCH3, MVK+ MACR, MGLYOX, MEK, CH3CH2COOH, EVK, CH£CH¤CH¤-COOH, nopinone, pinonaldehyde GC-MS Limonene, camphene, a-terpinene, gterpinene NOxanalyser total BVOCs (10-90 % whiskers)

Figure 1 , 2 , 3 .

 123 Figure 1, 2, 3. Time series of total OH reactivity, its diurnal pattern (upper left panel) and diurnal pattern of total measured BVOC's (upper right panel).

Figure4.

  Figure4. Measured vscalculated reactivity fromgas phase measurements. Time series areclassified according to air masses backtrajectories and pies indicate therelative contributions between BVOC's, AVOC's, OVOC's and others (NOx and CO).

Figure 5a,b, 6 .

 6 Figure 5a,b, 6. Relative contributions of reactivity among measured BVOCs during periods of highest missing reactivity, absolute reactivity values of BVOC's for the whole campaign. Values reported in the table refer to BVOC's contributions during the whole campaign.

Figure B. 2 :

 2 Figure B.2: Poster presented at the Gordon Research Conference on Biogenic Hydrocarbons and the Atmosphere, Girona, Spain, July 2014.

Method (CRM) 3 .

 3 OHP-Observatoire Haute Provence (FR) (43°N, 5°E; http://www.obs-hp.fr) Measurements were run at OHP field site, a Mediterranean forest of downy oaks (¦uercus Pubescens illd.). For more details see the poster of Gros V. et al.

  PM 2:00 PM 3:00 PM 4:00 PM 5:00 PM 6:00 PM Time after correction (s-1)

  y=(-0.10 ±0.02)x + (1.42 ± 0.11) r2= 0.787 isoprene propane Raw OH reactivity values are derived from: and corrected for: (i) RH changes between C2and C3; (ii) deviation from pseudo first order kinetics which depends on pyrrole/OH; (iii) dilution inside the reactor.

  Preliminary data analysis froma focusstudy on downyoak. We measured total OH reactivity of a downy oak branch in a 10 L dynamic branch enclosure. Calculated reactivity includes only measurements fromPTR-MS. CRM data are calibrated up to 400 s -1 . More laboratory tests are needed to quantify both measured and calculated reactivity.Total OH reactivity measured at OHP. Data from 05/31/2014 to 06/06/2014 are probably affected by measurements artifacts. Zoom in of branch enclosure data isshown on the right side graph.

  We thank C. Jambert, P. Durand, C. Delon from Laboratoire d'Aerologie, Toulouse for the NOx data; N. Bonnaire and B. Esnault fromLSCE; I. Reiter and J.P. OrtsfromOHP site. Thiswork issupported by European fundings "PIMMS", grant agreement 287382, ANR-CANOPEE andChArMEx.

  diluted in a glass flow reactor and its concentration is monitored with a PTR-MS after injection (C0), photolysis (C1), after OH radicals are artificially produced (C2) and when ambient air is sampled and the competition for OH radicals between pyrrole and ambient reactive gases has started (C3)[5].

Figure B. 3 :

 3 Figure B.3: Poster presented at International Global Atmospheric Chemistry Conference, Natal, Brazil, September 2014

Université

  Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Titre : OH reactivity measurements in the Mediterranean region Mots clés : Volatile organic compounds, Comparative reactivity method, mass spectrometry Résumé : La réactivité totale OH est la perte totale du radical hydroxyle (le principal oxydant de l'atmosphère) avec les gaz réactifs dans l'air ambiant. Elle représente la mesure de la quantité totale des réactifs dans un environnement donné. Nous présentons ici un travail expérimental se concentrant sur les améliorations techniques d'une méthode appelée "Comparative Reactivity Method" pour mesurer la réactivité OH su le terrain ainsi que sur des résultats obtenus sur deux sites ciblés dans le bassin méditerranéen. La réactivité OH mesurée était élevée dans les deux sites. Sur le site récepteur en Corse (France) au cours de l'été 2013, nous avons observé que la réactivité OH était en moyenne de 5,5 s-1 (avec un maximum de 17 s-1). Ces mesures ont été comparées avec les observations de composés en phase gazeuse réalisées pendant la campagne. Il a été noté que pendant une période de la campagne, seulement 50% de la réactvité était expliqué par les mesures complémentaires.

Table 1 . 1 :

 11 Estimate of Global Tropospheric NO x Emissions in Tg N yr -1 for Year 2000. Adapted from Seinfeld and Pandis (2006).

	Sources	Emissions Tg N yr -1
	Fossil fuel combustion	33.0
	Aircraft	0.7
	Biomass burning	7.1
	Soils	5.6
	NH 3 oxidation	-
	Lightning	5.0
	Stratosphere	< 0.5
	Total	51.9

Table 1 .

 1 

	2: Estimated global emissions of VOCs (TgC/year) for different anthropogenic
	sources (adapted from Middleton et al., (1995)	
	Activity	Emissions (Tg yr -1 )
	Fuel Production / Distribution	
	Petroleum	8
	Natural gas	2
	Oil refining	5
	Gasline distribution	2.5
	Fuel consumption	
	Coal	3.5
	Wood	25
	Crop residues (including waste)	14.5
	Charcoal	2.5
	Dung cakes	3
	Road transport	36
	Chemical industry	2
	Solvent use	20
	Uncontrolled waste burning	8
	Other	10
	Total	142

Table 1 .

 1 

	3: Estimated global emissions of some common biogenic VOCs (adapted from
	Sindelarova et al., (2014))	
	Global total species	mean TgC yr -1
	isoprene	594±34
	sum of monoterpenes	95±3
	α-pinene	32±1
	β-pinene	16.7±0.6
	sesquiterpenes	20±1
	methanol	139±4
	acetone	37±1
	ethanol	19±1
	acetaldehyde	19±1
	erbene	18.1±0.5
	propene	15.0±0.4
	formaldehyde	4.6±0.2
	formic acid	3.5±0.2
	acetic acid	3.5±0.2
	2-methyl-3-buten-2-ol	1.6±0.1
	toluene	1.5±0.1
	other VOC species	8.5±0.3
	CO	90±4

Table 1

 1 

.5 shows a summary of estimated lifetimes for AVOCs as reported in the review of

[START_REF] Atkinson | Atmospheric chemistry of VOCs and NO x[END_REF]

. Estimates were obtained from [OH]=2 10 6 molecules cm -3 [O 3 ]=7 10 11 molecules cm -3 and [NO 3 ]=5 10 8 molecules cm -3 . For instance, propane lifetime is calculated to be 10 days with OH, while acetone needs 53 days before it is removed by OH.

Table 1 . 4 :

 14 Calculated atmospheric lifetimes for some common biogenic volatile organic compounds (BVOCs). Calculations were performed for [OH]=2 10 6 molecules cm -3 [O 3 ]=7 10 11 molecules cm -3 and [NO 3 ]=2.5 10 8 molecules cm -3 . Adapted from[START_REF] Atkinson | Gas-phase tropospheric chemistry of biogenic volatile organic compounds: a review[END_REF].

