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The overall objective of this thesis is to document the characteristics of ozone (O 3 ) and carbon monoxide (CO) distributions in the tropics and to characterise the tropical O 3 changes. To do so, we used aircraft (IAGOS) and satellite (IASI) data. The evaluation of IASI using IAGOS showed sensitivity of the O 3 change to: i) the sampling, and ii) the vertical sensitivity of the satellite. The best agreement between IASI and IAGOS was in the partial column (700Ű200 hPa), where IASI retrievals are the most sensitive to O 3 . The average partial column O 3 on a global scale increased by 0.4 DU (or 1.7 %) for 2018Ű2020 relative to 2008Ű2010, with the highest increase over South and SouthEast Asia (by 10 %).

Using the observational data in combination with model data (SOFT-IO), we document the characteristics of tropospheric O 3 and CO over the whole tropics for the last two decades. We explore the origin of the observed CO anomalies and investigate transport processes driving the tropical CO and O 3 distribution. Our study highlights the importance of anthropogenic emissions in the low troposphere, mostly over the northern tropics. The biomass burning contributions are dominant in the mid and upper troposphere when the Ąres are active. The highest O 3 and CO tropical maxima are observed over Africa in the low troposphere during the dry season (80 ppb of O 3 at 2.5 km and 850 ppb of CO at 0.3 km over Lagos), mostly due to local anthropogenic emissions (60 %). Africa is the most important region in terms of export of emissions in the tropical troposphere.

The second highest maxima are observed over Asia above the surface for CO, and in the free troposphere for O 3 , mostly due to local AN emissions. The only Asian cluster with O 3 maxima in the low troposphere is South China (75 ppb at 2.6 km) due to local AN and BB emissions. The impact of the Asian emissions in the low and mid troposphere is limited on a regional or local scale. In the upper troposphere, the export of Asian emissions intensiĄes, mostly towards Arabia and northern tropical Africa. Last, the smallest low tropospheric CO maxima are observed over Arabian and Eastern Africa, and South America, due to signiĄcantly lower CO emissions relative to the African and Asian ones.

Résumé

LŠobjectif global de cette thèse est de documenter les caractéristiques des distributions dŠozone (O 3 ) et de monoxyde de carbone (CO) dans les tropiques, et de caractériser les changements tropicaux de lŠO 3 . Pour ce faire, nous avons utilisé des données aériennes (IAGOS) et satellitaires (IASI). LŠévaluation de lŠIASI à lŠaide de IAGOS, a montré la sensibilité de la variation de O 3 à : i) lŠéchantillonnage, et ii) la sensibilité verticale du satellite. Le meilleur accord entre IASI et IAGOS était dans la colonne partielle (700Ű200 hPa), où les récupérations IASI sont les plus sensibles à O 3 . La moyenne de la colonne partielle de O 3 à lŠéchelle mondiale a augmenté de 0.4 DU (soit 1.7 %) pour 2018Ű2020 par rapport à 2008Ű2010, lŠaugmentation la plus importante ayant été enregistrée en Asie du Sud et du Sud-Est (de 10 %).

En utilisant les données dŠobservation en combinaison avec les données du modèle (SOFT-IO), nous documentons les caractéristiques de lŠO 3 et du CO troposphériques sur lŠensemble des tropiques pour les deux dernières décennies. Nous explorons lŠorigine des anomalies de CO observées et étudions les processus de transport qui déterminent la distribution tropicale du CO et de lŠO 3 . Notre étude souligne lŠimportance des émissions anthropiques dans la basse troposphère, principalement au-dessus des tropiques du nord. Les contributions de la combustion de la biomasse sont dominantes dans la troposphère moyenne et supérieure, lorsque les feux sont actifs. Les maxima tropicaux les plus élevés de O 3 et de CO sont observés au-dessus de lŠAfrique dans la basse troposphère pendant la saison sèche (80 ppb de O 3 à 2.5 km et 850 ppb de CO à 0.3 km au-dessus de Lagos), principalement dus aux émissions anthropiques locales (60 %). LŠAfrique est la région la plus importante en termes dŠexportation des émissions dans la troposphère tropicale.

Les deuxièmes maxima les plus élevés sont observés au-dessus de lŠAsie au-dessus de la surface pour le CO, et dans la troposphère libre pour O 3 , principalement en raison des émissions locales dŠAN. Le seul groupe asiatique présentant des maxima de O 3 dans la basse troposphère est la Chine du Sud (75 ppb à 2.6 km), en raison des émissions locales de AN et BB. LŠimpact des émissions asiatiques dans la basse et moyenne troposphère est limité à lŠéchelle régionale ou locale.

Dans la haute troposphère, lŠexportation des émissions asiatiques sŠintensiĄe, principalement vers lŠArabie et le nord de lŠAfrique tropicale. EnĄn, les plus petits iii maxima de CO dans la basse troposphère sont observés au-dessus de lŠArabie, de lŠAfrique de lŠEst et de lŠAmérique du Sud, en raison dŠémissions de CO nettement inférieures à celles de lŠAfrique et de lŠAsie. the burden and 30 models for the Ćuxes (numbers of models indicated next to the boxes). ObservationŰbased estimates for the burden are from Li1995 [START_REF] Li | ŞA 4-dimensional ozone climatology for UGAMP models[END_REF]; after [START_REF] Wild | ŞModelling the global tropospheric ozone budget: exploring the variability in current modelsŤ[END_REF], FK1998 [START_REF] Paul | ŞAn ozone climatology based on ozonesonde and satellite measurementsŤ[END_REF], Logan1999 [START_REF] Logan | ŞTrends in the vertical distribution of ozone: A comparison of two analyses of ozonesonde dataŤ[END_REF], Ziemke2011 (after [START_REF] Ziemke | ŞA global climatology of tropospheric and stratospheric ozone derived from Aura OMI and MLS measurementsŤ[END_REF]) and Osterman2008 [START_REF] Osterman | ŞValidation of Tropospheric Emission Spectrometer (TES) measurements of the total, stratospheric, and tropospheric column abundance of ozoneŤ[END_REF]; range). ObservationŰbased estimates for the net stratospheric inĆux are from MF1994 [START_REF] Murphy | ŞAn estimate of the Ćux of stratospheric reactive nitrogen and ozone into the troposphereŤ[END_REF], Gettelman1997 [START_REF] Gettelman | ŞMass Ćuxes of O3, CH4, N2O and CF2Cl2 in the lower stratosphere calculated from observational dataŤ[END_REF]), and Olsen2001 (Olsen et al., 2001). The error bars indicate their full uncertainty ranges. Source: [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF] 1.4 InversionŰbased estimates of global CO budget (Tg CO yr -1 ). Source: [START_REF] Zheng | ŞGlobal atmospheric carbon monoxide budget 2000Ű2017 inferred from multi-species atmospheric inversionsŤ[END_REF]. North America; CEAM: Central America; NHSA: Northern Hemisphere South America; SHSA: Southern Hemisphere South America; EURO: Europe; MIDE:
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Middle East; NHAF: Northern Hemisphere Africa; SHAF: Southern Hemisphere Africa; BOAS: Boreal Asia; CEAS: Central Asia; SEAS: Southeast Asia; EQAS:

Equatorial Asia; AUST: Australia and New Zealand. ), Southern Africa (10Ű35°E; 2.5Ű20°S), East Asia (92.5Ű110°E; 10Ű27°N)

and South America (35Ű50°W; 0Ű20°S) based on IASI data (Fig. 5.2).
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General Introduction

Tropospheric ozone (O 3 ) and carbon monoxide (CO) are key components in the atmosphere due to their role in air quality, atmospheric chemistry, and climate. O 3 impacts the oxidative capacity of the troposphere as a major source of hydroxyl radicals (OH), and the climate as a powerful greenhouse gas in the upper troposphere (IPCC, 2021). Also, O 3 close to the surface harms human health and vegetation growth [START_REF] Jerrett | ŞLong-term ozone exposure and mortalityŤ[END_REF]. O 3 is mostly produced photochemically by emissions of precursors, such as CO and Volatile Organic Compounds (VOCs), in the presence of nitrogen oxides (NO x ) [START_REF] Logan | ŞTropospheric chemistry: A global perspectiveŤ[END_REF]. It is a secondary pollutant, with a relatively short lifetime (typically hours in the BL and approximately 22 days in the free troposphere (FT); [START_REF] Stevenson | ŞMultimodel ensemble simulations of present-day and near-future tropospheric ozoneŤ[END_REF], thus its control factors are difficult to identify. Its distribution in the troposphere is driven by: (anthropogenic and natural) emissions of precursors [START_REF] Monks | ŞTropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcerŤ[END_REF] followed by photochemical production and destruction, stratosphereŰtoŰtroposphere exchange [START_REF] Stevenson | ŞTropospheric ozone changes, radiative forcing and attribution to emissions in the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP)Ť[END_REF], dynamical processes which redistribute air masses rich or poor in O 3 and precursors [START_REF] Wild | ŞTrans-Eurasian transport of ozone and its precursorsŤ[END_REF], and depositional and photochemical processes destroying O 3 [START_REF] Monks | ŞTropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcerŤ[END_REF].

CO inĆuences the oxidative capacity of the troposphere, as it is the main sink OH [START_REF] Lelieveld | ŞGlobal tropospheric hydroxyl distribution, budget and reactivityŤ[END_REF], and thus the climate through an enhancement of the lifetime of methane (CH 4 ) [START_REF] Seinfeld | ŞFrom air pollution to climate changeŤ[END_REF], the second most important greenhouse gas (IPCC, 2021).

Also, its oxidation contributes to an increase in carbon dioxide (CO 2 ) and O 3 [START_REF] Myhre | ŞRadiative forcing of the direct aerosol effect from AeroCom Phase II simulationsŤ[END_REF], which are greenhouse gases (IPCC, 2021). CO is produced by primary sources (e.g.

surface emissions from anthropogenic (AN) and biomass burning (BB) combustion), and by secondary sources (e.g. oxidation of VOCs). The relation between the observed O 3 and CO is useful to constrain our understanding of the factors controlling O 3 [START_REF] Voulgarakis | ŞGlobal multi-year O 3-CO correlation patterns from models and TES satellite observationsŤ[END_REF].

Due to its long lifetime, CO is considered a pollution tracer of combustion products [START_REF] Logan | ŞTropospheric chemistry: A global perspectiveŤ[END_REF] which emit O 3 precursors. A correlation between O 3 and CO was observed in aged pollution and BB plumes (e.g. [START_REF] Parrish | ŞExport of North American ozone pollution to the north Atlantic OceanŤ[END_REF][START_REF] Jaffe | ŞOzone production from wildĄres: A critical reviewŤ[END_REF], indicating that a region has experienced photochemical O 3 production from its precursors (including CO) (Voulgarakis et al., 2011 and references therein). The O 3 -CO anti correlation close to the surface indicates deposition and O 3 destruction. Also, the O 3 -CO relation extends into the FT and on intercontinental scales, reĆecting the mixing of air masses and chemistry (e.g. [START_REF] Andreae | ŞInĆuence of plumes from biomass burning on atmospheric chemistry over the equatorial and tropical South Atlantic during CITE 3Ť[END_REF]. When stratospheric intrusions occur, O 3 and CO are anti correlated, as stratospheric air is rich in O 3 and poor in CO (e.g. [START_REF] Parrish | ŞRelationships between ozone and carbon monoxide at surface sites in the North Atlantic regionŤ[END_REF]. Thus, the O 3 -CO relation is useful to constrain O 3 sources and transport.

The tropics are of particular interest regarding tropospheric O 3 and CO. They combine: i) intense photochemistry due to high solar radiation and humidity, ii) large active natural sources (biomass burning, lightning, and soil emissions) of O 3 precursors (e.g. Sauvage et al., 2007b;[START_REF] Ziemke | ŞRecent biomass burning in the tropics and related changes in tropospheric ozoneŤ[END_REF], iii) large ozone net production potential because deep convection can transport chemical species in the upper troposphere (UT), where their lifetime is increased due to lack of surface deposition and dilution with unpolluted background [START_REF] Pickering | ŞVertical transport by convective clouds: Comparisons of three modeling approachesŤ[END_REF], and iv) dynamic processes capable of redistributing chemical species in a regional and global scale [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF]. Thus, the tropics are a region where O 3 production is favoured.

Recent studies (e.g. [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF][START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF]2020) have shown increasing tropospheric O 3 burden in the second half of the 20th century mostly due to the increase of precursors in the tropical regions. However, uncertainties remain in the detection of global tropospheric O 3 trends. Ozonesondes provide measurements in the troposphere, but they are limited by the low sampling frequency and their sparse spatial coverage [START_REF] Tarasick | ŞQuantifying stratosphere-troposphere transport of ozone using balloon-borne ozonesondes, radar windproĄlers and trajectory modelsŤ[END_REF]. Satellite instruments provide measurements of tropospheric O 3 with high spatial and temporal resolution and on a global scale. However, satelliteŰdetected O 3 trends are less certain due to inconsistencies among different satellite products [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF].

Therefore, it is necessary to validate satelliteŰdetected trends using in situ observations to rely on satellites for O 3 trend detection.

Despite their inconsistencies, the different satellites agree on a tropospheric O 3 increase over the tropics [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF]. Several studies tend to conĄrm this increase (e.g. [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF][START_REF] Ziemke | ŞTrends in global tropospheric ozone inferred from a composite record of TOMS/OMI/MLS/OMPS satellite measurements and the MERRA-2 GMI simulationŤ[END_REF] but they are mostly based on model simulations, sparse ground observations, or satellite data with little consistency, and it is not clear what can cause such O 3 increase. Therefore, further in situ measurements are needed to study the composition of the tropical troposphere, to better constraint models, validate satellite retrievals, and reduce the uncertainties in the quantiĄcation of O 3 and CO trends and source attribution over the tropics.