	Organic	OH	Lifetime due to O 3 NO 3
	Isoprene	1.4 h	1.3 day	1.6 h
	Monoterpenes			
	Camphene	2.6 h	18 day	1.7 h
	2-Carene	1.7 h	1.7 h	4 min
	3-Carene	1.6 h	11 h	7 min
	Limonene	49 min 2.0 h	5 min
	Myrcene	39 min 50 min	6 min
	α-Pinene	2.6 h	4.6 h	11 min
	β-Pinene	1.8 h	1.1 day	27 min
	α-Terpinene	23 min 1 min	0.5 min
	γ-Terpinene	47 min 2.8 h	2 min
	Sesquiterpenes			
	β-Caryphyllene	42 min 2 min	3 min
	α-Humulene	28 min 2 min	2 min
	Oxygenates			
	Acetone	61 day >4.5 yr	>8 yr
	Camphor	2.5 day >235 day >300 day
	Linealool	52 min 55 min	6 min
	Methanol	12 day >4.5 yr	2.0 yr

How strong is the reaction towards one specific oxidant compared to one other is again strictly species dependent (see

[START_REF] Atkinson | Gas-phase tropospheric chemistry of biogenic volatile organic compounds: a review[END_REF] 

and

[START_REF] Mogensen | Simulations of atmospheric OH, O3 and NO3 reactivities within and above the boreal forest[END_REF]

).

Table 1 . 5 :

 15 Calculated lifetimes for some anthropogenic volatile organic compounds (AV-OCs). Estimates were obtained from [OH]=2 10 6 molecules cm -3 [O 3 ]=7 10 11 molecules cm -3 and [NO 3 ]=5 10 8 molecules cm -3 . Adapted from[START_REF] Atkinson | Atmospheric chemistry of VOCs and NO x[END_REF].

	Organic	OH	NO 3	Lifetime due to O 3	Photolysis
	Propane	10 day ≈ 7 yr	>4500 yr
	n-Butane	4.7 day 2.8 yr	>4500 yr
	Ethene	1.4 day 225 day	10 day
	Propene	5.3 h	4.9 day	1.6 day
	Benzene	9.4 day >4 yr	>4.5 yr
	Toluene	1.9 day 1.9 yr	> 4.5 yr
	m-Xylene	5.9 h	200 day	> 4.5 yr
	Styrene	2.4 h	3.7 h	1.0 day
	Phenol	5.3 h	9 min	
	Formaldehyde	1.2 day 80 day	> 4.5 yr 4 h
	Acetaldehyde	8.8 h	17 day	> 4.5 yr 6 day
	Acetone	53 day yr>11 day		≈60 day

abundant VOCs, for instance isoprene on a regional and global scale, emerges that OH, compared to O 3 and NO 3 , is by far the dominant oxidant.

Oxidation reactions of VOCs usually follow two pathways: (a) addition of the OH radical, NO 3 radical and O 3 to the C=C double bonds, (b) H-abstraction from C-H bonds (and to a lesser extent from O-H bond) by OH radicals and NO 3 radicals. Biogenics having C=C double bonds usually react by addition of the oxidants to the double bonds, while H-abstraction occurs from various C-H bonds of alkanes, ethers, alcohols, carbonyls and esters. The latter is also important for aldehydes, as methacrolein, one of the oxidation products resulting from the oxidation of isoprene.

  In 1993, William H. Brune conceived for the first time the concept of total OH reactivity as the direct measure of OH loss rate. A few years later the first measurements of total OH reactivity were performed independently by two research groups in the laboratory based on LIDAR[START_REF] Calpini | Direct measurement of the total reaction rate of OH in the atmosphere[END_REF] and in ambient air based on laser induced fluorescence for detecting OH[START_REF] Kovacs | Total OH Loss Rate Measurement[END_REF].

	1.2.2 Measuring the OH reactivity

Currently, the total OH reactivity can be measured directly using three different methods: (i) Total OH Loss Rate Measurement (TOLRM)

[START_REF] Kovacs | Total OH Loss Rate Measurement[END_REF]

; Mao et al., 2009; Hansen et al., 2014); Pump and probe technique (Calpini et al., 1999; Sadanaga et al., 2004; Yoshino et al., 2006; Ingham et al., 2009; Lou et al., 2010) and Comparative Reactivity Method (CRM) (Sinha et al., 2008; Nölscher et al., 2012a; Dolgorouky et al., 2012; Kim et al., 2011; Kumar and Sinha, 2014). Total OH Loss Rate Measurement was first developed by

[START_REF] Kovacs | Total OH Loss Rate Measurement[END_REF]

. It consists of a flow tube used to sample ambient air at flow rates in the order of 50-400 sL min -1 , wherein a large amount of OH is added through a movable injector. OH concentration is quantified at different reaction times using a FAGE apparatus (Fluorescence Assay by Gas Expansion, see

[START_REF] Faloona | A Laser-induced Fluorescence Instrument for Detecting Tropospheric OH and HO 2 : Characteristics and Calibration[END_REF] 

and

[START_REF] Dusanter | Measurements of OH and HO 2 concentrations during the MCMA-2006 field campaign -Part 1: Deployment of the Indiana University laser-induced fluorescence instrument[END_REF]

) at the exit of the flow tube by moving the injector. A decay curve for OH is obtained due to a change in distance between the OH source and the OH detector.

The pump and probe technique was first pioneered by

[START_REF] Calpini | Direct measurement of the total reaction rate of OH in the atmosphere[END_REF] 

and

[START_REF] Jeanneret | Total VOC reactivity in the planetary boundary layer: 1. Estimation by a pump and probe OH experiment[END_REF] 

and then adapted with some differences by other groups

[START_REF] Sadanaga | Development of a measurement system of OH reactivity in the atmosphere by using a laser-induced pump and probe technique[END_REF][START_REF] Yoshino | Measurement of total OH reactivity by laser-induced pump and probe technique-comprehensive observations in the urban atmosphere of Tokyo[END_REF][START_REF] Ingham | A flow-tube based laser-induced fluorescence instrument to measure OH reactivity in the troposphere[END_REF][START_REF] Lou | Atmospheric OH reactivities in the Pearl River Delta -China in summer 2006: measurement and model results[END_REF]

. The instrument consists of three main parts: a flow tube to sample ambient air, a pulsed laser to generate OH in the sampling reactor, and a FAGE apparatus to quantify OH. The sampling flow is set around 10-20 sL min -1 and assuming laminar flow the sample has about 1 s residence time for reaction with OH. The hydroxyl radical OH is generated inside the reactor from ozone photolysis. The decay of OH is measured considering the summed laser pulses using the FAGE instrument.

Table 1 . 6 :

 16 Performance of instruments based on the three existing methods for measuring OH reactivity (modified from Nölscher et al., 2012).

	Method	Uncertainty LoD	Time resolution	Sampling flow	Best application	main reference
		[%]	[s -1 ]	[s]	[sL min -1 ]		
						Laboratory studies, Kovacs and
	TOLRM 10-12	1-2	30-180	50-400	permanent/longterm	Brune,
						monitoring	(2001)
	Pump					Laboratory studies, Sadanaga et
	and	16-25	1	210	10-20	permanent/longterm	al., 2004
	probe					monitoring	
	CRM	16-35	3-4	10-60	0.3	Forests, chamber studies	Sinha et al., 2008

Table

  

  [START_REF] Kim | Contributions of primary and secondary biogenic VOC tototal OH reactivity during the CABINEX (Community Atmosphere-Biosphere INteractions Experiments)-09 field campaign[END_REF] measured for the first time the OH reactivity in plant cuvettes. They isolated a few plant species to see if their emissions were completely characterized. Indeed plant cuvettes are perfect means to help disentangling the origin of the missing reactivity. They saw that the few plant species investigated were emitting compounds whose concentration was measured by their techniques. Hence they concluded that the missing OH reactivity has mainly a

secondary origin.