Despite the importance of the tropics in O 3 and CO production, the tropical troposphere is little documented in comparison with the northern midŰlatitudes. Measurements of tropical O 3 and CO are available by satellite observations, but they have a coarse vertical resolution (e.g. [START_REF] Barret | ŞTransport pathways of CO in the African upper troposphere during the monsoon season: a study based upon the assimilation of spaceborne observationsŤ[END_REF][START_REF] Thompson | ŞTropical tropospheric ozone and biomass burningŤ[END_REF]. Measurements provided by campaigns offer limited spatial and temporal coverage. The Southern Hemisphere ADditional OZone Sounding (SHADOZ) program (Thompson et al., 2003a) provides longŰterm O 3 observations over the tropics using ozonesondes since 1998. Even though these measurements offered a better understanding of the vertical distribution of tropical O 3 , they are mostly limited to remote observing sites such as Ascension and Reunion Island. In addition, it is difficult to provide additional constraints regarding the relation between O 3 and CO in the tropics, due to a lack of simultaneous CO in situ observations.

The overall objective of this thesis is to characterise the tropical O 3 changes and to document the characteristics of O 3 and CO climatologies in the tropical troposphere.

Infrared Atmospheric Sounding Interferometer (IASI)-Software for a Fast Retrieval of IASI Data (SOFRID) [START_REF] Barret | ŞThe detection of post-monsoon tropospheric ozone variability over south Asia using IASI dataŤ[END_REF][START_REF] De Wachter | ŞRetrieval of MetOp-A/IASI CO proĄles and validation with MOZAIC dataŤ[END_REF] retrievals provide measurements of O 3 and CO on a global scale and with an almost daily revisit. Previous studies have validated IASI products [START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF][START_REF] De Wachter | ŞRetrieval of MetOp-A/IASI CO proĄles and validation with MOZAIC dataŤ[END_REF], but they do not focus on the tropical region due to the limited available in situ observations. The radiative forcing of O 3 is particularly important in the tropical UT [START_REF] Chen | ŞFuture climate impacts of direct radiative forcing of anthropogenic aerosols, tropospheric ozone, and long-lived greenhouse gasesŤ[END_REF]. Therefore, it is important to document the ability of IASI to document the characteristics of O 3 and its precursor CO in this layer independently. In addition, to reduce the uncertainties of O 3

trends by IASI, it is necessary to determine the impact of the vertical sensitivity of IASI upon the documented trends.

The IAGOS (In-service Aircraft for a Global Observing System; [START_REF] Marenco | ŞMeasurement of ozone and water vapor by Airbus inservice aircraft: The MOZAIC airborne program, An overviewŤ[END_REF][START_REF] Petzold | ŞGlobal-scale atmosphere monitoring by in-service aircraftŰcurrent achievements and future prospects of the European Research Infrastructure IAGOSŤ[END_REF][START_REF] Thouret | ŞIAGOS: Monitoring Atmospheric Composition for Air Quality and Climate by Passenger AircraftŤ[END_REF] program has provided continuous and consistent O 3 [START_REF] Thouret | ŞComparisons of ozone measurements from the MOZAIC airborne program and the ozone sounding network at eight locationsŤ[END_REF][START_REF] Blot | ŞInternal consistency of the IAGOS ozone and carbon monoxide measurements for the last 25 yearsŤ[END_REF] and CO [START_REF] Nédélec | ŞInstrumentation on commercial aircraft for monitoring the atmospheric composition on a global scale: the IAGOS system, technical overview of ozone and carbon monoxide measurementsŤ[END_REF] observations over the tropics since 1994 and 2002 respectively. It measures vertical proĄles over remote (e.g. Madras) and megacities (e.g. Lagos, Hong Kong), along with the lower part of the upper tropical troposphere. Previous studies have documented the tropical composition over Africa [START_REF] Sauvage | ŞTropospheric ozone over Equatorial Africa: regional aspects from the MOZAIC dataŤ[END_REF]Sauvage et al., 2007a;[START_REF] Sauvage | ŞMeridional ozone gradients in the African upper troposphereŤ[END_REF][START_REF] Lannuque | ŞOrigins and characterization of CO and O 3 in the African upper troposphereŤ[END_REF], South America [START_REF] Yamasoe | ŞAnalysis of tropospheric ozone and carbon monoxide proĄles over South America based on MOZAIC/IAGOS database and model simulationsŤ[END_REF] and South Asia [START_REF] Sahu | ŞSeasonal and interannual variability of tropospheric ozone over an urban site in India: A study based on MOZAIC and CCM vertical proĄles over HyderabadŤ[END_REF][START_REF] Sheel | ŞSeasonal and interannual variability of carbon monoxide based on MOZAIC observations, MACC reanalysis, and model simulations over an urban site in IndiaŤ[END_REF]. However, they are focused on speciĄc regions of the tropics and have limited temporal coverage, especially for CO as fewer measurements were available at this time.

Thus, the O 3 and CO distributions and their interlocking in the entire tropics are still not well documented.

The SOft attribution using FlexparT and carbon monoxide emission inventories for Insitu Observation database (SOFT-IO) model [START_REF] Sauvage | ŞSource attribution using FLEX-PART and carbon monoxide emission inventories: SOFT-IO version 1.0Ť[END_REF] has been developed to supplement the analysis of the IAGOS dataset by estimating AN and BB contributions to the observed CO measurements. These measurements, along with the SOFT-IO output allow us to trace the CO origin, and establish connections with the O 3 origin over the tropics.

The Ąrst part of this thesis is mostly focused on the O 3 trends over the tropics. First, we use IAGOS vertical proĄles to evaluate tropospheric O 3 trends from IASI. This way, we prove that we can rely on IASI for trend detection, and we can take advantage of its continuous measurements (in time and space) to asses the O 3 evolution in the tropics. Then, the IASI evaluated trends are compared with O 3 trends available in the bibliography.

The second part of the thesis is focused on the O 3 and CO climatologies over the tropics.

First, the IASI O 3 and CO retrievals are evaluated in the tropical UT, using IAGOS cruise measurements. After, the global distributions provided by IASI are analysed to complement the O 3 and CO distributions provided by IAGOS. They are used to document the spatial extent of pollution plumes and explore intercontinental transport patterns. We also take advantage of the Ąne vertical resolution of IAGOS to assess the characteristics and seasonal variability of O 3 and CO over the tropical troposphere. Using SOFT-IO, we explore the origin of the observed CO anomalies and investigate transport processes driving the CO and O 3 distribution in the tropics. The questions we address in this part are:

• Where are the maxima and minima of O 3 and CO recorded in the tropics? What is their seasonal variation?

• Where does CO come from to form these maxima (anthropogenic or biomass burning)?

• Which region contributes the most to the export of CO in the tropical troposphere?

The manuscript is organised as follows. Chapter 1 provides information about O 3 and CO.

We explain their role and signiĄcance in the troposphere, their main sources and sinks, as well as their global budget. Chapter 2 focuses on the region of interest, the tropics. We describe the particularities of the tropospheric dynamics in the tropics, and the natural and anthropogenic sources of precursors located in the region. Chapter 3 provides detailed information about the observational (IAGOS and IASI) and modelled based (SOFT-IO) datasets used in this thesis. In Chapter 4, we present the two quality assessments of IASI retrievals using IAGOS measurements for the evaluation of: i) the UT CO and O 3 climatologies, and ii) the tropospheric O 3 trends. In the last part of this chapter, we present the characteristics of the tropical O 3 trends as seen by IASI. Chapter 5 provides the analysis of the climatologies of O 3 and CO over the tropical troposphere based on IAGOS and IASI data. In addition, the sources of observed CO are explored with SOFT-IO. Last, in Chapter 6

we summarise the main results of the thesis, and we discuss possible perspectives of this work.

General Introduction in French

LŠozone troposphérique (O 3 ) et le monoxyde de carbone (CO) sont des composants clés de lŠatmosphère en raison de leur rôle dans la qualité de lŠair, la chimie atmosphérique et le climat. O 3 a un impact sur la capacité dŠoxydation de la troposphère en tant que source majeure de radicaux hydroxyles (OH), et sur le climat en tant que puissant gaz à effet de serre dans la haute troposphère (IPCC, 2021). De plus, lŠO 3 proche de la surface a un impact négatif sur la santé humaine et la croissance de la végétation [START_REF] Jerrett | ŞLong-term ozone exposure and mortalityŤ[END_REF]. LŠO 3 est principalement produit photochimiquement par les émissions de précurseurs, tels que le CO et les composés organiques volatils (VOCs), en présence dŠoxydes dŠazote (NO x ) [START_REF] Logan | ŞTropospheric chemistry: A global perspectiveŤ[END_REF]. CŠest un polluant secondaire, avec une durée de vie relativement courte (typiquement quelques heures dans le BL et environ 22 jours dans la troposphère libre (FT) ; [START_REF] Stevenson | ŞMultimodel ensemble simulations of present-day and near-future tropospheric ozoneŤ[END_REF], donc ses facteurs de contrôle sont difficiles à identiĄer.

Sa distribution dans la troposphère est déterminée par : les émissions (anthropiques et naturelles) de précurseurs [START_REF] Monks | ŞTropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcerŤ[END_REF] suivies dŠune production et dŠune destruction photochimique, les échanges stratosphère-troposphère [START_REF] Stevenson | ŞTropospheric ozone changes, radiative forcing and attribution to emissions in the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP)Ť[END_REF], les processus dynamiques qui redistribuent les masses dŠair riches ou pauvres en O 3 et en précurseurs [START_REF] Wild | ŞTrans-Eurasian transport of ozone and its precursorsŤ[END_REF], et les processus de dépôt et photochimiques entraînant la destruction de O 3 [START_REF] Monks | ŞTropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcerŤ[END_REF].

Le CO inĆuence la capacité dŠoxydation de la troposphère, qui est le principal puits de OH [START_REF] Lelieveld | ŞGlobal tropospheric hydroxyl distribution, budget and reactivityŤ[END_REF], et donc le climat par le biais dŠune augmentation de la durée de vie du méthane (CH 4 ) [START_REF] Seinfeld | ŞFrom air pollution to climate changeŤ[END_REF], le deuxième plus important gaz à effet de serre (IPCC, 2021). De plus, son oxydation contribue à une augmentation du dioxyde de carbone (CO 2 ) et de lŠO 3 [START_REF] Myhre | ŞRadiative forcing of the direct aerosol effect from AeroCom Phase II simulationsŤ[END_REF], qui sont des gaz à effet de serre (IPCC, 2021).

Le CO est produit par des sources primaires (par exemple, les émissions de surface provenant de la combustion anthropique (AN) et de la combustion de la biomasse (BB)), et par des sources secondaires (par exemple, lŠoxydation des COV). La relation entre lŠO 3 observé et le CO est utile pour contraindre notre compréhension des facteurs contrôlant lŠO 3 [START_REF] Voulgarakis | ŞGlobal multi-year O 3-CO correlation patterns from models and TES satellite observationsŤ[END_REF]. En raison de sa longue durée de vie, le CO est considéré comme un traceur de pollution des produits de combustion [START_REF] Logan | ŞTropospheric chemistry: A global perspectiveŤ[END_REF] qui émettent des précurseurs de O 3 . Une corrélation entre lŠO 3 et le CO a été observée dans des panaches de pollution et de BB âgés [START_REF] Parrish | ŞExport of North American ozone pollution to the north Atlantic OceanŤ[END_REF][START_REF] Jaffe | ŞOzone production from wildĄres: A critical reviewŤ[END_REF], ce qui indique quŠune région a connu une production photochimique dŠO 3 à partir de ses précurseurs (dont le CO) [START_REF] Voulgarakis | ŞGlobal multi-year O 3-CO correlation patterns from models and TES satellite observationsŤ[END_REF] Les tropiques présentent un intérêt particulier pour lŠO 3 et le CO troposphériques. Elles combinent : i) une photochimie intense due à un rayonnement solaire et à une humidité élevés, ii) dŠimportantes sources naturelles actives (combustion de la biomasse, foudre et émissions dans le sol) de précurseurs de lŠO 3 (par exemple Sauvage et al., 2007b;[START_REF] Ziemke | ŞRecent biomass burning in the tropics and related changes in tropospheric ozoneŤ[END_REF], iii) un grand potentiel de production nette dŠozone car la convection profonde peut transporter les espèces chimiques dans la haute troposphère (UT), où leur durée de vie est accrue en raison de lŠabsence de dépôt en surface et de la dilution avec le fond non pollué [START_REF] Pickering | ŞVertical transport by convective clouds: Comparisons of three modeling approachesŤ[END_REF], et iv) des processus dynamiques capables de redistribuer les espèces chimiques à lŠéchelle régionale et mondiale [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF]. Ainsi, les tropiques sont une région où la production de O 3 est favorisée.

Des études récentes (par exemple, [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF][START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF]2020) ont montré une augmentation de la charge troposphérique en O 3 dans la seconde moitié du 20ème siècle, principalement due à lŠaugmentation des précurseurs dans les régions tropicales. Toutefois, des incertitudes subsistent dans la détection des tendances mondiales de lŠO 3 troposphérique.