Nölscher et al., (2012) 

measured the OH reactivity in the Finnish boreal forest, during a warmer than usual summer. Their missing reactivity was almost 90% and they attributed it to species emitted as a consequence of heat stress on trees.

[START_REF] Holzinger | Observations of oxidation products above a forest imply biogenic emissions of very reactive compounds[END_REF] 

reported a broad suite of oxygenated compounds measured from a

3 O + are 10 6 cps.

  

	2.1). (i) The ion source consists of a hollow-cathode
	discharge source where water vapor generates H + 2 , H + and O + ions which further react
	with water molecules to form H 3 O + with high efficiency (>99.5%). Other reagent gases
	despite water vapor can be used for such scope, O 2 or O 2 together with N 2 for instance, can
	produce O + 2 and NO + ions with slight less efficiency (90-95% and 95-99%, respectively).
	Typical count rates for H

  larger than water (209.2 kcal/mol and 165.2 kcal/mol respectively) and its signal can be easily monitored unambiguously at the protonated m/z 68 (C4H5NH+) without any fragment. The protons and water clusters signals of PTR-MS at m/z 21 (number of protons), m/z 37 (first water cluster H3O+ * H 2 O), m/z 55 (second water cluster, H 3 O+ * (H 2 O) 2 ) are also required to be monitored. Additionally, other molecules as methanol (m/z 33), acetaldehyde (m/z 45), acetone (m/z 59) can be measured to trace any issue occurring inside the system, for instance the presence of a leackage or impurities. Recently,[START_REF] Kumar | VOC-OHM: A new technique for rapid measurements of ambient total OH reactivity and volatile organic compounds using a single proton transfer reaction mass spectrometer[END_REF] presented an advantageous use of the same PTR-MS for detecting the OH reactivity with the CRM and measuring ambient volatiles concentration.

2.1.1-2.1.3. Pyrrole is detectable with the PTR-MS since its proton affinity is

  2.8).
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Table 2 . 1 :

 21 Brief comparison of the performance of our CRM between the field works ChArMEx and Canopee. Differences are due to instrumental improvement with time. Linear response in the range: 3-500 s -1 correlation: y = (0.99 ± 0.07)x + 4.55 ± 2.18; correlation: y = (1.01 ± 0.04)x -3.26 ± 5.15; R 2 =0.786. Tests run with propane & ethane R 2 = 0.96. Tests run with propane & isoprene

		ChArMEx (Corsica, France,	Canopee (Provence, France
		time of deployment:	time of deployment
		24/06/2013-06/08/2013	23/05/2014-13/06/2014
	Limit of Detection (LoD, 3σ)	3 s -1	3 s -1
	Total systematic uncertainty	35%	35%
	Detector sensitivity to	Dry calibration: within 15%	dry calibration: below 5%
	pyrrole	Wet calibration: within 5%	Wet calibration: below 5%
	Flows stability	Lines clogging issue. PTR--MS sampling flow unstable	2%
		over 3-4 days.	
	C1	72±4 ppb	50±10 ppb
	humidity correction test	linear correction, slope=33 (see Fig. 2.5)	linear correction, slope=65 (see Fig. 2.5)
		Linear response in the range: 3-70 s -1	
	Test with external gases		
	Magnitude of corrections (humidity and kinetics regime)	10% decrease, 2% decrease	13% decrease, 47% decrease

  [START_REF] Paulson | OH Radical Formation from the Gas-Phase Reaction of Ozone with Terminal Alkenes and the Relationship between Structure and Mechanism[END_REF][START_REF] Hofzumahaus | Amplified Trace Gas Removal in the Troposphere[END_REF][START_REF] Fuchs | Experimental evidence for efficient hydroxyl radical regeneration in isoprene oxidation[END_REF]. Main sinks of OH are CO, CH 4 , NO 2 , VOCs (volatile organic compounds) and radicals, mainly HO 2 . Recent studies report that OH also reacts quickly with organic peroxy radicals such as CH 3 O 2 , and OH + RO 2 reactions may be a significant sink of OH in pristine environments[START_REF] Archibald | On the importance of the reaction between OH and RO 2 radicals[END_REF][START_REF] Fittschen | The Reaction of CH3O2 Radicals with OH Radicals: A Neglected Sink for CH 3 O 2 in the Remote Atmosphere[END_REF].

  Intercomparison of two comparative reactivity method instruments named missing OH reactivity and has been attributed to unmeasured primary and/or secondary compounds in the atmosphere[START_REF] Di Carlo | Missing OH Reactivity in a Forest: Evidence for Unknown Reactive Biogenic VOCs[END_REF][START_REF] Kim | Contributions of primary and secondary biogenic VOC tototal OH reactivity during the CABINEX (Community Atmosphere-Biosphere INteractions Experiments)-09 field campaign[END_REF].Currently, three methods exist to perform direct measurements of total OH reactivity, such as the total OH loss rate measurement (TOLRM)(Kovacs and Brune, 2001; Mao et al., 2009; Ingham et al., 2009; Hansen et al., 2014); Pump and probe technique (Calpini et al., 1999; Sadanaga et al., 2004; Yoshino et al., 2006; Lou et al., 2010) and the comparative reactivity method (CRM) (Sinha et al., 2008; Nölscher et al., 2012a; Dolgorouky et al., 2012; Kim et al., 2011; Kumar and Sinha, 2014). A detailed comparison of the three methods can be found in Nölscher et al. (2012a) and Hansen et al. (2015).

Di Carlo et al. (2004); Nölscher et al. (2012b) and Hansen et al. (2014).

The difference between the total measured and the calculated OH reactivity has been 64Chapter 3.

Total OH loss rate measurement consists of a flow tube used to sample ambient air at flow rates in the order of 50-400 sL min -1 , wherein a large amount of OH is added through a movable injector. OH concentration is quantified at different reaction times using a FAGE apparatus (fluorescence assay by gas expansion, see

Faloona et 

al. (2004) and Dusanter et al. (2009) at the exit of the flow tube by moving the injector, from which a decay curve is obtained due to a change in distance between the OH source and the OH detector. The pump and probe technique was first pioneered by Calpini et al. (1999) and Jeanneret et al. (2001) and then adapted by other groups

[START_REF] Sadanaga | Development of a measurement system of OH reactivity in the atmosphere by using a laser-induced pump and probe technique[END_REF][START_REF] Yoshino | Measurement of total OH reactivity by laser-induced pump and probe technique-comprehensive observations in the urban atmosphere of Tokyo[END_REF][START_REF] Lou | Atmospheric OH reactivities in the Pearl River Delta -China in summer 2006: measurement and model results[END_REF]

. The instrument consists of three main parts: a flow tube to sample ambient air, a pulsed laser to generate OH in the sampling reactor, and a FAGE apparatus to quantify OH. The sampling flow is set around 10-20 sL min -1 and assuming laminar flow the sample has 1 s residence time for reaction with OH. The hydroxyl radical OH is generated by ozone photolysis within the reactor and is detected after each laser pulse using the FAGE apparatus to acquire time-resolved OH decay.

  MS for VOCs' measurements; FAGE instruments are more expensive and require highly skilled operators. These advantages have led to the construction of several CRM instruments throughout the world in the past few years.Another existing version of the CRM consists of the glass reactor coupled to a Gas Chromatography-Photo Ionization Detector (GC-PID)(Nölscher et al., 2012a), this version is cheaper and more portable but has also demonstrated to be slightly less robust over time compared to the PTR-MS set-up.On the other hand, processing of the raw data and corrections for measurements artifacts represent the main disadvantages of this technique. Previous studies[START_REF] Sinha | The Comparative Reactivity Method -a new tool to measure total OH Reactivity in ambient air[END_REF][START_REF] Dolgorouky | Total OH reactivity measurements in Paris during the 2010 MEGAPOLI winter campaign[END_REF][START_REF] Hansen | Intercomparison of the comparative reactivity method (CRM) and pump-probe technique for measuring total OH reactivity in an urban environment[END_REF][START_REF] Michoud | Detailed characterizations of the new Mines Douai comparative reactivity method instrument via laboratory experiments and modeling[END_REF] stressed that careful corrections are necessary for CRM measurements and a standardized procedure for data processing has yet to be agreed by the community.

al. (2011) and Nölscher et al. (2013) for more information. In addition, several research groups have already a PTR-In this study, we present results of the first intercomparison experiment involving two Comparative Reactivity Method instruments, CRM-LSCE (Laboratoire des Sciences du Climat et de l'Environnement) and CRM-MD (Mines Douai) assembled in two different laboratories, run by different operators but working under similar settings. Our study was performed to test a clear and simple approach to process the raw data and accurately derive OH reactivity values. It aims at identifying potential limitations and getting insights into the robustness of the CRM. Our exercise includes a comparison of calibration factors, correction factors and measurements of OH reactivity conducted in ambient air (10-11 July

  3. Intercomparison of two comparative reactivity method instruments(i) Zero air and ambient air at different humidity used to dilute pyrrole and acquire respectively C2 and C3 lead to different water content and OH levels inside the reactor which can produce differences in the two levels and cause an under or overestimation of the reactivity in ambient air. To reduce humidity differences between C2 and C3 we equipped the CRM with a catalytic converter to generate zero air to acquire C2. The catalytic converter of CRM-LSCE is made of Pt-Pd pellets heated up to 350 o C, while the one of CRM-MD has Pt wool also held at 350 o C. However, humidity changes between C2 and C3 are still observed and corrections of the raw data of reactivity are often needed.To look at humidity changes it is useful to monitor the ratio between m/z 37 and m/z 19 (here referred as m37/m19) which corresponds to the protonated mass of the first water cluster normalized for the number of primary ions inside the PTR-MS (see[START_REF] Ammann | Technical note: Water vapour concentration and flux measurements with PTR-MS[END_REF][START_REF] Sinha | The effect of relative humidity on the detection of pyrrole by PTR-MS for OH reactivity measurements[END_REF] and depends on the absolute humidity of the air sampled.

	al., 2015; Michoud et al., 2015):
	i. correction on C2 to account for potential differences in humidity between C2 and C3
	levels;
	ii. correction on C3 to account for some secondary chemistry (HO 2 +NO→OH) which
	can lead to a significant production of OH inside the reactor;

iii. correction on reactivity from Eq. (3.1) to consider deviation from pseudo first order kinetics

[START_REF] Sinha | The Comparative Reactivity Method -a new tool to measure total OH Reactivity in ambient air[END_REF]

; iv. dilution of ambient air inside the reactor. 68Chapter

  [START_REF] Dolgorouky | Total OH reactivity measurements in Paris during the 2010 MEGAPOLI winter campaign[END_REF][START_REF] Hansen | Intercomparison of the comparative reactivity method (CRM) and pump-probe technique for measuring total OH reactivity in an urban environment[END_REF] Michoud et al., 2015). During our intercomparison exercise the level of NO in ambient air reached a maximum of 1 ppbv, which resulted in negligible secondary formation of OH inside our two systems, therefore no corrections were warranted here. (iii) It is assumed in Eq. (3.1) that reactions of OH with pyrrole and ambient trace gases proceed through first order kinetics, i.e. pyrrole and trace gas concentrations are higher than OH concentration. However, CRM instruments are operated with OH concentrations on the same order of magnitude than pyrrole ([pyrrole] ∼ 60-70 ppbv, [OH] ∼ 40-50 ppbv) and a correction must be applied to account for a deviation from first order kinetics. A correction factor F can be obtained theoretically[START_REF] Sinha | The Comparative Reactivity Method -a new tool to measure total OH Reactivity in ambient air[END_REF] or experimentally (as in this study and inHansen et al., 2015;[START_REF] Michoud | Detailed characterizations of the new Mines Douai comparative reactivity method instrument via laboratory experiments and modeling[END_REF] and used to process reactivity data already corrected for humidity changes and secondary OH formation as follows:

Table 3 . 1 :

 31 Technical parts and operational settings of CRM LSCE and CRM MD during the intercomparison excercise. MPI stands for Max Planck Institute (chemistry division, Mainz, Germany).

		CRM-LSCE	CRM-MD	
	Reactor	glass reactor from MPI	glass reactor from MPI
	Detection system	PTR-QMS (from IONICON,	PTR-ToFMS	(second
		Innsbruck, Austria)	generation,	
			Kore Technology Ltd,
			Ely, UK)	
	Sampling for kOH in ambi-			
	ent air			
	-line OD /length (inches, m) 1/8 ′′ /3	1/4 ′′ /30	
	-flow rate (sL min -1 )	0.25	2	
	-residence time (s)	∼ 3	∼ 3	
	Sampling for kOH plant en-			
	closure			
	-line OD /length (inches/	1/8 ′′ /3 + 1/4 ′′ /2.5	1/4 ′′ /30	
	m)	0.25	2	
	-flow rate (sL min -1 )	∼ 14	∼ 16	
	-residence time (s)			
	Sampling set up	no pump before sampling, PTFE	Teflon pump between
		filter at	sampling	
		the inlet	line and reactor,	
			no filter at the inlet
	Total flow inside reactor	∼ 0.33	∼ 0.355	
	(sL min -1 )			
	Photolysis rate (%)	∼ 5	∼ 2	
	C1 value (ppbv)	interpolated over the measured	from methane test
		C1 dry	61.4 ± 0.6 (1σ)	
		65 ± 5.8 (1σ)		
	Systematic uncertainty (%) 35	18	
	LOD (s -1 ) (3σ)	3	3	

  [START_REF] Baghi | A new disjunct eddy-covariance system for BVOC flux measurements -validation on CO 2 and H 2 O fluxes[END_REF] July 2013 at a remote site, Ersa, Cape Corsica, France (42.97 o N, 9.38 o ,E, alt 533 m). The site was chosen for intensive monitoring of atmospheric trace gases and aerosols under the ChArMEX project (Chemistry and Aerosols in a Mediterranean Experiment), an international program of field monitoring and modelling of atmospheric properties and climate interactions over the Mediterranean basin (https://charmex.lsce.ipsl.fr/). OH reactivity was measured as part of the 2013 CARBOSOR (CARBOn within continental pollution plumes: SOurces and Reactivity) field campaign by CRM-LSCE from the 16 July-5 August.The field site is located in the northern part of cape Corsica on the top of a hill facing the Mediterranean sea (533 m a.s.l.) and a few km away from the coast (2.5, 4.5, and 6 km from the west, north and east side respectively). The site is characterized by an intense Maquis shrubland, including characteristic plant species of the Mediterranean ecosystem as Pistacia Lentiscus, Myrtus Communis, Cistus Monspeliensis, Rosmarinus Officinalis, Genisteae, Hellebores and others. The closest anthropogenic source is the city of Bastia, second largest city and main harbour of the island, 50 km southern the monitoring site.