Les ozonosondes fournissent des mesures dans la troposphère, mais elles sont limitées par la faible fréquence dŠéchantillonnage et leur couverture spatiale clairsemée [START_REF] Tarasick | ŞQuantifying stratosphere-troposphere transport of ozone using balloon-borne ozonesondes, radar windproĄlers and trajectory modelsŤ[END_REF]. Les instruments satellitaires fournissent des mesures de lŠO 3 troposphérique avec une haute résolution spatiale et à lŠéchelle mondiale. Cependant, les tendances de lŠO 3 détectées par satellite sont moins certaines en raison des incohérences entre les différents produits satellitaires [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF]. Il est donc nécessaire de valider les tendances détectées par satellite à lŠaide dŠobservations in situ aĄn de pouvoir se Ąer aux satellites pour la détection des tendances de lŠO 3 .

En dépit de leurs incohérences, les différents satellites sŠaccordent sur une augmentation de lŠO 3 troposphérique sur les tropiques [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF]. Plusieurs études tendent à conĄrmer cette augmentation (par exemple [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF][START_REF] Ziemke | ŞTrends in global tropospheric ozone inferred from a composite record of TOMS/OMI/MLS/OMPS satellite measurements and the MERRA-2 GMI simulationŤ[END_REF] LŠinterféromètre de sondage atmosphérique infrarouge (IASI)-Software for a Fast Retrieval of IASI Data (SOFRID) [START_REF] Barret | ŞThe detection of post-monsoon tropospheric ozone variability over south Asia using IASI dataŤ[END_REF][START_REF] De Wachter | ŞRetrieval of MetOp-A/IASI CO proĄles and validation with MOZAIC dataŤ[END_REF] fournit des mesures de O 3 et de CO à lŠéchelle mondiale et avec une revisite presque quotidienne. Des études précédentes ont validé les produits IASI [START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF][START_REF] De Wachter | ŞRetrieval of MetOp-A/IASI CO proĄles and validation with MOZAIC dataŤ[END_REF], mais elles ne se concentrent pas sur la région tropicale en raison du nombre limité dŠobservations in situ disponibles. Le forçage radiatif de O 3 est particulièrement important dans lŠUT tropicale [START_REF] Chen | ŞFuture climate impacts of direct radiative forcing of anthropogenic aerosols, tropospheric ozone, and long-lived greenhouse gasesŤ[END_REF]. Il est donc important de documenter la capacité de lŠIASI à documenter indépendamment les caractéristiques de O 3 et de son précurseur CO dans cette couche. En outre, aĄn de réduire les incertitudes des tendances de O 3 par IASI, il est nécessaire de déterminer lŠimpact de la sensibilité verticale de IASI sur les tendances documentées.

Le programme IAGOS (In-service Aircraft for a Global Observing System ; [START_REF] Marenco | ŞMeasurement of ozone and water vapor by Airbus inservice aircraft: The MOZAIC airborne program, An overviewŤ[END_REF][START_REF] Petzold | ŞGlobal-scale atmosphere monitoring by in-service aircraftŰcurrent achievements and future prospects of the European Research Infrastructure IAGOSŤ[END_REF][START_REF] Thouret | ŞIAGOS: Monitoring Atmospheric Composition for Air Quality and Climate by Passenger AircraftŤ[END_REF] a fourni des observations continues et cohérentes de O 3 [START_REF] Thouret | ŞComparisons of ozone measurements from the MOZAIC airborne program and the ozone sounding network at eight locationsŤ[END_REF][START_REF] Blot | ŞInternal consistency of the IAGOS ozone and carbon monoxide measurements for the last 25 yearsŤ[END_REF] et de CO [START_REF] Nédélec | ŞInstrumentation on commercial aircraft for monitoring the atmospheric composition on a global scale: the IAGOS system, technical overview of ozone and carbon monoxide measurementsŤ[END_REF] au-dessus des tropiques depuis 1994 et 2002 respectivement. Il mesure les proĄls verticaux au-dessus des villes éloignées (par exemple Madras) et des mégapoles (par exemple Lagos, Hong Kong), ainsi que la partie inférieure de la haute troposphère tropicale. Des études antérieures ont documenté la composition tropicale au-dessus de lŠAfrique [START_REF] Sauvage | ŞTropospheric ozone over Equatorial Africa: regional aspects from the MOZAIC dataŤ[END_REF]Sauvage et al., 2007c;[START_REF] Sauvage | ŞMeridional ozone gradients in the African upper troposphereŤ[END_REF][START_REF] Lannuque | ŞOrigins and characterization of CO and O 3 in the African upper troposphereŤ[END_REF], de lŠAmérique du Sud [START_REF] Yamasoe | ŞAnalysis of tropospheric ozone and carbon monoxide proĄles over South America based on MOZAIC/IAGOS database and model simulationsŤ[END_REF] et de lŠAsie du Sud [START_REF] Sahu | ŞSeasonal and interannual variability of tropospheric ozone over an urban site in India: A study based on MOZAIC and CCM vertical proĄles over HyderabadŤ[END_REF][START_REF] Sheel | ŞSeasonal and interannual variability of carbon monoxide based on MOZAIC observations, MACC reanalysis, and model simulations over an urban site in IndiaŤ[END_REF]. Chapter 1

Ozone and Carbon monoxide in the Troposphere

In this chapter, we give some general information about O 3 (Section 1.1) and CO (Section 1.2), which are key components in the EarthŠs atmosphere. In Section 1.1, we begin explaining the role of O 3 in the atmosphere (Section 1.1.1) to clarify the scientiĄc interest in this atmospheric compound. This is followed by a description of its main sources and sinks in the troposphere (Section 1.1.2), and its global budget (Section 1.1.3). Similarly in Section 1.2, we provide information about the role of CO (Section 1.2.1), its main sources and sinks (Section 1.2.2), as well as our current knowledge about its global budget (Section 1.2.3).

Tropospheric ozone 1.Role and Significance

O 3 is one of the most important trace gases in the atmosphere, with both positive and negative impacts on the environment.

O 3 plays a key role in the oxidation capacity of the atmosphere as a major source of OH.

Trace gases, such as CO and CH 4 , are removed from the atmosphere mainly due to oxidation by OH. The oxidation in the troposphere is important because: i) the troposphere contains 85 % of the total atmospheric mass, and ii) most of the emissions of the trace gases are located at the surface [START_REF] Jacob | Introduction to atmospheric chemistry[END_REF].

In the UT, O 3 acts as a greenhouse gas, as it absorbs IR radiation emitted by the surface and traps heat in the troposphere. O 3 is the third most powerful greenhouse gas, after CO 2 ) and CH 4 , contributing to global warming and climate change [START_REF] Myhre | ŞRadiative forcing of the direct aerosol effect from AeroCom Phase II simulationsŤ[END_REF]. According to IPCC (2021), the control of shortŰlived climate pollutants such as O 3 , along with the reduction in CO 2 emissions are necessary steps to limit global warming within 1.5 °since preŰindustrial times.

In the boundary layer, O 3 is considered a toxic and harmful pollutant for humans, as it can cause respiratory problems [START_REF] Monks | ŞTropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcerŤ[END_REF]. LongŰterm exposure can be related to premature deaths due to respiratory diseases [START_REF] Jerrett | ŞLong-term ozone exposure and mortalityŤ[END_REF]. To protect public health, the World Health Organization (WHO) has suggested Air quality guidelines, which provide limit values for speciĄc air pollutants. Currently, the Air quality guideline for O 3 recommends an 8 h value of 100 µg m -3 for shortŰterm exposure, and a peak season1 value of 60 µg m -3 for longŰterm exposure [START_REF] Who | WHO global air quality guidelines: particulate matter (PM2. 5 and PM10), ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide[END_REF].

BoundaryŰlayer O 3 can also damage trees and vegetation, and reduce crop production by affecting photosynthesis and the growth of plants [START_REF] Monks | ŞTropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcerŤ[END_REF]. The latter can have a serious impact on the economy on a regional and global scale. Many crops, such as wheat and rice, are sensitive or moderately sensitive to O 3 [START_REF] Mills | ŞA synthesis of AOT40-based response functions and critical levels of ozone for agricultural and horticultural cropsŤ[END_REF]. The crop production loss due to exposure to O 3 globally is estimated to be 79Ű121 million tonnes, which translates to United States dollar (USD) 11Ű18 billion on an annual basis [START_REF] Avnery | ŞGlobal crop yield reductions due to surface ozone exposure: 2. Year 2030 potential crop production losses and economic damage under two scenarios of O3 pollutionŤ[END_REF]. Over two states of India, the crop loss due to O 3 was estimated to be USD 6.5 billion in 2012Ű2013, and USD 3.7 billion in 2013Ű2014 [START_REF] Sinha | ŞAssessment of crop yield losses in Punjab and Haryana using 2 years of continuous in situ ozone measurementsŤ[END_REF]. On a national scale, the crop loss in India would be enough to feed approximately 94 million people living below the poverty limit [START_REF] Ghude | ŞReductions in IndiaŠs crop yield due to ozoneŤ[END_REF].

Sources and Sinks

O 3 is found in trace amounts in the EarthŠs atmosphere, peaking in the stratospheric layer (approximately 90 %) [START_REF] Jacob | Introduction to atmospheric chemistry[END_REF]. Stratospheric O 3 absorbs the harmful UV radiation from the Sun (100Ű400 nm) and is substantial for maintaining life on Earth. On the other hand, tropospheric O 3 is a greenhouse gas and a harmful pollutant (see Section 1.1.1).

O 3 is produced naturally in the atmosphere according to a cycle of reactions, the soŰcalled Chapman cycle [START_REF] Chapman | ŞA theory of upperatmospheric ozoneŤ[END_REF]. The cycle is initiated by the photolysis of oxygen molecules (O 2 ) at wavelengths less than 242 nm (Equation 1.1). The produced atomic oxygen (O) reacts rapidly with O 2 in the presence of a stable third body, M (usually

N 2 or O 2 ) to form a molecule of O 3 (Equation 1.2). O 2 + hv --→ O + O (1.1) O + O 2 + M --→ O 3 + M (1.2)
Equations 1.1 and 1.2 result in O 3 production, however, UV radiation can also dissociate O 3 to form O (Equation 1.3). O 3 is also destroyed by reaction with O to reform O 2 (Equation 1.4).

O 2 rapidly leads to O 3 formation as the Equation 1.2 is a very fast reaction.

O 3 + hv --→ O + O 2 (1.3) O 3 + O --→ O 2 + O 2 (1.4)
The Chapman cycle (Equations 1.1Ű1.4) is not dominant in the troposphere, because of the limited levels of UV radiation at wavelengths <242 nm (because of the UV absorption by O 3 in the stratosphere) available for the dissociation of O 2 into atomic oxygen (Equation 1.1).

In the troposphere, O 3 is formed by a similar mechanism, but the source of the atomic oxygen is different: the photolysis of NO 2 in the visible range of solar radiation.

O 3 -NO x cycle
The formation of tropospheric O 3 is realised in catalytic cycles. One important ingredient is the presence of NO x : nitric oxide (NO) and nitrogen dioxide (NO 2 ). NO 2 is photolyzed in the atmosphere (at wavelengths <424 nm) and produces an O atom, which recombines with O 2 to form O 3 (Equations 1.5 and 1.2). However, without any other compound involved, NO will react with O 3 and destroy the O 3 formed by NO 2 photolysis (Equation 1.6).

NO 2 + hv --→ NO + O (1.5) O + O 2 + M --→ O 3 + M (1.2) O 3 + NO --→ O 2 + NO 2 (1.6)
Consequently, Equations 1.5, 1.2, and 1.6 are a sink and a source of O 3 in the troposphere.

This cycle of reactions does not lead to a net gain or loss of O 3 but maintains photochemical equilibrium between O 3 , NO, and NO 2 , the soŰcalled null cycle. This indicates that for O 3 production in the troposphere, another source of NO 2 in addition to Equation 1.6 is required.

During the nighttime, in the absence of solar radiation, the NO 2 photolysis (Equation 1.5) no longer occurs. Alternatively, NO 2 reacts with O (Equation 1.7). Therefore, NO 2 is destroyed, producing NO which reacts with O 3 (Equation 1.6). Therefore, during nighttime the null cycle is disturbed, leading to a net O 3 destruction.

NO 2 + O --→ O 2 + NO (1.7)

Hydroxyl Radical

The null cycle described above can be disturbed by the peroxy radicals (HO 2 ) organic peroxy radicals (RO 2 , where R denotes an organic group) reactions with NO (Equations 1.11 and 1.20), as we will see later. These reactions allow the conversion of NO to NO 2 without O 3 destruction. The highly reactive HO 2 and RO 2 result from the oxidation of VOCs by OH.

The OH production in the troposphere is initiated by the photolysis of O 3 . O 3 photolysis can lead to the formation of an oxygen atom in its ground state (O( 3 P)) (Equation 1.3) or an oxygen atom in its excited state (O( 1 D)) (Equation 1.8).

• In the case O( 3 P) is formed, the ground state oxygen recombines with O 2 (Equation 1.2) to reproduce O 3 . As a result, there is no net production or destruction of O 3 .

• In the case O( 1 D) is formed, the excited oxygen atom can follow two main pathways.

Firstly, it can collide with a third body, M (usually N 2 and O 2 ) which removes the energy from the excited atom and converts it back to its ground state O( 3 P) (Equation 1.9).

As mentioned before, the O atom can react with O 2 to reform O 3 , resulting in a null cycle for O 3 .

Secondly, the excited oxygen atom can react with water (H 2 O) to form OH (Equation 1.10).