Table 3 . 2 :

 32 Summary of correction stages applied to raw reactivity data for CRM-LSCE and CRM-MD. Correction coefficients are obtained from experiments as described in the section data analysis.

	Correction	CRM-LSCE		CRM-MD
	Humidity	12 %		4 %
	Kinetics	Correction fac-	Correction fac-
		tor =		tor =
		1.71-		1.28-
		0.38 × Pyr/OH	0.18 × Pyr/OH
		(1	@	(1	@
		pyr/OH=1.86),	pyr/OH=1.56)
		constant factor	
		of 0.98 applied		
	Dilution	1.36		1.31
	Overall			
	increase			
	of raw data			
	due to cor-	49 %		20 %
	rections			

  Our study presents results of the first intercomparison exercise reported on two Comparative Reactivity Method instruments assembled in different laboratories and used under similar operating conditions at the field site of Ersa, Cape Corsica, France. The two instruments discussed here are CRM-LSCE and CRM-MD, from the laboratories LSCE (Laboratoire des Sciences du Climat et de l' Environnement) and MD (Mines de Douai) where they were assembled. The intercomparison took place during early July 2013 in the frame of the ChArMEx project (Chemistry and Aerosols in a Mediterranean Experiment). It consisted of different calibration and validation tests of the instruments as well as simultaneous measurements of OH reactivity.

	86Chapter 3. Intercomparison of two comparative reactivity method instruments
	3.4 Summary and conclusions
				m/z 137
				CRM-MD
		100	CRM-LSCE
	OH reactivity (s ) -1	m/z 137 (cps)	10
			1
			0.1
			7/9/2013	7/11/2013	7/13/2013
	Figure 3.8: Time series of enclosure kOH (8-9 July), ambient kOH (10-11 July), en-
	closure kOH (12-13 July) measured by CRM-LSCE (red) and CRM-MD (blue). Total
	monoterpenes signal measured by CRM-LSCE as protonated unfragmented m/z 137 is
	reported with the green line.

  Total OH reactivity is defined as the total loss of the hydroxyl radical due to reaction with ambient reactive molecules. It has demonstrated to be an excellent tool to provide indirect evidence of the importance of reactive molecules in ambient air. In addition, when OH reactivity is measured together with the concentration of trace compounds, it is possible to evaluate whether all the reactive components in the studied environment are identified or not. Missing reactivity, which is the fraction of measured OH reactivity not explained by complementary gas phase measurements, has been already reported in several forested sites(di Carlo et al., 2004; Sinha et al., 2010; Nölscher et al., 2013), up to almost 90 % (Nölscher et al., 2012a) and usually higher than most of the urban sites investigated[START_REF] Ren | HO x concentrations and OH reactivity observations in New York City during PMTACS-NY[END_REF][START_REF] Yoshino | Measurement of total OH reactivity by laser-induced pump and probe technique-comprehensive observations in the urban atmosphere of Tokyo[END_REF]. Di Carlo and co-workers were the first to report evidences of a missing biogenic source in a forest in Michigan, probably associated to terpene-like emissions and not accounted from trace gases analysis. Their[START_REF] Laothawornkitkul | Biogenic volatile organic compounds in the Earth system[END_REF]. Such findings pose the attention on the importance of conducting more, intense and long-term field studies in the Mediterranean region.OH reactivity was used as a tool to close the reactive carbon budget, and help assessing the oxidative processes occurring through the canopy. We measured total OH reactivity with the Comparative Reactivity Method (CRM,[START_REF] Sinha | The Comparative Reactivity Method -a new tool to measure total OH Reactivity in ambient air[END_REF] and used complementary measurements of trace gases concentration to elucidate any missing reactivity pattern. We sampled OH reactivity and trace gases concentration at the same time, and investigated two canopy heights, one inside the forest at 2 m, a second one above the forest at 10 m.

	nearly exclusively isoprene in large quantities (Kesselmeier et al., 1998; Genard-Zielinski
	et al., 2015). Recent studies at OHP have shown evidences for large tree specific intra
	variability in emission strength (Genard-Zielinski et al., 2015) strong isoprene fluxes to
	the atmosphere (up 10.1 mg m -2 h -1 during summer 2010 (Baghi et al., 2012) and up to
	9.7 mg m -2 h -1 during spring 2012 (Kalogridis et al., 2014) and low intracanopy oxidation
	processes (Kalogridis et al., 2014).
	4.2 Methodology
	4.2.1 Description of the field site
	The oak observatory (O3HP, https://o3hp.obs-hp.fr) was installed in 2009 within the
	OHP site in order to conduct field studies in ecology, plant phenology, microbiology and the
	atmosphere related to the third most abundant tree species in the French Mediterranean
	region. A geophysical sciences station (Gerard Megie) and an ICOS tower (Integrated
	Our study represents the first and only available to date study of OH reactivity in a Carbon Observation System, operative from 11 July 2014) also operate at OHP. The oak
	Mediterranean forest. It shows results of total OH reactivity and BVOCs concentration observatory is about 95 ha large and extends throughout a deciduous ecosystem dominated
	from a field experiment conducted at two heights in the forest of the Observatoire de Haute by downy oaks (Quercus pubescens Willd.) and Montpellier maple (Acer monspessulanum Hirsch et al. (1996); Tsigaridis and Kanakidou (2002) for northeast-Provence, France during late spring 2014. L.) which represent the 75 and 25 % respectively of the overstorey canopy. Smokey bushes ern USA and Europe, while production of Secondary Organic Aerosols was demonstrated by Claeys et al. (2004). (Cotinus coggygria Scop.) and other grass species constitute the understorey canopy. The

Furthermore, isoprene and BVOCs emissions influence the oxidative capacity of the atmosphere, impacting the lifetime of many species including long-lived species such as methane and hydrofluorocarbons which are commonly depleted by OH. work pioneered and motivated the following studies of OH reactivity at other forested sites, including boreal forests

(Sinha et 

al., 2010; Nölscher et al., 2012a; Mogensen et al., 2011), temperate mixed forests (Ren et al., 2006; Mao et al., 2012; Nölscher et al., 2013; Hansen et al., 2014 and Nakashima et al., 2014), and tropical forests (Sinha et al., 2008; Ingham et al., 2009 and Edwards et al., 2013).

The Mediterranean alone emits about 40 t km -2 year -1 of BVOCs, (as country specific emission density considered for Portugal, Cyprus, Spain, Greece, Albania, Slovenia, Italy, Croatia and Bosnia-Herzegovina, (Rainer Steinbrecher 2009), its warm temperature and sunny conditions trigger emissions of BVOCs, which have a clear light and temperature dependence. Global warming is expected to impact the Mediterranean more than other areas in the world

[START_REF] Mellouki | Regional Climate Variability and its Impacts in the Mediterranean Area[END_REF]

. Model predictions have shown that this area will be characterized by higher temperatures, extended drought periods, enhanced ozone and particles levels

[START_REF] Giorgi | Climate change hot-spots[END_REF][START_REF] Giorgi | Climate change projections for the Mediterranean region[END_REF][START_REF] Giorgi | Higher Hydroclimatic Intensity with Global Warming[END_REF] 

which will all influence BVOCs emissions in strength and pattern (The site at Observatoire de Haute Provence (OHP) is a special forest in the Mediterranean basin, located in the south east of France, poorly influenced by anthropogenic pollution and known for being almost homogeneous in BVOCs emissions. The dominant tree species at the site is the downy oak (Quercus pubescens Willd.), which has demonstrated to emit We measured total OH reactivity and atmospheric gases concentrations at the oak observatory of the field site of Observatoire de Haute Provence OHP, as part of the CANOPEE project. Observatoire de Haute Provence is located in the Mediterranean region, south east of France (5 • 42 ′ 44 ′′ E, 43 • 55 ′ 54 ′′ N, 650 m a.s.l.), with Marseille the closest largest city about 100 km south, and Manosque the closest town about 18 km south from the site (Fig.

4

.1). whole canopy is about 5 m high with an average leaf area index (LAI) measured during August 2010 of 2.4 (LAI-2000, Li-Cor, Lincoln, NE, USA). The climate at the site is typical of the Mediterranean area, with dry and hot summers and humid cool winters. Downy oak is a tree species known to emit almost exclusively isoprene (about 99 %, see

  • C,[START_REF] Atkinson | Rate constants for the gas phase reactions of OH radicals and O3 with pyrrole at 295 ± 1 K and atmospheric pressure[END_REF] and[START_REF] Dillon | Reaction of Hydroxyl Radicals with C4H5N (Pyrrole): Temperature and Pressure Dependent Rate Coefficients[END_REF] and C2 is monitored. A 4-way valve permits fast switches between zero air and ambient air, when the latter dilutes pyrrole the competition for OH radicals takes place and C3 is the measured concentration of pyrrole. C3 differs from C2 depending on the amount and type of reactive molecules present in ambient air. Differences between C2 and C3 are used to determine the total OH reactivity from the following equation:

	R air =	(C3 -C2) (C1 -C3)	• k pyrrole+OH • C1	(4.1)

Equation (4.1) assumes that the reaction between pyrrole and OH is in the pseudo first order kinetics, i.e. [pyrrole] ≫ [OH].

Table 4 . 1 :

 41 Measured species (except for CO and methane whose concentrations were assumed) used for calculating OH reactivity.

	Family group Species name
	alkanes	methane; ethane; propane; n-butane; i-butane; n-
		pentane; i-pentane; 2,2-dimethylbutane; cyclohex-
		ane; hexane
	alkenes	ethylene; propene; 1-butene; i-butene; cis-2-
		butene; 1,3-butadiene; trans-2-pentene; 1-pentene;
		cis-2-pentene; trans-2-butene
	alkynes	acetylene
	aromatics	benzene; toluene
	biogenics	isoprene; MVK+MACR+ISOPOOH; α-pinene; β-
		pinene; myrcene; limonene
	oxygenates	formaldehyde; acetaldehyde; methanol; acetone;
		methyl ethyl ketone
	inorganics	CO; NO; NO 2

Table 4 . 2 :

 42 [START_REF] Kalogridis | Concentrations and fluxes of isoprene and oxygenated VOCs at a French Mediterranean oak forest[END_REF];[START_REF] Holzinger | Diurnal cycles and seasonal variation of isoprene and its oxidation products in the tropical savanna atmosphere[END_REF];[START_REF] Warneke | Isoprene and Its Oxidation Products Methyl Vinyl Ketone, Methacrolein, and Isoprene Related Peroxides Measured Online over the Tropical Rain Forest of Surinam in March 1998[END_REF]. This is the case in particular for masses m/z 71 and m/z 73. Previous studies Name and mass of VOCs included in the standard mixture used for calibrating the PTR-MS. Reported sensitivities correspond to mean values of calibrations performed during the campaign. Limit of detections (LoD) correspond to 3σ of the standard deviation.

	VOCs contained in the calibration gas standard	
	m/z Identified compound S norm (ncps ppbv -1 ) LoD (ppbv)
	33	Methanol	11.0	0.72
	42	Acenotrile	19.0	0.12
	45	Acetaldehyde	16.5	0.26
	57	Ethylketone	17.6	0.09
	59	Acetone	20.9	0.15
	69	Isoprene	6.6	0.19
	71	Crotonaldehyde	21.0	0.22
	73	MEK	18.6	0.11
	79	Benzene	9.9	0.13
	93	Toluene	10.5	0.08
	137 α-pinene	2.7	0.08

highlighted the presence of isoprene hydroperoxides (ISOPOOH) fragmenting at m/z 71 in the PTR-MS, and representing a major yield from isoprene oxidation for low NO x environments, such as our case study

[START_REF] Liu | Production of methyl vinyl ketone and methacrolein via the hydroperoxyl pathway of isoprene oxidation[END_REF][START_REF] Rivera-Rios | Conversion of hydroperoxides to carbonyls in field and laboratory instrumentation: Observational bias in diagnosing pristine versus anthropogenically controlled atmospheric chemistry[END_REF]

). Since we did not separate between these compounds, we will therefore refer hereinafter to m/z 71 as the sum of the isoprene oxidation products ISOP.OXs: methyl vinyl ketone (MVK) + methacrolein (MACR) + isoprene hydroperoxides (ISOPOOH). Mass-to-charge 73, here reported as MEK and calibrated as such, can have several interferences. Among the possible interferences we speculate the presence of methylglyoxal, a compound generated during the degradation path of isoprene, which is the most abundant compound measured at our site. A detailed discussion about this compound and possible interferences at our site will be available in Yanez-Serrano et al.

(2015)

.

Table 4 . 3 :

 43 Volume mixing ratios inside and above the canopy of targeted molecules sampled with the PTR-MS.

	m/z Identified	Volume mixing ratios inside the canopy (2 m) (ppbv) Volume mixing ratios above the canopy (10 m) (ppbv)
		compound	Mean 24 h	Mean day	Mean night	Daily Mean 24 h	Mean day	Mean night	Daily
			statistics (06:30-22:00) (22:00-06:30)	max	statistics (06:30-22:00) (22:00-06:30)	max
	33	Methanol	5.41	5.35	4.44 2.80-13.51	5.47	5.72	4.81 7.87-11.16
	45	Acetaldehyde	1.20	1.20	0.94 1.21-5.01	1.03	1.18	1 1.77-6.41
	59	Acetone	2.39	2.37	2.20 2.33-10.03	2.08	2.04	2.06 2.02-7.12
	69	Isoprene	2.54	3.54	0.47 1.17-22.77	2.26	2.80	0.42 5.11-19.02
	71	ISOP.OXs	0.33	0.36	0.20 0.14-1.63	0.40	0.41	0.28 0.44-1.43
	79	Benzene	0.04	0.04	0.03 0.12-0.36	0.07	0.11	0.07 0.14-0.41
	93	Toluene	0.05	0.05	0.04 0.08-0.69	0.06	0.07	0.05 0.17-0.48
	137 Monoterpenes	0.18	0.21	0.11 0.25-1.76	0.14	0.15	0.08 0.35-0.89
	during the whole campaign, respectively. Ozone concentration ranged within 21-78 ppbv,
	with a mean value of 47 ± 10 ppbv.				
	Values discussed herein can be compared to values measured during the field work con-

ducted at OHP during spring 2012 (compare Tab. 4.3 in this work with Tab. 4.2 in Kalogridis et al., 2014). Both field works were conducted during the same time and season (late spring, beginning of June), with the site exposed to slightly different temperature levels (daily maximum in 2012 30 • C, daily maximum in 2014 31.5 • C), but the sampling was

  The latter permits to calculate the OH reactivity from the summation of the concentration multiplied by the rate coefficient of the measured species with OH. This is what is usually referred as calculated OH reactivity and comparison among the calculated and the total measured OH reactivity have reported discrepancies in various environments to different extents[START_REF] Di Carlo | Missing OH Reactivity in a Forest: Evidence for Unknown Reactive Biogenic VOCs[END_REF][START_REF] Dolgorouky | Total OH reactivity measurements in Paris during the 2010 MEGAPOLI winter campaign[END_REF] Nölscher et al., 2012a).The missing OH reactivity, the fraction of OH reactivity not explained by simultaneous measurements of reactive gases, has been associated to unmeasured primary compounds and/or secondary generated ones.