O 3 + hv --→ O 2 + O( 3 P) (1.3) --→ O 2 + O( 1 D) (1.8) O( 1 D) + M --→ O + M (1.9) O( 1 D) + H 2 O + M --→ OH + OH (1.10)
Initially, it was assumed that the formation of OH does not occur in the troposphere because the required UV radiation is absorbed by O 3 in the stratosphere. However, it turns out that there is a small wavelength interval between 300 and 320 nm where there is the possibility of OH production in the troposphere. Despite the less available light in the troposphere than in the stratosphere, the troposphere holds more H 2 O. As a result, more of O( [START_REF] Monks | ŞGas-phase radical chemistry in the troposphereŤ[END_REF]. Equations 1.8 and 1.10 are the primary source of OH in the troposphere.

Another reaction pathway leading to OH formation is the reaction of NO with the hydroperoxyl radical (HO 2 ), to form NO 2 and OH (Equation 1.11). The production of NO 2 by Equation 1.11 will result in a net production of O 3 as the conversion of NO to NO 2 occurs without any consumption of O 3 .

HO 2 + NO --→ NO 2 + OH (1.11)
The main sink of OH is the oxidation of other trace gases in the troposphere such as CO and CH 4 . As we will see later, these oxidation processes can also lead to the production of peroxy radicals, contributing to additional NO 2 production by oxidation of NO, and thus further O 3 production. In polluted regions, another important sink of OH is the loss to NO 2 .

CO oxidation mechanism

The CO oxidation mechanism initiates an O 3 producing cycle which is summarised in Equation 1.17. The individual reaction steps are presented in Equations 1.12Ű1.16. The reaction of CO with OH produces an H atom (Equation 1.12), which rapidly reacts with O 2 to form the HO 2 radical (Equation 1.13). This HO 2 enters the O 3 production via interaction with the NO x cycle discussed above. Without any O 3 being consumed and thus omitting Equation 1.6, the equilibrium between NO and NO 2 in Equations 1.5 and 1.6 is disturbed and shifted towards NO 2 . The photolysis of NO 2 produces O atoms and leads to O 3 formation.

The equilibrium established by the rapid photochemical cycling between NO x and O 3 will thus react by increasing the O 3 concentration. The production of O 3 in this cycle occurs because the oxidation of NO to NO 2 is done by the HO 2 radical (Equation 1.11).

CO + OH --→ CO 2 + H (1.12)

H + O 2 + M --→ HO 2 + M (1.13) HO 2 + HO 2 --→ H 2 O 2 + O 2 (1.14) H 2 O 2 + hv --→ 2 OH (1.15) HO 2 + NO --→ OH + NO 2 (1.11) NO 2 + hv O2 --→ NO + O 3 (1.16) net reaction: CO + 2 O 2 --→ CO 2 + O 3 (1.17)
The fact that OH is not consumed, but is used as a catalyst as it is reŰformed by the reaction HO 2 with NO (Equation 1.11), is particularly important for atmospheric chemistry. During the 1970s, scientists were concerned that the increasing emissions of CO from fossil fuel burning could result in the poisoning of the atmosphere, as all the available OH could be used up, leading to insufficient cleansing of the atmosphere.

Finally, the termination of the chain occurs when OH and NO 2 react to produce nitric acid according to the following reaction:

OH + NO 2 + M --→ HNO 3 + M (1.18)
This reaction is a sink for both hydrogen oxide radicals (HO x ) and NO x .

Hydrocarbons oxidation mechanism

The hydrocarbons (RH, where R denotes an organic group) oxidation mechanism initiates an O 3 producing cycle which is summarised in Equation 1.22. The individual reaction steps are presented in the equations below (Equations 1.19Ű1.21,1.11,1.5,and 1.2). The reaction of RH with OH produces RO 2 (Equation 1.19) which reacts with NO to form NO 2 and an organic oxy radical, RO (Equation 1.20). The produced NO 2 participated in the production of O 3 , as we can see in the equations below (Equations 1.5 and 1.2).

The produced RO radical reacts with O 2 to form carbonyl compounds (RŠCHO) (Equa-tion 1.21) which can either photolyze to form HO x or react with OH to continue the chain propagation.

RH + OH

O2 --→ RO 2 + H 2 O (1.19) RO 2 + NO --→ RO + NO 2 (1.20) RO + O 2 --→ RŠCHO + HO 2 (1.21) HO 2 + NO --→ OH + NO 2 (1.11) NO 2 + hv --→ NO + O (1.5) O + O 2 + M --→ O 3 + M (1.2) net reaction: RH + 4 O 2 --→ RŠCHO + 2 O 3 + H 2 O (1.22)
The reaction chain is terminated by the loss of the HO x radicals. This loss can occur following these main reaction pathways:

• HO 2 may react with themselves instead of with NO to produce peroxides and other oxygenated compounds. The most important process is the selfŰreaction of HO 2 :

HO 2 + HO 2 --→ H 2 O 2 + O 2 (1.14)
• Another sink of HO x radicals is the oxidation of NO 2 by OH:

NO 2 + OH + M --→ HNO 3 + M (1.18)
• Last, HO 2 may react with RO 2 :

RO 2 + HO 2 + M --→ ROOH + O 2 (1.23)
The nitric acid (HNO 3 ) molecules are photolyzed to form NO x at a local scale. Similar to hydrogen peroxide (H 2 O 2 ), HNO 3 is scavenged in and below clouds which remove it from the atmosphere. These species can also be removed by dry deposition. In the lower troposphere (LT), HNO 3 is a sink for NO x and HO x , and H 2 O 2 is a sink for HO x .

Photochemical destruction

The chemical destruction of O 3 in the troposphere is mainly caused by O 3 photolysis (Equation 1.3), which results in OH formation in the presence of water vapour (Equation 1.10). The chemical destruction of O 3 is larger in the LT due to the higher water vapour concentrations [START_REF] Monks | ŞTropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcerŤ[END_REF].

O 3 can also be destroyed through the reactions:

HO 2 + O 3 --→ OH + 2 O 2 (1.24) OH + O 3 --→ HO 2 + O 2 (1.25)
In urban regions, the high concentration of NO close to the surface results in reduced O 3 mixing ratios. The reaction of NO with O 3 (Equation 1.6) is known as chemical O 3 titration and is typically shortŰlived. This is because the formed NO 2 leads to further O 3 formation after its transport to cleaner environments in terms of NO concentration [START_REF] Monks | ŞTropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcerŤ[END_REF].

O 3 production regimes

The reactions relevant to the cycling of HO x and the formation of O 3 are summarised below: As discussed in [START_REF] Jacob | Introduction to atmospheric chemistry[END_REF], we can assume efficient chain propagation in a polluted atmosphere, which yields to rate(R4) = rate(R5) = rate(R6) = rate(R7). The rate of O 3 production is:

OH generation O 3 + hv --→ O( 1 D) + O 2 ( 1 ∆) (R1) O( 1 D) + M --→ O( 3 P) + M (R2) O( 1 D) + H 2 O --→ OH + OH (R3) O 3 production RH + OH O2 --→ RO 2 + H 2 O (R4) RO 2 + NO --→ RO + NO 2 (R5) RO + O 2 --→ RŠCHO + HO 2 (R6) HO 2 + NO --→ OH + NO 2 (R7) HO x destruction HO 2 + HO 2 --→ H 2 O 2 + O 2 (R8) NO 2 + OH + M --→ HNO 3 + M (R9)
P O 3 = k 5 [RO 2 ][N O] + k 7 [HO 2 ][N O] = 2k 7 [HO 2 ][N O] (1.26)
The efficient cycle also yields to a steady state for OH. This means that the production of OH from (R7) is in balance with its loss from (R4):

[OH] = k 7 [HO 2 ][N O] k 4 [RH] (1.27)
The steady state of the HO x family, yields to:

P HOx = k 8 [HO 2 ] 2 + k 9 [N O 2 ][OH][M ] (1.28)
• When the NO x concentrations are low: The rate(R8) is much larger than the rate(R9).

This means that the second term on the rightŰhand side of Equation 1.28 can be neglected. Inserting the latter in Equation 1.26 leads to:

P O 3 = 2k 7 P HOx k 8 [N O] (1.29)
Consequently, the O 3 production rate, P O 3 , increases linearly with [NO] but is independent of hydrocarbons. This case is known as the NO x Űlimited regime because the O 3 production rate is limited by the NO x supply.

• When the NO x concentrations are high: The rate(R8) is much smaller than the rate(R9).

In this case, the Ąrst term on the rightŰhand side of the Equation 1.28 can be neglected, leading to:

[OH] = P HOx k 9 [N O 2 ][M ]
(1.30)

Inserting the latter in the Equation 1.27, yields to:

[HO 2 ] = P HOx k 4 [RH] k 7 k 9 [N O][N O 2 ][M ] (1.31)
Using the latter in Equation 1.26 gives:

P O 3 = 2k 4 P HOx [RH] k 9 [N O 2 ][M ] (1.32)
In Equation 1. production and it is used for the differentiation between the two O 3 production regimes (VOCŰ and NO x Űlimited regimes). According to the EKMA method, a VOCs/NO x ratio of about 8/1 is optimal for O 3 production (Figure 1.2). The VOCŰlimited regime occurs when the VOCs/NO x ratio is smaller than 8/1, whereas the NO x Űlimited regime occurs when the VOCs/NO x ratio is larger than 8/1. At the NO x Űlimited regime, the limiting factor of O 3 production is the NO x cycle. This is because the intensity of the NO x cycle is weaker than the one of the RO x cycle, under the short NO x supply characterising this regime. from the complex chemistry in the VOCsŰNO x ŰO 3 system.

According to [START_REF] Monks | ŞGas-phase radical chemistry in the troposphereŤ[END_REF], the propensity for O 3 formation in the troposphere depends strongly on the chain length of the cycle, which is the number of free radical propagated cycles before termination. Consequently, the O 3 production efficiency becomes a balance between the propagation of the free radical interconversion cycle versus the rate of termination of the cycle. Under the VOCŰlimited regime, the competing chain propagation and termination reactions are:

OH + R --→ R + H 2 O (1.33) OH + NO 2 + M --→ HNO 3 + M (1.18)
where Equation 1.33 will lead to O 3 production and Equation 1.18 will lead to the termination of the HO x chemistry. In practice, because of the high abundance of NO x characterising this regime, as NO x increases, the rate of the termination reaction (Equation 1.18) increases, removing both HO x and NO x and thus limiting the OHŰHO 2 cycle. As a result, as NO x decreases more OH is available to react with VOCs leading to O 3 production. Also, O 3 is removed through the process of NO titration (Equation 1.6), even though during the day O 3 is reformed after the photolysis of NO 2 (Equations 1.5 and 1.2).

As discussed earlier, the VOCs oxidation mechanism produces additional free radicals (e.g. Equation 1.21) that can either photolyze to form HO x or react with OH to contribute to O 3 formation. Therefore, declining VOCs under a VOCŰlimited regime reduces the production of these radicals, leading to smaller abundances of RO 2 and HO 2 radicals and thus to lower rates of NO to NO 2 conversion (Equations 1.11 and 1.20).

In the case of much higher NO levels, such as over polluted urban regions, O 3 production is limited by Equation 1.6 and thus the system falls into a NO x Űtitrated regime. 

OP E = P O 3 L N Ox = 2k 7 [HO 2 ][N O] k 9 [N O 2 ][OH] = 2k 4 [RH] k 9 [N O 2 ] (1.34)

Deposition

Another sink of O 3 in the troposphere is the dry deposition on the EarthŠs surface, under reactions with organic material [START_REF] Jacob | Introduction to atmospheric chemistry[END_REF]. According to [START_REF] Monks | ŞTropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcerŤ[END_REF], the main depositional sinks at the surface are: i) the stomatal uptake by plants, ii) the nonŰstomatal uptake, iii) solar radiation and surface temperature, iv) the inŰcanopy chemistry, and v) the uptake to water.

The nonŰstomatal uptake refers to deposition over the external surfaces of vegetation such as leaf surfaces and soil. Due to its high reactivity, O 3 deposition is affected by the temperature.

For instance, considering the nonŰstomatal uptake as the thermal decomposition of O 3 at the surface, it increases with increasing temperature.

As mentioned before, in urban areas, O 3 is removed by the chemical O 3 titration due to high NO levels close to the surface (Equation 1.6). Similar removal of O 3 due to reaction with NO can happen in rural environments for instance due to NO emissions from soils. Concerning the deposition to water surfaces, it is found to be generally small. Its role in O 3 removal increases in case other reactive compounds are found in the water.

O 3 vertical profile and lifetime

Generally, O 3 proĄles display the classical increase from the surface to the mid troposphere (MT). According to [START_REF] Jacob | ŞOrigin of ozone and NOx in the tropical troposphere: A photochemical analysis of aircraft observations over the South Atlantic basinŤ[END_REF], this is because the role of photochemistry changes from a net sink to a net source of O 3 above 6km, depending on the NO x concentration.

The photochemical O 3 destruction dominates the LT [START_REF] Archibald | ŞTropospheric Ozone Assessment ReportA critical review of changes in the tropospheric ozone burden and budget from 1850 to 2100Ť[END_REF] where water vapour concentrations are high, and in highly polluted regions where there is direct removal by reaction with NOŰtitration [START_REF] Monks | ŞTropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcerŤ[END_REF]. The vegetation can also act as a rapid sink for O 3 via dry deposition [START_REF] Cros | ŞSources and sinks of ozone in savanna and forest areas during EXPRESSO: Airborne turbulent Ćux measurementsŤ[END_REF]. The lack of these sinks in the FT, coupled with lower water vapour concentrations, leads to an increase of O 3 with altitude [START_REF] Archibald | ŞTropospheric Ozone Assessment ReportA critical review of changes in the tropospheric ozone burden and budget from 1850 to 2100Ť[END_REF]. NO x emitted by lightning can also increase O 3 mixing ratios in the MT and UT [START_REF] Barret | ŞImpact of West African Monsoon convective transport and lightning NO x production upon the upper tropospheric composition: a multi-model studyŤ[END_REF].

The presence of O 3 sinks in the surface result in a relatively short lifetime of O 3 (typically hours). In contrast, the absence of sinks in the FT leads to an increased lifetime in the order of several weeks [START_REF] Stevenson | ŞMultimodel ensemble simulations of present-day and near-future tropospheric ozoneŤ[END_REF]. This time is long enough to allow the transport of O 3 on an intercontinental scale. In addition, there is the transport of NO x and HO x reservoirs (such as H 2 O 2 and HNO 3 ; see above) that can produce NO x and HO x again in the subsidence zones and contribute to O 3 formation. Thus, pollution due to high O 3 levels is not limited to an urban scale but also occurs on an intercontinental scale due to transport [START_REF] Akimoto | ŞGlobal air quality and pollutionŤ[END_REF].

Global budget

The global tropospheric O 3 burden is deĄned as the mass of O 3 in the troposphere. The O 3 budget is deĄned by four main terms: i) chemical production (P), ii) chemical loss (L), iii) loss due to depositions to the surface (D), and iv) a net inĆux resulting from the stratosphereŰtroposphere exchange (S). To understand the interplay between O 3 sources and sinks, as well as their impact on O 3 burden, atmospheric chemistry models are used [START_REF] Archibald | ŞTropospheric Ozone Assessment ReportA critical review of changes in the tropospheric ozone burden and budget from 1850 to 2100Ť[END_REF]. European Network of excellence (ACCENT) [START_REF] Stevenson | ŞMultimodel ensemble simulations of present-day and near-future tropospheric ozoneŤ[END_REF], and the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP) [START_REF] Young | ŞPre-industrial to end 21st century projections of tropospheric ozone from the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP)Ť[END_REF], and single model studies [START_REF] Myhre | ŞRadiative forcing of the direct aerosol effect from AeroCom Phase II simulationsŤ[END_REF]. In the last 60 years, our knowledge related to tropospheric O 3 has improved signiĄcantly.

However, uncertainties remain regarding the quantiĄcation of processes controlling O 3 , due to its complex chemistry. ObservationŰbased estimates for the burden are from Li1995 [START_REF] Li | ŞA 4-dimensional ozone climatology for UGAMP models[END_REF]; after [START_REF] Wild | ŞModelling the global tropospheric ozone budget: exploring the variability in current modelsŤ[END_REF], FK1998 [START_REF] Paul | ŞAn ozone climatology based on ozonesonde and satellite measurementsŤ[END_REF], Logan1999 [START_REF] Logan | ŞTrends in the vertical distribution of ozone: A comparison of two analyses of ozonesonde dataŤ[END_REF], Ziemke2011 (after Ziemke et al. ( 2011)) and Osterman2008 [START_REF] Osterman | ŞValidation of Tropospheric Emission Spectrometer (TES) measurements of the total, stratospheric, and tropospheric column abundance of ozoneŤ[END_REF]; range). ObservationŰbased estimates for the net stratospheric inĆux are from MF1994 [START_REF] Murphy | ŞAn estimate of the Ćux of stratospheric reactive nitrogen and ozone into the troposphereŤ[END_REF], Gettelman1997 [START_REF] Gettelman | ŞMass Ćuxes of O3, CH4, N2O and CF2Cl2 in the lower stratosphere calculated from observational dataŤ[END_REF]), and Olsen2001 (Olsen et al., 2001).

The error bars indicate their full uncertainty ranges. Source: [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF] Recent studies [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF]2020;[START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF] have shown increasing tropospheric O 3 burden in the second half of the 20th century. Satellite observations from the Ozone Monitoring Instrument (OMI) and Microwave Limb Sounder (MLS) sensors [START_REF] Ziemke | ŞTrends in global tropospheric ozone inferred from a composite record of TOMS/OMI/MLS/OMPS satellite measurements and the MERRA-2 GMI simulationŤ[END_REF] and simulations from the GEOSŰChem chemical transport model [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF][START_REF] Who | WHO global air quality guidelines: particulate matter (PM2. 5 and PM10), ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide[END_REF] Another obstacle to the quantiĄcation of the global O 3 burden is the lack of global observations [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF]. The current global O 3 monitoring network is unevenly distributed and covers only approximately 25 % of the globe [START_REF] Tarasick | ŞQuantifying stratosphere-troposphere transport of ozone using balloon-borne ozonesondes, radar windproĄlers and trajectory modelsŤ[END_REF]. For this reason, the global O 3 distribution and sources remain uncertain due to inadequate observations in the remote FT, especially over developing countries in the tropics [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF][START_REF] Tarasick | ŞQuantifying stratosphere-troposphere transport of ozone using balloon-borne ozonesondes, radar windproĄlers and trajectory modelsŤ[END_REF].

Carbon monoxide 1.2.1 Role and Significance

CO is an atmospheric trace gas that plays a signiĄcant role in air quality, atmospheric chemistry, and climate. Higher levels of CO close to the surface can lead to serious health problems [START_REF] Raub | ŞCarbon monoxide and the nervous systemŤ[END_REF]. The reaction of CO with OH (Section 1.1.2) is the main sink of OH, accounting for 40 % of the annual OH loss in a nonpolluted troposphere [START_REF] Lelieveld | ŞGlobal tropospheric hydroxyl distribution, budget and reactivityŤ[END_REF]. As a result, the variability of CO directly impacts the OH concentration.

OH is considered the cleansing agent of the atmosphere [START_REF] Logan | ŞTropospheric chemistry: A global perspectiveŤ[END_REF], as mentioned previously. Consequently, CO directly impacts the oxidation capacity of the atmosphere due to the feedback between CO and OH.

The reaction mechanism for CO destruction indicates that enhanced levels of CO in the troposphere lead to lower OH concentrations available for reaction with other greenhouse gases such as CO 2 and CH 4 [START_REF] Myhre | ŞRadiative forcing of the direct aerosol effect from AeroCom Phase II simulationsŤ[END_REF]. A consequence of declined OH levels in the atmosphere is the enhancement of the lifetime of CH 4 [START_REF] Seinfeld | ŞFrom air pollution to climate changeŤ[END_REF], the second most important greenhouse gas, after CO 2 (IPCC, 2021). According to the Intergovernmental Panel on Climate Change (IPCC), the global warming potential of CH 4 ranges between 84Ű87 when considering its impact over 20 years, and between 28Ű36 when considering its impact over 100 years relative to CO 2 (IPCC, 2021). In addition, COŠs oxidation produces CO 2 and O 3 which are also greenhouse gases (IPCC, 2021). Thus, CO is considered an indirect shortŰlived climate forcer (IPCC, 2021).

CO is mainly produced by incomplete combustion processes [START_REF] Granier | ŞEvolution of anthropogenic and biomass burning emissions of air pollutants at global and regional scales during the 1980Ű2010 periodŤ[END_REF]. Because of its relatively long lifetime, CO concentrations in the troposphere are strongly inĆuenced by transport processes. As a result, it is considered a powerful pollution tracer of combustion processes [START_REF] Logan | ŞTropospheric chemistry: A global perspectiveŤ[END_REF][START_REF] Crutzen | ŞBiomass burning in the tropics: Impact on atmospheric chemistry and biogeochemical cyclesŤ[END_REF] which emit O 3 precursors (i.e., NO x , VOCs, CO). Its global distribution provides information about the transport pathways of pollution at a hemispheric scale.

Sources and Sinks

CO production is based on primary (e.g. emitted directly into the atmosphere) and secondary (e.g. formed by reactions in the atmosphere) sources. The main primary sources are located at the EarthŠs surface and include anthropogenic incomplete combustion of carbonŰbased materials such as fossil fuels and biofuels [START_REF] Hoesly | ŞHistorical (1750Ű2014) anthropogenic emissions of reactive gases and aerosols from the Community Emissions Data System (CEDS)Ť[END_REF], biomass burning (Van Der Werf et al., 2017), vegetation (Bruhn et al., 2013) and the ocean [START_REF] Conte | ŞThe oceanic cycle of carbon monoxide and its emissions to the atmosphereŤ[END_REF] variations than the ones from anthropogenic and biomass burning emissions [START_REF] Zheng | ŞGlobal atmospheric carbon monoxide budget 2000Ű2017 inferred from multi-species atmospheric inversionsŤ[END_REF].

Secondary sources

The CH 4 oxidation mechanism is one of the major natural chemical sources of CO. 

CH 4 + OH --→ CH 3 + H 2 O (1.35) CH 3 + O 2 + M --→ CH 3 O 2 + M (1.36)
The dominant sinks of CH 3 O 2 (methyl peroxy radical) are the reactions with NO and HO 2 :

CH 3 O 2 + NO --→ CH 3 O + NO 2 (1.37) CH 3 O 2 + HO 2 --→ CH 3 OOH + O 2 (1.38)
Then, the CH 3 OOH (methyl hydroperoxide) can either photolyze or react with OH :

CH 3 OOH + hv --→ CH 3 O + OH (1.39) CH 3 OOH + OH --→ CH 2 O + OH + H 2 O (1.40) CH 3 OOH + OH --→ CH 3 O 2 + H 2 O (1.41)
The [START_REF] Zheng | ŞGlobal atmospheric carbon monoxide budget 2000Ű2017 inferred from multi-species atmospheric inversionsŤ[END_REF].

Sinks

The main sink of CO is the oxidation with OH (see Section 1.1.2), with a smaller contribution from dry deposition (IPCC, 2021). CO deposits on sea ice, snow, soil, vegetation, and structures and dissolution in surface water. However, because it is relatively insoluble, its dissolution rate is low [START_REF] Jacobson | Air pollution and global warming: history, science, and solutions[END_REF].

Global Budget

Despite the signiĄcant role of CO in climate and air quality, there are still large uncertainties in the global CO budget for both its sources and sinks. Using an inverse method (e.g. constrain an atmospheric model by Measurements Of Pollution In The Troposphere (MOPITT) CO observations to estimate its sources and sinks), [START_REF] Zheng | ŞGlobal atmospheric carbon monoxide budget 2000Ű2017 inferred from multi-species atmospheric inversionsŤ[END_REF] reported the global budget of CO during 2000Ű2017, as seen in Table 1.1. According to their computations, the direct emissions and the chemical production contribute roughly equally to the global CO sources (1.4 and 1.2 x 10 3 Tg CO yr -1 respectively), in agreement with IPCC (2021). The main surface sources originate from anthropogenic and biomass burning emissions (0.7 and 0.5 x 10 3 Tg CO yr -1 respectively), while the biogenic and oceanic sources represent the 15 % of the surface emissions. The oxidation of CH 4 is the main chemical production source accounting for 75 % of the secondary CO sources. Except for inversionŰbased estimations, global chemistry transport models are used to simulate the CO concentrations and estimate the global CO burden and budget. The overall performance of the global models is discussed in IPCC (2021). Generally, they capture the spatial distribution of the observed CO concentrations but they show regional biases up to 50 % (IPCC, 2021 and references therein). For instance, models are persistently biased low in the Southern hemisphere, and biased high in the tropics, particularly over polluted regions such as India and East Asia. The estimations of the simulated global CO burden by global models lie in the range of the one estimated from data assimilation techniques.

For instance, CO emissions from anthropogenic sources are estimated to range between 450 and 600 TgCO yr -1 [START_REF] Lannuque | ŞOrigins and characterization of CO and O 3 in the African upper troposphereŤ[END_REF], which is comparable to the CO emissions from biomass burning sources, estimated between 350 and 600 TgCO yr -1 (Van Der Werf et al., 2017). The global chemical oxidation sources from CH 4 and VOCs oxidation are estimated between 600Ű1000 and 450Ű1200 TgCO yr -1 , respectively [START_REF] Stein | ŞOn the wintertime low bias of Northern Hemisphere carbon monoxide found in global model simulationsŤ[END_REF]. Nevertheless, the large spread across the models is driven by uncertainties in both CO sources and sinks, particularly those related to the chemical production of CO from MNVOCs oxidation and loss due to the reaction with OH (IPCC, 2021).

Chapter 2

Tropics: Tropospheric dynamics and precursor emissions

In Chapter 2, we focus on the region of interest, the tropics which is a key region for O 3 photochemistry and CO. We start by explaining the govern dynamics (Section 2.1), and the natural and anthropogenic sources (Section 2.2) located in the region.

The tropical zone can be deĄned in several ways, such as by meteorological characteristics (e.g. location of the subtropical jets), climatic elements (e.g. precipitation rates), or by geographical extent. Following the latter way, in the Tropospheric Ozone Assessment Report,

Phase II (TOAR-II)(https://igacproject.org/activities/TOAR/TOAR-II) Ozone and Precursors in the Tropics working group, the tropics are deĄned between 20°S and 20°N. In our study, we consider the extended area between 25°S and 25°N, to investigate interactions of pollution and the transport of air masses between the tropics and the subtropics.