Table 5 . 1 :

 51 Quality check controls run on the CRM instrument and frequency during the field campaign.

	Parameter	Problem	Frequency
	Flows	Small fluctuations	Twice a day
	C1 value	Flows fluctuations	∼3 days
	Injection of a known reactivity	CRM linearity	∼2 days
	PTR-MS flow	Clogging	Twice a day
	Cleaning of peek line PTR-MS	Clogging	∼5 days
	Dry and wet calibration m/z 68 PTR-MS sensitivity Twice all campaign

Table 5 . 2 :

 52 Measured compounds and group of reference reported over the manuscript to indicate the compounds concentration used to calculate the OH reactivity.

	Species group Species name
	AVOCs (44)	methane, ethane, propane, n-butane, n-pentane, n-hexane, n-octane, n-nonane,
		n-undecane, n-dodecane, 2-methylpropane, 2-methylpentane, 2-methylhexane,
		2,2-dimethylbutane, 2,2-dimethylpropane, 2,3-dimethylpentane,
		2,4-dimethylpentane, 2,2,3-trimethylbutane, 2,2,4-trimethylpentane,
		2,3,4-trimethylpentane, cyclohexane, ethylene, propylene, 1-butene,
		2-methylpropene, 2-methyl-2-butene, 3-methyl-1-butene, 1,3-butadiene,
		trans-2-butene, cis-2-butene, 1-pentene, trans-2-pentene,
		cis-2-pentene, hexene, benzene, toluene, ethylbenzene,

Table 5 . 3 :

 53 Summary of the experimental methods deployed during the field work and described in the methods section. LoD stands for Limit of Detection.

	Technique	Compounds measured	LoD (pptv)
	PTR-MS	16 VOCs	7-500
	GC-FID/FID	22 NMHCs C2-C12	10-100
	GC-FID/MS	22 NMHCs (OVOCs+ C3-C7) 5-100
	HPLC	42 NMHCs (C1-C16)	5-40
	Hantzsch reaction HCHO	130
	CLD	NOx	50

  • N, 9.380 • E, alt: 600 m) for the whole campaign. The model we used is the online version of Hysplit (HYbrid Single-Particle Lagrangian Integrated Trajectory) developed by the National Oceanic and Atmosphere Administration (NOAA) Air Resources Laboratory (ARL) (Draxler and Hess, 1998; Stein et al., 2015).

Table 5 .

 5 4 shows the classification of the air masses according to different origin and wind speed during the field work. The air masses regime is classified into 5 different clusters: 1, continental air masses from North East, including North of Italy and Europe; 2, marine air masses from West, including coastal areas of the South of France and East of Spain; 3, air masses coming from South, travelling over the islands Corsica and Sardinia; 4, continental air masses coming from North West, including the South East of France; 5, air masses mainly of local origin characterised by low wind speed.

Table 5 .

 5 Figure 5.2 shows results of the measured total OH reactivity with temperature and relative humidity time series during the whole measurements campaign. Results of OH reactivity are reported with the black data points for 10 minutes frequency observations and with the black line for hourly averages of the raw data. Figure5.2 reports all data measured during 16/07/2013-05/08/2013; missing data are due to minor instrumental issues and instrumental quality controls. At this Mediterranean field site OH reactivity reached a maximum of 22 s -1 (10 minutes time resolution data) in the afternoon of 28/07/2013 and was on average 5±4 s -1 . It covariated with air temperature: over the measurements period higher values of reactivity are reached when higher air temperature and lower relative humidity are also observed (Fig.5.2). Maximum values of measured OH reactivity are observed during between 26-28/07/2013 and 02-03/08/2013. Air masses during these periods have different origins: from the western to the southern and the northern-east sectors.

	4: Air masses regime modeled with Hysplit. Five clusters are reported which
	correspond to different wind sectors and origin of the air masses: 1. North-East sector
	(North of Italy, Europe); 2. West (marine, South of France, North-East of Spain); 3.
	South (islands, Corsica and Sardinia); 4. North-West sector (South East of France); 5.
	Calm-low wind (local).		
	Time frame	Cluster-Wind Sector Notes
	15/07/2013-19/07/2013 5	calm-low
	19/07/2013-20/07/2013 2 W	marine
	20/07/2013	5	calm-low
	21/07/2013-23/07/2013 1 NE	continental
	23/07/2013	5	calm-low
	23/07/2013-27/07/2013 2 W	marine
	27/07/2013-29/07/2013 3 S	islands
	29/07/2013	2 W	marine
	29/07/2013-31/07/2013 4 NW	continental
	31/07/2013-03/08/2013 1 NE	continental
	03/08/2013-04/08/2013 5	calm-low
	04/08/2013-05/08/2013 2 W	marine
	5.4.2 Total measured OH reactivity	

Table 5 . 5 :

 55 [START_REF] Owen | Volatile organic compounds (VOCs) emitted from 40 Mediterranean plant species: VOC speciation and extrapolation to habitat scale[END_REF] measured a-terpinene from a few Mediterranean tree species, including: Juniperus phoenicea, Juniperus oxycedrus, Spartium junceum L., and Quercus ilex. Ormeno et al., (2007) published a content of α-terpinene of 34.9±2.3 µg/gDM in the leaves of Rosmarinus officinalis, whose shrubs were present in large quantity around our field site in Corsica. Relative contributions of speciated BVOCs to the total calculated OH reactivity BVOCs fraction. Daytime BVOCs OH reactivity accounted for maximum 9 s -1 , on average 2±2 s -1 , nighttime BVOCs OH reactivity fraction accounted for maximum 0.5, on average 0.1 s -1 .

	BVOCs	Day (%) Night (%)
	α-pinene	7.69	20.73
	β-pinene	16.49	16.05
	limonene	12.03	11.36
	camphene	1.48	3.05
	α-terpinene 31.08	31.33
	γ-terpinene 1.28	5.04
	isoprene	29.96	12.45

  Calculated OH reactivity for different monoterpenes emitted by typical Mediterranean plants (Bracho-Nunez et al., 2011). The missing monoterpenes concentration reported in Fig.

		8	limonene	
			linalool	
			myrcene	
			ocimene	
		6	camphor	
	OH reactivity (s -1 )	4	missing reactivity	
		2		
		0		
			7/17/2013	7/22/2013	7/27/2013	8/1/2013
	Figure 5.9:			

  Relative contributions to the calculated OH reactivity among the measured biogenic volatile organic compounds during the period of highest missing OH reactivity and highest temperature.