Because of its location close to the equator, the tropical troposphere receives up to twice as much solar radiation as the extratropics. Also, the tropical stratospheric O 3 layer is 60 % of the one at midŰlatitudes [START_REF] Peters | ŞOzone in the Tropical TroposphereŤ[END_REF]. For these reasons, the amount of energy to drive photochemistry and processes such as convection and evaporation, is greater than in the extratropics. Due to high temperatures and evaporation, the tropics are characterised by high humidity, which promotes the production of OH radicals. Consequently, there are favourable conditions for converting NO into NO 2 without consuming O 3 . Therefore, the combination of high solar radiation and humidity favours O 3 production in the tropical troposphere.

Tropospheric Dynamics

General Circulation

The uneven heating of the Earth by the Sun at different latitudes is the main driver of the global scale atmospheric circulation [START_REF] Seinfeld | ŞFrom air pollution to climate changeŤ[END_REF]. Even though the total energy received by the Earth is in balance with the total energy emitted back to space, this is not true for every region of the Earth. The tropics receive more energy from the Sun than is emitted back to space, whereas the polar regions receive less energy than they emit. This is because of i) the decline in solar radiation to the polar regions during winter, and ii) the high surface albedo in the polar regions.

The redistribution of energy from regions with energy excess towards the regions with energy 

Hadley Circulation

The Hadley cell is characterised by rising air at the equator, moving polewards in the tropical UT and descending due to adiabatic cooling at the subtropics, and moving equatorwards at the surface (Figs. 2.1 and 2.2). Air over the equator rises because it is warm and moist.

At the tropical tropopause layer (TTL), the atmosphere is stable and the upward motion is suspended. The air that does not enters the stratosphere, converges, cools as it moves northwards (southwards), and sinks at around 30 °latitude. While sinking, the air warms by compression. At the surface, to conserve mass, some of the sinking air moves equatorwards, and is deĆected to the right (resp. left) in the NH (resp. SH) due to the Coriolis force. As a result, on both sides of the equator, there is a region where the wind blows from east to west (easterlies). This region is known as the trade wind belt [START_REF] Seinfeld | ŞFrom air pollution to climate changeŤ[END_REF] (Figure 2.2). 

Subtropical jet

When the upper poleward branch of the Hadley cell induces air in the UT, the subtropical jet develops (Figure 2.1). In contrast to the surface trades winds, the subtropical jet has weak meridional components relative to the zonal ones. This is because as the UT air moves away from the equator, it increasingly comes under the inĆuence of the Coriolis force, and air deĆects toward the right (resp. left) in the NH (resp. SH). As a result, the upper circulation in the low latitudes becomes increasingly westerly at a distance from the equator.

Walker circulation

In the proximity of the equator with the absence of the Coriolis force, a thermodynamic circulation develops in the zonal and vertical directions ( Dynamical processes in the tropics are of great importance because they are capable of redistributing polluted air masses at regional [START_REF] Barret | ŞTransport pathways of CO in the African upper troposphere during the monsoon season: a study based upon the assimilation of spaceborne observationsŤ[END_REF][START_REF] Sauvage | ŞTropospheric ozone over Equatorial Africa: regional aspects from the MOZAIC dataŤ[END_REF] and global scales [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF]. [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF] highlighted the dominant role of emissions from the tropics and subtropics to the global O 3 burden, due to convection, along with strong reaction rates and NO x sensitivity in these regions. Observations and models (e.g. [START_REF] Cooper | ŞLong-term ozone trends at rural ozone monitoring sites across the United States, 1990Ű2010Ť[END_REF][START_REF] Cooper | ŞChallenges of a lowered US ozone standardŤ[END_REF] have associated emission increases in Asia with increasing O 3 above western North America. Other studies have found that BB products from South America and Africa contribute to an O 3 enhancement over South Atlantic. As discussed by [START_REF] Barret | ŞUpper-tropospheric CO and O 3 budget during the Asian summer monsoonŤ[END_REF] However, convective clouds reduce the available solar radiation and thus the tropospheric photochemical activity. These effects cause lower midŰtropospheric O 3 mixing ratios over South Asia, compared to regions with higher solar radiation and downwind transport of O 3 , such as Africa and the Middle East.

Variations of the General Circulation El Niño Southern Oscillation

In addition to the typical circulation patterns, there are some seasonal and nonŰseasonal atmospheric motions in the tropics, which impact the O 3 distribution. The nonŰseasonal variations include the El Niijo Southern Oscillation (ENSO) cycle, which is the reverse of the Walker circulation every few years and is associated with ocean and atmosphere interaction.

El Niijo and La Niija are the warm and cool phases of ENSO.

During an El Niijo event, warmer water than the average extends to the east (Figure 2.4 bottom panel). The overlying air warms and thus rises, leading to a lowŰpressure system. In turn, the water, and consequently the overlying air, is relatively cooler above SouthEast Asia.

This leads to less rising motions and a higher pressure system above SouthEast Asia. The The El Niijo and La Niija events occur every two to seven years, and last nine to 12 months approximately. The strongest El Niijo events were observed during 1997/1998 [START_REF] Huijnen | ŞFire carbon emissions over maritime southeast Asia in 2015 largest since 1997Ť[END_REF] followed by 2015/2016 [START_REF] Ravindrababu | ŞLarge anomalies in the tropical upper troposphere lower stratosphere (UTLS) trace gases observed during the extreme 2015Ű16 El Niijo event by using satellite measurementsŤ[END_REF]. Several studies (e.g. [START_REF] Ziemke | ŞA new ENSO index derived from satellite measurements of column ozoneŤ[END_REF][START_REF] Leventidou | ŞTropical tropospheric ozone columns from nadir retrievals of GOME-1/ERS-2, SCIAMACHY/Envisat, and GOME-2/MetOp-A (1996Ű2012)Ť[END_REF] have examined the impact of ENSO on tropospheric O 3 .

Because the El Niijo event induces drier conditions than the average over SouthEast Asia, the Ąre activities over the regions are found to be ampliĄed (e.g. [START_REF] Ravindrababu | ŞLarge anomalies in the tropical upper troposphere lower stratosphere (UTLS) trace gases observed during the extreme 2015Ű16 El Niijo event by using satellite measurementsŤ[END_REF].

As a result, El Niijo has an impact on emissions of trace gases, including O 3 .

Monsoons

The main synoptic seasonal pattern in the tropics is the monsoon, which is related to the seasonal transition of prevailing winds and precipitation. The monsoons are characterised by rainy summers with onshore Ćow and drier winters with offshore Ćow. The changes in the lowŰlevel wind Ćow are associated with the changes in the thermal contrast between the land and the ocean. During summer, the air over the land is warmer and more unstable than the air over the nearby oceanic regions. As a result, lower pressure occurs over land and higher pressure occurs over the oceanic regions. This pressure pattern causes lowŰlevel moist air to converge onto the land, resulting in increased precipitation. During winter, the temperature contrast, and thus the lowŰlevel wind Ćow is reversed, leading to drier conditions over land.

Several regions show monsoon characteristics: Western Africa, Asia, Northern Australia, South America, and North America. In this chapter, we will give some further information about the monsoon systems in tropical regions (West Africa, Asia, and South America).

Asia

During winter (October to March), the prevailing northerly wind brings dry and cool weather conditions over Asia (Fig. et al., 2008;[START_REF] Park | ŞTransport above the Asian summer monsoon anticyclone inferred from Aura Microwave Limb Sounder tracersŤ[END_REF]. The thermal difference between the warm Sahara desert and the cold Gulf of Guinea results
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in a low tropospheric Ćow, the Africa Easterly jet (AEJ) (Figure 2.7). The AEJ develops in the pressure range of 700Ű650 hPa and may be the birthplace of easterly waves which show maximum from May to October [START_REF] Sauvage | ŞTropospheric ozone over Equatorial Africa: regional aspects from the MOZAIC dataŤ[END_REF]. At higher altitudes (500 hPa), there are two anticyclones: the Saharan Anticyclone (centered at 15°NŰ10°E) and the South Atlantic Subtropical Anticyclone (SASTA; centered at 30°SŰ15°W) (Figure 2.7), which contribute to a stable tradeŰwind inversion and a highly stratiĄed atmosphere.

East Africa is also affected by the ITCZ, however because of the different topography and the inĆuence of the Indian Ocean, the area is impacted by different regimes relative to West Africa. For instance, the circulation is affected by: the East Africa lowŰlevel jet originating at the northeastern tip of Madagascar; and the TEJ which prevails in the UT (Figure 2.7).

South America

The main features related to the South American Monsoon system are displayed in Figure 2.8.

The topography of South America, and more particularly the Andes mountains and the Amazon basin, play a signiĄcant role in the South American monsoon system [START_REF] Silva | ŞThe South American monsoon system: climatology and variabilityŤ[END_REF]. During austral summer, there is a lowŰlevel wind that Ćows over the land 

Natural and Anthropogenic Sources

In the tropics, natural sources (soils, lightning, and biomass burning emissions) are active, and emit O 3 precursors such as CO, NO x , and VOCs. In addition, anthropogenic emissions have been constantly increasing, causing critical pollution and air quality issues.

Vegetation

Vegetation emits a large amount of VOCs. According to bottomŰup estimates, biogenic

VOCs emissions account for more than 80% of the total global VOCs input [START_REF] Olivier | ŞGlobal emissions sources and sinks, The Climate Sys-temŤ[END_REF]. Because of their high reactivity, biogenic VOCs can impact tropospheric chemistry immediately after they are emitted. They lead to O 3 production (resp. destruction) in high (resp. low) NO x levels (see Section 1.1.2). Biogenic VOCs emissions are mostly controlled by temperature because of the nature of photosynthesis [START_REF] Lu | ŞMeteorology and climate inĆuences on tropospheric ozone: a review of natural sources, chemistry, and transport patternsŤ[END_REF]. The exponential increase of these emissions with increasing temperature has been recognised as the main driver of the positive correlation between O 3 and temperature, especially in urban areas where NO x concentrations are high [START_REF] Lu | ŞExploring 2016Ű2017 surface ozone pollution over China: source contributions and meteorological inĆuencesŤ[END_REF].

The release of VOCs in the atmosphere, along with their impact on photochemistry is favoured in the tropics due to the high solar radiation and humidity. More than 70% of the total global biogenic VOCs Ćux occurs in the tropics, with signiĄcant emissions from the leaves of plants [START_REF] Karl | ŞThe tropical forest and Ąre emissions experiment: Emission, chemistry, and transport of biogenic volatile organic compounds in the lower atmosphere over AmazoniaŤ[END_REF]. Figure 2.9 displays the monthly mean emissions of isoprene (a) and monoterpenes (b). According to [START_REF] Sindelarova | ŞGlobal data set of biogenic VOC emissions calculated by the MEGAN model over the last 30 yearsŤ[END_REF], the annual total biogenic VOCs emission are estimated equal to 760 Tg (C) yr -1 , mainly consisting of isoprene (70 %) and monoterpenes (11 %). Figure 2.9 displays the highest biogenic VOCs emissions over the tropics, especially over the Amazon forest in South America. 

Soil NO x emissions

As discussed in Section 1.1.2, NO x play a key role in atmospheric chemistry by catalysing O 3 production. Soil emissions can release NO x due to microbial activities (e.g. nitriĄcation), contributing to approximately 10Ű15 % of the presentŰday global NO x emissions [START_REF] Vinken | ŞWorldwide biogenic soil NO x emissions inferred from OMI NO 2 observationsŤ[END_REF]. However, the estimates of soil emissions remain highly uncertain [START_REF] Vinken | ŞWorldwide biogenic soil NO x emissions inferred from OMI NO 2 observationsŤ[END_REF].

The main control factors of soil NO x emissions are the soil nitrogen content, and climate and soil conditions such as temperature and soil moisture [START_REF] Vinken | ŞWorldwide biogenic soil NO x emissions inferred from OMI NO 2 observationsŤ[END_REF]. Approximately 70 % of global soil emissions are emitted in the tropics (Yienger and Levy, 1995). Previous studies have also found large pulses of soil NO x emissions at the beginning of the wet season, following the dry season. For instance, observations from GOME showed enhanced NO 2 columns during the rainy season over West African Sahel due to emissions from nitrogen accumulated in soils during the dry season [START_REF] Jaeglé | ŞSatellite mapping of rain-induced nitric oxide emissions from soilsŤ[END_REF]. The beginning of rains activates the bacterial nitriĄcation leading to signiĄcant release of NO which is rapidly converted into NO 2 in the atmosphere via oxidative processes. The enhanced NO x concentrations from the moist soil contribute to an O 3 increase over West African Sahel during the West African monsoon season [START_REF] Saunois | ŞFactors controlling the distribution of ozone in the West African lower troposphere during the AMMA (African Monsoon Multidisciplinary Analysis) wet season campaignŤ[END_REF]. After excess nitrogen is consumed, wet season NO emissions decrease and contribute less to the local O 3 mixing ratio [START_REF] Adon | ŞLong term measurements of sulfur dioxide, nitrogen dioxide, ammonia, nitric acid and ozone in Africa using passive samplersŤ[END_REF].

Lightning NO x emissions

Thunderstorm lightning is another major source of NO x . LightningŰinduced NO x (LiNO x ) sources are considered one of the largest global natural NO x sources in the atmosphere [START_REF] Galloway | ŞNitrogen cycles: past, present, and futureŤ[END_REF], and the largest source in the UT. However, it is complicated to determine the global LiNO x amount [START_REF] Schumann | ŞThe global lightning-induced nitrogen oxides sourceŤ[END_REF][START_REF] Miyazaki | ŞDecadal changes in global surface NO x emissions from multi-constituent satellite data assimilationŤ[END_REF] because they cannot be measured directly. Thus, the magnitude and distribution of LiNO x remain highly uncertain [START_REF] Schumann | ŞThe global lightning-induced nitrogen oxides sourceŤ[END_REF]. et al., 2003). The direct emissions of NO x in the UT are of particular importance for O 3 production. This is because of: i) longer lifetimes of NO x and O 3 [START_REF] Jacob | ŞOrigin of ozone and NOx in the tropical troposphere: A photochemical analysis of aircraft observations over the South Atlantic basinŤ[END_REF], and ii) increased OPE at higher altitudes, due to low OH abundances and high NO to NO 2 ratios (Equation 1.34) (Sauvage et al., 2007b). Several studies have highlighted the role of 

Stratosphere to troposphere exchange

StratosphereŰtoŰtroposphere exchange is considered another natural O 3 source, with a primary impact in the UT, and a smaller one in the surface O 3 levels [START_REF] Lelieveld | ŞSevere ozone air pollution in the Persian Gulf regionŤ[END_REF].

Dry, O 3 Űrich air from the stratosphere is transported to the troposphere during the soŰcalled stratospheric intrusions [START_REF] Danielsen | ŞStratospheric-tropospheric exchange based on radioactivity, ozone and potential vorticityŤ[END_REF]). This natural O 3 source is quite uncertain [START_REF] Stohl | ŞBlack carbon in the Arctic: the underestimated role of gas Ćaring and residential combustion emissionsŤ[END_REF], and has been found to contribute to tropospheric O 3 5Ű7 times less than the photochemical production by precursors [START_REF] Young | ŞPre-industrial to end 21st century projections of tropospheric ozone from the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP)Ť[END_REF]. Also, stratospheric intrusions impact mostly O 3 abundances in the midŰlatitudes during spring, and show minor effects on tropical O 3 levels.

Biomass burning

BB activities are associated with naturally occurring wildĄres, and with humanŰinduced Ąres for several purposes, such as deforestation and cleaning of land for agricultural use, 44CHAPTER 2. TROPICS: TROPOSPHERIC DYNAMICS AND PRECURSOR EMISSIONS control of pests and weeds, removal of litter, and energy production for cooking, heating, and fuel [START_REF] Crutzen | ŞBiomass burning in the tropics: Impact on atmospheric chemistry and biogeochemical cyclesŤ[END_REF]. These type of Ąres are intentionally set on an annual basis during the dry season over tropical regions such as Africa, Asia, and South America [START_REF] Ziemke | ŞRecent biomass burning in the tropics and related changes in tropospheric ozoneŤ[END_REF]. Because of the rapid increase of population in the tropics, these Ąres contribute to the clearing of the land for human and industrial expansions.

BB emissions are a signiĄcant source of O 3 and precursors such as CO and NO x . Using OMI/MLS measurements for the period 2004Ű2008, [START_REF] Ziemke | ŞRecent biomass burning in the tropics and related changes in tropospheric ozoneŤ[END_REF] found that BB in the tropics (South America, western Africa, and Indonesia) caused an 8Ű10 ppb O 3 enhancement over mean values of 35Ű55 ppb during AugustŰNovember on a global scale. They also found that BB shows a rather regional impact on O 3 abundance, near the burning regions and mostly in the LT (within 3 km above the Ąres). In addition to O 3 enhancement, BB emissions are responsible for a 7Ű9 % and a 30Ű40 % increase in NO x and CO respectively, during the peak Ąre season.

Even though BB play an important role in O 3 and precursors budget in the troposphere, uncertainties remain in the estimation of their emissions. The uncertainties are related to uncertainties on burned area, fuel load, emissions factors, and Ąre injection heights [START_REF] Monks | ŞTropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcerŤ[END_REF]. Information about the spatial and temporal occurrence of Ąres is provided by satellites, with rather limited accuracy (e.g. [START_REF] Giglio | ŞCommentary on" Improving the seasonal cycle and interannual variations of biomass burning aerosol sources[END_REF]). In the tropics, the sparse Ąre monitoring system makes it difficult to acquire additional quantitative information related to local Ąres. The amount of fuel load and combustion factors in the models are estimated by ecosystem models or empirical formulas depending on fuel characteristics such as Ąre type and moisture [START_REF] Monks | ŞTropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcerŤ[END_REF]. This results in high spatial and temporal variations of the emissions factors, and thus large uncertainties in the emission estimation. Recent studies have shown decreasing global trends of BB (e.g. [START_REF] Andela | ŞA human-driven decline in global burned areaŤ[END_REF]. This is in accordance with longŰterm trends of BB over some tropical regions. For instance, the decrease in BB CO emissions in South America [START_REF] Andela | ŞA human-driven decline in global burned areaŤ[END_REF][START_REF] Deeter | ŞSatellite-based analysis of CO seasonal and interannual variability over the Amazon BasinŤ[END_REF] is due to the longŰterm declining deforestation rates, especially over forested areas (≈ 54 %)

and over savanna and shrublands (≈ 39 %) [START_REF] Naus | ŞSixteen years of MOPITT satellite data strongly constrain Amazon CO Ąre emissionsŤ[END_REF]. The decline of BB emissions over NH Africa is attributed to the reducing BB area extent [START_REF] Hickman | ŞChanges in biomass burning, wetland extent, or agriculture drive atmospheric NH 3 trends in select African regionsŤ[END_REF] since 2005.

Anthropogenic emissions

Tropics hosted 40 % of the global population in 2014. Projections reveal that the percentage will increase to 50 % by 2050. This is because the tropics are associated with rapid rates of increasing population, especially over Africa. AN emissions are related to emissions of precursors such as CO, NO x , and VOCs, and thus are expected to modify the O 3 burden. emissions show rather weak seasonal variability over the tropics. They also show some characteristics which depend on the region. Concerning Africa, the rapid growth over megacities, such as Lagos, is responsible for increasing emissions from diffuse and inefficient combustion sources [START_REF] Marais | ŞAir quality impact of diffuse and inefficient combustion emissions in Africa (DICE-Africa)Ť[END_REF]. This increase is mostly attributed to the growing residential source mainly for cooking and heating [START_REF] Zheng | ŞGlobal atmospheric carbon monoxide budget 2000Ű2017 inferred from multi-species atmospheric inversionsŤ[END_REF], but also to traffic emissions (related to a large number of twoŰstroke vehicles, poor fuel quality, and poorlyŰmaintained engines) [START_REF] Assamoi | ŞA new inventory for two-wheel vehicle emissions in West Africa for 2002Ť[END_REF]. Concerning South America, the strongest AN emissions are found over megacities such as São Paulo and Rio de Janeiro. [START_REF] Martins | ŞOzone formation potentials of volatile organic compounds and ozone sensitivity to their emission in the megacity of São Paulo, BrazilŤ[END_REF] identiĄed vehicular emission as the main source of O 3 precursors in the boundary layer of these cities.

Chapter 3

Data and Methods

In this chapter, we describe the datasets and methods used in our analysis. We start by introducing the IAGOS (Section 3.1) airborne in situ data, and the IASI SOFRID spaceborne data (Section 3.2). We continue with a brief description of the modelŰbased data provided by the SOFT-IO tool (Section 3.3). [START_REF] Thouret | ŞComparisons of ozone measurements from the MOZAIC airborne program and the ozone sounding network at eight locationsŤ[END_REF][START_REF] Helten | ŞIn-Ćight comparison of MOZAIC and POLINAT water vapor measurementsŤ[END_REF], CO since 2001 [START_REF] Nedelec | ŞAn improved infrared carbon monoxide analyser for routine measurements aboard commercial Airbus aircraft: technical validation and Ąrst scientiĄc results of the MOZAIC III programmeŤ[END_REF],

IAGOS airborne observations

NO y between 2001 and 2005 (e.g. [START_REF] Gressent | ŞLightning NOx inĆuence on large-scale NOy and O3 plumes observed over the northern mid-latitudesŤ[END_REF], and more recently NO x , CH 4 , CO 2 , and cloud particles, see https://www.iagos.org/iagos-data/), along with meteorological parameters (temperature and winds).

Its operation began in 1994 under the name Measurements of OZone and water vapor by in-service AIrbus airCraft (MOZAIC) [START_REF] Marenco | ŞMeasurement of ozone and water vapor by Airbus inservice aircraft: The MOZAIC airborne program, An overviewŤ[END_REF], a collaborative effort between the European aircraft manufacturer Airbus and the Centre National de la Recherche ScientiĄque (CNRS). Its initial purpose was to investigate the potential growing impact of the aeronautical industry on climate [START_REF] Blot | ŞInternal consistency of the IAGOS ozone and carbon monoxide measurements for the last 25 yearsŤ[END_REF]. At the time, 5 aircraft were equipped with sensors (Figure 3.1). Since the merge of these programs in 2008, their database are known as IAGOSŰCORE and IAGOSŰCARIBIC. In the present study, we consider them as a unique database (hereinafter referred to as IAGOS), as the IAGOS and its predecessors provide consistent O 3 and CO measurements [START_REF] Nédélec | ŞInstrumentation on commercial aircraft for monitoring the atmospheric composition on a global scale: the IAGOS system, technical overview of ozone and carbon monoxide measurementsŤ[END_REF][START_REF] Blot | ŞInternal consistency of the IAGOS ozone and carbon monoxide measurements for the last 25 yearsŤ[END_REF].

Even though its operation was originally planned to last for a few years, the longŰterm support from the French and German ministries of research, the European Union (EU Framework Program funding), and the participating airlines have allowed IAGOS to equip 17 aircraft in 25 years (nine retired) [START_REF] Blot | ŞInternal consistency of the IAGOS ozone and carbon monoxide measurements for the last 25 yearsŤ[END_REF], providing a signiĄcant amount of measurements, at cruising altitude (9Ű12 km; 300Ű185 hPa), and during takeoffs and landings in the proximity of the airport. Since 1994, IAGOS has accomplished more than 60 000

Ćights, and approximately 120 000 proĄles over 338 sites around the globe (Figure 3.2), which leads to about 3.5 million points of observations [START_REF] Blot | ŞInternal consistency of the IAGOS ozone and carbon monoxide measurements for the last 25 yearsŤ[END_REF]. IAGOS has a central role in the global observing system, as it provides longŰterm measurements of high accuracy and density throughout the troposphere and the lower stratosphere.

Therefore, IAGOS has been used to: i) assess statistically robust climatologies and trend analysis (e.g. [START_REF] Cohen | ŞClimatology and long-term evolution of ozone and carbon monoxide in the upper troposphereŰlower stratosphere (UTLS) at northern midlatitudes, as seen by IAGOS from 1995 to 2013Ť[END_REF][START_REF] Gaudel | ŞAircraft observations since the 1990s reveal increases of tropospheric ozone at multiple locations across the Northern HemisphereŤ[END_REF], ii) validate chemical transport models (e.g. Sauvage et al., 2007c;[START_REF] Gressent | ŞModeling lightning-NO x chemistry on a sub-grid scale in a global chemical transport modelŤ[END_REF], as well as satellite observations (e.g.

De [START_REF] De Wachter | ŞRetrieval of MetOp-A/IASI CO proĄles and validation with MOZAIC dataŤ[END_REF].

IAGOS instrumentation

IAGOSŰCORE measurements are collected by sets of instruments (packages). The main package abroad for all aircraft is Package1, which is developed by CNRS. Package1 is in charge of the O 3 and CO measurements, the data acquisition system, and the interface that collects aircraft parameters (e.g. position and speed of the aircraft, ambient meteorological data) [START_REF] Nédélec | ŞInstrumentation on commercial aircraft for monitoring the atmospheric composition on a global scale: the IAGOS system, technical overview of ozone and carbon monoxide measurementsŤ[END_REF]. Package2 includes instruments for measuring greenhouse gases (e.g. CO 2 and CH 4 ), NO x , NO y , or aerosol particle properties, and is optionally deployed on the aircraft. Here, we focus on Package1 instrumentation for O 3 and CO, which provide the measurements taken into account for this study. Further details on Package2 can be found in [START_REF] Petzold | ŞGlobal-scale atmosphere monitoring by in-service aircraftŰcurrent achievements and future prospects of the European Research Infrastructure IAGOSŤ[END_REF]. O 3 (resp. CO) is measured using a dualŰbeam ultraviolet absorption monitor at 254 nm (infrared analyser at 4.6 µm) with an accuracy of 2 ppb (resp. 5 ppb), a precision of 2 % (resp. 5 %), and a time resolution of 4 (resp. 30) seconds [START_REF] Thouret | ŞComparisons of ozone measurements from the MOZAIC airborne program and the ozone sounding network at eight locationsŤ[END_REF][START_REF] Nedelec | ŞAn improved infrared carbon monoxide analyser for routine measurements aboard commercial Airbus aircraft: technical validation and Ąrst scientiĄc results of the MOZAIC III programmeŤ[END_REF]. Considering the maximum aircraft speed (15 m s -1 during ascend/descend; 250 m s -1 during the cruise), the time resolution of the instruments corresponds to a maximum vertical resolution of 60 m (resp. 450 m) and a horizontal resolution of 1 km (resp. 7.5 km)

for O 3 (resp. CO).

In IAGOSŰCARIBIC, O 3 is measured with a combination of a dry chemiluminescence detector and a UV absorption spectrometer, with accuracy and precision of 0.5 ppb and 1 % [START_REF] Zahn | ŞA fast and precise chemiluminescence ozone detector for eddy Ćux and airborne applicationŤ[END_REF]. The time response is 4 seconds in the case of UV absorption, or 0.2 s in the case of chemiluminescence [START_REF] Zahn | ŞA fast and precise chemiluminescence ozone detector for eddy Ćux and airborne applicationŤ[END_REF]. CO is measured by a vacuum UV Ćuorescence, with an accuracy of less than 2 ppb, precision of 1Ű2 ppb, and time response of 2 seconds [START_REF] Scharffe | ŞCarbon monoxide measurements onboard the CARIBIC passenger aircraft using UV resonance ĆuorescenceŤ[END_REF].