	100					
			a-terpinene				
			a-pinene				
	Relative contributions to OH reactivity (%)	80 60 40 20	b-pinene camphene g-terpinene isoprene limonene				
		0					
		12:00 AM	12:00 PM	12:00 AM	12:00 PM	12:00 AM	12:00 PM	12:00 AM
		7/27/2013		7/28/2013		7/29/2013		7/30/2013
	Figure 5.12:						

Table 5 . 6 :

 56 Sensitivity study of the model for a base case of modelled OH reactivity of 12 s -1 maximum measured value of isoprene of 20 ppbv was responsible, almost alone, of 69 s -1 of reactivity (see,Zannoni et al., 2015b). (ii) The result of reactivity is not much affected by OH concentration. Hence, an OH recycling due to isoprene and monoterpenes oxidation neglected by our model, could not be the main reason of discrepancy between model and measurements. (iii) Local drivers as temperature and solar radiation do not significantly affect the OH reactivity. They can instead directly affect the emissions of BVOCs, which are not included in the model. (iv) OH reactivity does not change significantly when NO x

	Sensitivity Test Lower	Normal Case	Higher
	ISO	400 pptv	800 pptv	1600 pptv 20 ppbv
		10.0		15.7	70
	APIN	625 pptv	1250 pptv	2500 pptv
		10.5		15.2
	LIMO	183 pptv	366 pptv	733 pptv
		10.8		14.6
	NOx	0.28 ppbv	0.565 ppbv	1.13 ppbv 10 ppbv 50 ppbv
		11.5		12.8	15.4	22.5
	O 3 fixed	40 ppbv	50 ppbv	60 ppbv
		11.4	11.8	12.2
	OH fixed	5x10 6 molec.cm -3 1.2x10 7 molec.cm -3 1.7x10 7 molec.cm -3
		12.0	12.1	12.1
	Temperature	18 • C	28 • C	38 • C
		11.5		12.6
	Rel. Humidity	56.5%	66.5%	76.5%
		11.8		12.2
	Solar Radiation 45 • lat 21/12	60 • lat 21/07	30 • lat 21/07
		9.8	11.5	12.2

  .14. Here we can notice that half of the OH reactivity is represented by the measured primary BVOCs and inorganics. Besides them, aldehydes, ketones, carboxylic acids and hydroperoxides had the largest impact on the OH reactivity. Especially, a number of aldehydes that follow into the group of propionaldehyde (CH 3 CH 2 CHO) had an impact to the total reactivity of 12%, almost as high as the primary measured isoprene (16%). In the specific, the acetaldehyde group of molecules (CH 3 CHO) weighted 7%, formaldehyde (CH 2 O, here only as formaldehyde but measured during 28/07/2013 only until 11 AM) weighted 7%, followed by a group of ketones (MVKET, 5%), methylhydroperoxides (CH 3 OOH, 4%), longer chain hydroperoxides (CH 3 CH 2 CH 2 (OOH), 4%), other hydroperoxydes (3%) and methacrolein aldehydes (MEACR, 3%
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	Chapter 6
	Conclusion and future research

This thesis work has presented: (i) technical improvements of the Comparative Reactivity Method (CRM) for measuring the OH reactivity in ambient air and (ii) results of ambient measurements of OH reactivity at two sites in the Mediterranean basin exposed to different loadings of atmospheric reactants.

Table A . 1 :

 A1 Rate coefficients of reaction with OH for some atmospheric compounds discussed in this thesis work.Compound namek i+OH in cm 3 molecules -1 s -1 Reference

	α-terpinene	3.50E-10	Atkinson, 1986
	γ-terpinene	1.7E-10	Atkinson, 1986
	limonene	1.69E-10	Atkinson, 1986
	isoprene	1.00E-10	Atkinson, 1986
	β-pinene	7.81E-11	Atkinson, 1986
	α-pinene	5.33E-11	Atkinson, 1986
	camphene	5.33E-11	Atkinson, 1986
	isobutylene	5.18E-11	Atkinson, 1986
	hexene	3.70E-11	Grosjean and Williams, 1992
	3-methyl-1-butene	3.17E-11	Atkinson, 1986
	1-butene	3.11E-11	Atkinson, 1986
	propene	2.60E-11	Atkinson, 1986
	m-xylene	2.45E-11	Atkinson, 1986
	NO	1E-11	Atkinson et al., 2004
	p-xylene	1.52E-11	Atkinson, 1986
	o-xylene	1.47E-11	Atkinson, 1986
	NO 2	3E-11	Atkinson et al., 1997
	nonane	9.70E-12	Atkinson, 2003
	HCHO	8.5E-12	Atkinson et al., 2001
	cyclohexane	6.97E-12	Atkinson, 2003
	heptane	6.76E-12	Atkinson, 2003
	2-methylhexane	6.69E-12	Sprengnether et al., 2009
	2,3,4-trimethylpentane	6.50E-12	Wilson et al., 2006
	toluene	5.6E-12	Atkinson, 1986
	3-methylpentane	5.85E-12	Wilson et al., 2006
	2-methylpentane	5.20E-12	Atkinson, 2003
	hexane	5.20E-12	Atkinson, 2003
	pentane	3.84E-12	Atkinson, 2003
	isopentane	3.60E-12	Atkinson, 2003
	isobutane	2.14E-12	Atkinson, 2003
	benzene	1.28E-12	Atkinson, 1986
	propane	1.09E-12	Atkinson, 2003
	acetylene	7.79E-13	Atkinson, 1986
	ethane	2.41E-13	Atkinson et al., 2001
	CO	1.44E-13	Atkinson et al., 2004
	CH 4	6.4E-15	Atkinson et al., 1997

Table 1 -Characteristics of CRM LSCE and CRM MD.

 1 

	Correction steps	CRM LSCE	CRM MD
	Humidity	20%	8%
	Pyrrole/OH	Correction factor	Correction factor
		= 1.71-0.38× Pyr/OH	= 1.28-0.18× Pyr/OH
		(1 @ pyr/OH= 1.86)	(1 @ pyr/OH= 1.56)
	Dilution	1.36	1.31

Table 2 -Correction factors applied to raw data Table 3-Experiments carried out during the intercomparison.

 2 

OH reactivity ONL given by measured primary compounds emitted fromthe forest andmainoxidationproducts

  1 , preliminary analysis Measured and calculated reactivity inside and above the canopy match within measurements uncertainty: Our study confirms previous results of low oxidative capacity within this specific forest Isoprene is the main contributor, with diurnal and forest height dependency
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Introduction

The CRM concept is to monitor a competition for artificially produced hydroxyl radicals between a reference molecule (i.e. pyrrole), and reactive species in ambient air. Chemical reactions take place inside a glass flow reactor coupled to a detector, in our case a Proton Transfer Reaction-Mass Spectrometer (PTR-MS). Pyrrole concentration is monitored at m/z 68 during several measurement stages (namely C0, C1, C2, C3) and total OH reactivityis determined byequation (1), with Kp the rateconstant of reaction between pyrrole and OH. The four experimental steps represent: (i) initial concentration of pyrrole in absence of OH radicals and ambient air (C0), (ii) initial concentration of pyrrole in absence of OH radicals and ambient air, but after photolysis (C1), (iii) pyrrole concentration after reaction with OH in zero air but in absence of ambient air (C2), (iv) pyrrole concentration when zero air is replaced by ambient air (Fig. 1). C1 is always taken under dry conditions in the reactor, which is often time consuming. During the intercomparison we tried a faster way, that is to scavenge OH injecting a known amount of methane while the system was still wet (see results in Fig. 3) . A Simplified schematic of the experimental set up is shown in Fig. 2, characteristics and operational settings of CRM LSCE and CRM MD are reported in Table1.

Methods

Measurements were carried out at a remote field site of Cape Corsica (42.97°N, 9.38°E, altitude 533 m, Fig. 6), in the Mediterranean basin, within the ChArMEx (Chemistry-Aerosols Mediterranean Experiment http://charmex.lsce.ipsl.fr/) project. Table 3 indicates measurementsperformedto intercomparethetwo instruments. 

Field site and tests

Preliminary R 6. Conclusions