Data quality

To ensure their quality, IAGOS data are subject to several validation and calibration processes. For inŰĆight calibration (on the ground and during the cruise every two hours),

an O 3 generator is used to expose the instruments in different O 3 concentration levels (0, 100, 500 ppb of O 3 , with a margin error of 15Ű20 %). This process aims to detect possible instrument drifts [START_REF] Nédélec | ŞInstrumentation on commercial aircraft for monitoring the atmospheric composition on a global scale: the IAGOS system, technical overview of ozone and carbon monoxide measurementsŤ[END_REF].

For postŰĆight calibration, an O 3 and CO laboratory calibration is performed by CNRS, before and after each Package1 operations period (normally 6 months). The calibration is done by comparing Package1 with a reference instrument, and for several concentrations levels (for O 3 : 0, 50, 100, 200, 300, 500, and 800 ppbv; for CO: 0, 250, 500, 750, 1000, and 1500 ppbv) to check the instrument linearity within 1% for O 3 , and 2% for CO.

Another way to check the consistency between the instruments is by comparing Ćights that landed or took off at the same site in less than 3h [START_REF] Nédélec | ŞInstrumentation on commercial aircraft for monitoring the atmospheric composition on a global scale: the IAGOS system, technical overview of ozone and carbon monoxide measurementsŤ[END_REF]. In this study, we use validated and calibrated IAGOS O 3 and CO observations during ascend and descent, to document vertical proĄles over the tropics (between 25°S and 25°N), since 1994 and 2002 respectively. For the same period, cruise data are used to study the (lower part of) UT tropical composition. Previous studies have used IAGOS data to document the tropical composition over Africa [START_REF] Sauvage | ŞTropospheric ozone over Equatorial Africa: regional aspects from the MOZAIC dataŤ[END_REF]Sauvage et al., 2007a;[START_REF] Sauvage | ŞMeridional ozone gradients in the African upper troposphereŤ[END_REF][START_REF] Lannuque | ŞOrigins and characterization of CO and O 3 in the African upper troposphereŤ[END_REF], South America [START_REF] Yamasoe | ŞAnalysis of tropospheric ozone and carbon monoxide proĄles over South America based on MOZAIC/IAGOS database and model simulationsŤ[END_REF] and South Asia [START_REF] Sahu | ŞSeasonal and interannual variability of tropospheric ozone over an urban site in India: A study based on MOZAIC and CCM vertical proĄles over HyderabadŤ[END_REF][START_REF] Sheel | ŞSeasonal and interannual variability of carbon monoxide based on MOZAIC observations, MACC reanalysis, and model simulations over an urban site in IndiaŤ[END_REF]. However, their analysis is focused on a regional scale, with limited temporal coverage, especially for CO as fewer measurements were available at that time. In this study, we will analyse the tropical composition using IAGOS as a uniĄed and consistent dataset for the entire tropics, as a globe. This way, we aim to bridge the gap of knowledge concerning the O 3 and CO distributions and their interlocking in the entire tropics which are still not well documented. [START_REF] Matricardi | ŞAn improved general fast radiative transfer model for the assimilation of radiance observationsŤ[END_REF][START_REF] Saunders | ŞAn update on the RTTOV fast radiative transfer model (currently at version 12)Ť[END_REF]. The retrievals are performed with the UKMO 1DŰVar algorithm developed by the UKMO [START_REF] Pavelin | ŞThe assimilation of cloud-affected infrared satellite radiances for numerical weather predictionŤ[END_REF] which uses the optimal estimation method [START_REF] Rodgers | Inverse methods for atmospheric sounding: theory and practice[END_REF]. BrieĆy, this method combines measurements and a priori information to constrain the retrievals where the sensitivity is low. The a priori information represents the best knowledge of the state vector (e.g. the retrieved proĄle) at the moment of the measurement.

SOFRID-O 3 vertical proĄles are retrieved from radiances in the 980Ű1100 cm -1 spectral window encompassing the 9.6 µm O 3 absorption band [START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF], while the SOFRID-CO proĄles in 2143Ű2181 cm tropopause height [START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF]. In the tropics, where the surface temperature, thermal contrast, and tropopause height are the highest, SOFRID-O 3 retrievals allow two independent pieces of information, one in the troposphere and one in the Upper troposphere lower stratosphere (UTLS) [START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF]. Comparisons with ozonesonde measurements for the period 2008Ű2017, showed that SOFRID-O 3 is biased low in the tropical troposphere 1 Advanced Very High Resolution Radiometer.

and UTLS, by 3 ± 16 % and 12 ± 33 % respectively in the Northern Tropics (0Ű30°N),

and by 8 ± 14 % and 21 ± 30 % in the Southern Tropics (0Ű30°S) [START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF].

Comparisons between SOFRID-O 3 retrievals using dynamical a priori proĄles instead of a single a priori proĄle showed improvements (e.g. a general increase in the correlation coefficients and the amplitude of the retrieved variability) mostly in the troposphere. The change of the a priori proĄle leads to minor differences in the UTLS, indicating the highest sensitivity of IASI to this layer [START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF].

We use monthly averaged SOFRID-CO and O 3 retrievals on a 1°x 1°grid from 2008Ű

2019. We focus on pressure levels corresponding approximately to the independent pieces of information, and on daytime measurements when larger thermal contrast between the surface and the atmosphere results in increased sensitivity of the instrument [START_REF] Clerbaux | ŞMonitoring of atmospheric composition using the thermal infrared IASI/MetOp sounderŤ[END_REF].

SOFRID-O 3 and CO retrievals have been widely used to offer a better understanding of the atmospheric composition over tropical regions such as Asia (e.g. [START_REF] Barret | ŞThe detection of post-monsoon tropospheric ozone variability over south Asia using IASI dataŤ[END_REF][START_REF] Saąeddine | ŞTropospheric ozone variability during the East Asian summer monsoon as observed by satellite (IASI), aircraft (MOZAIC) and ground stationsŤ[END_REF], Africa (e.g. [START_REF] Barret | ŞTransport pathways of CO in the African upper troposphere during the monsoon season: a study based upon the assimilation of spaceborne observationsŤ[END_REF][START_REF] Lannuque | ŞOrigins and characterization of CO and O 3 in the African upper troposphereŤ[END_REF] or South America (e.g. [START_REF] Yamasoe | ŞAnalysis of tropospheric ozone and carbon monoxide proĄles over South America based on MOZAIC/IAGOS database and model simulationsŤ[END_REF]. However, these studies are either focused on: i) a rather continental scale (e.g. [START_REF] Barret | ŞThe detection of post-monsoon tropospheric ozone variability over south Asia using IASI dataŤ[END_REF], ii) a speciĄc tropospheric layer (e.g. [START_REF] Lannuque | ŞOrigins and characterization of CO and O 3 in the African upper troposphereŤ[END_REF], and/or iii) a speciĄc season (e.g. [START_REF] Saąeddine | ŞTropospheric ozone variability during the East Asian summer monsoon as observed by satellite (IASI), aircraft (MOZAIC) and ground stationsŤ[END_REF].

Even though satelliteŰretrieved observations offer better spatial and temporal coverage than in situ measurements, they provide limited information on the vertical. In situ IAGOS measurements are considered more accurate and with a Ąner vertical resolution. Thus, the combination of the two observing systems provides an opportunity to better characterise the tropical O 3 and CO distributions and their variabilities from the lower troposphere to the UTLS.

SOFT-IO model

The SOFT-IO tool [START_REF] Sauvage | ŞSource attribution using FLEX-PART and carbon monoxide emission inventories: SOFT-IO version 1.0Ť[END_REF] respectively (with a preference to analysis over forecast). FLEXPART [START_REF] Stohl | ŞThe Lagrangian particle dispersion model FLEXPART version 6.2Ť[END_REF] is a Lagrangian particle dispersion model which is used to simulate a variety of atmospheric transport processes. Lagrangian dispersion models typically excel in accurately representing the differential advection, in contrast to global Eulerian models that struggle to capture intercontinental pollution transport effectively (Eastham et al., 2017). Moreover, Lagrangian models offer this advantage while maintaining a signiĄcantly lower computational cost. SpeciĄcally, these models can reconstruct smallŰscale atmospheric composition structures using largeŰscale global meteorological data. As a result, the model outputs comparable to highŰresolution in situ observations [START_REF] Pisso | ŞEstimation of mixing in the troposphere from lagrangian trace gas reconstructions during long-range pollution plume transportŤ[END_REF] such as IAGOS [START_REF] Sauvage | ŞSource attribution using FLEX-PART and carbon monoxide emission inventories: SOFT-IO version 1.0Ť[END_REF]. In our case, we use FLEXPART in a backward mode (in time) to determine the history of air parcels affecting a measurement site. Joined with emissions inventories, FLEXPART is capable of describing the origin of the observed CO for 20 days before the observation. The 20Űday time period is sufficient to capture the transport of pollution at a hemispheric scale in the midŰlatitudes (e.g. [START_REF] Cristofanelli | ŞInĆuence of biomass burning and anthropogenic emissions on ozone, carbon monoxide and black carbon at the Mt. Cimone GAW-WMO global station (Italy, 2165 m asl)Ť[END_REF].

The CO contributions computed by SOFT-IO refer to primary CO sources (e.g. AN and BB emissions) which are directly released on the surface. This tool does not calculate the background CO. The background CO can be emitted by primary sources older than 20 days, and by secondary sources such as oxidation of methane and VOCs. The secondary formation of CO is considered a rather slow photochemical process. Thus, the secondary CO is not expected to accumulate on the surface, as there is sufficient time for the redistribution of the air masses in the troposphere. Similarly, for the same reason, the aged air affected by primary sources is considered wellŰmixed in the troposphere.

The photochemical lifetime of CO due to oxidation by OH is approximately 1 to 2 months [START_REF] Edwards | ŞObservations of carbon monoxide and aerosols from the Terra satellite: Northern Hemisphere variabilityŤ[END_REF]. Therefore, it is possible to link elevated CO mixing ratios (with respect to a seasonal background mixing ratio) at an observing site with emission sources without simulating the atmospheric chemistry [START_REF] Sauvage | ŞSource attribution using FLEX-PART and carbon monoxide emission inventories: SOFT-IO version 1.0Ť[END_REF].

In addition, the 20Űdays time period is longer than the lifetime of polluted plumes in the FT, as the typical time scale for mixing in the troposphere is estimated to be shorter than 10 days [START_REF] Pisso | ŞEstimation of mixing in the troposphere from lagrangian trace gas reconstructions during long-range pollution plume transportŤ[END_REF]. Consequently, SOFT-IO is capable to link air masses anomalies such as CO elevated levels with the region of the emissions [START_REF] Sauvage | ŞSource attribution using FLEX-PART and carbon monoxide emission inventories: SOFT-IO version 1.0Ť[END_REF]. The background CO mixing ratio represents a reference value, not affected by surface emission or pollution events. For this reason, it is computed as the monthly climatological median CO of a remote area away from polluted regions, in the upper troposphere (300Ű185 hPa, during the whole study period 2002Ű2020) (Figure 3.8).

The areas selected for the computation of the background CO mixing ratio are displayed in To investigate the sensitivity of our analysis to the selection of the background CO mixing ratio, we followed an alternative method to compute the latter. In this method, we chose a speciĄc background CO for each site and month, computed as the median CO mixing ratio in the 540Ű300 hPa pressure range (approximately 6Ű10km) for each monthly mean vertical proĄle. We select this pressure range to limit the inĆuence of surface emissions on the CO mixing ratio. The analysis of the CO anomalies based on the two different background CO deĄnitions showed similar origin and CO contributions for the different sites. Thus, we conclude that our method is robust and independent of the selection of the background CO mixing ratio. with a bias lower than 10Ű15 ppb for most of the regions and tropospheric levels. The bias is higher in extreme pollution events and might be related to uncertainties in the emissions inventories.

The main advantage of SOFT-IO is that it can be used as complementary material to analyse inŰdepth a global and longŰterm observational database like IAGOS. Knowing the origin of the air sampled over one region can lead to a better understanding of dynamical processes affecting the atmospheric composition on a regional or even a global scale. In addition, the synergy between SOFT-IO and IAGOS-CO observations offers the opportunity to validate emission inventories relative to observations on a global scale. This way, a signiĄcant reduction in the uncertainties of emissions inventories can be achieved leading to better representation of the atmospheric composition by global atmospheric models.

Previous studies (e.g. [START_REF] Lannuque | ŞOrigins and characterization of CO and O 3 in the African upper troposphereŤ[END_REF]Petetin et al., 2018b) et al., 2006). The radiative forcing of O 3 is particularly signiĄcant in the tropical UTLS [START_REF] Chen | ŞFuture climate impacts of direct radiative forcing of anthropogenic aerosols, tropospheric ozone, and long-lived greenhouse gasesŤ[END_REF]. Therefore, it is important to document the characteristics of O 3 and its precursor CO as accurately as possible over the tropical UTLS.

The relatively long lifetime of CO makes it an ideal tracer to study the longŰrange transport of pollution [START_REF] Logan | ŞTropospheric chemistry: A global perspectiveŤ[END_REF]. The lifetime of tropospheric O 3 varies with altitude and ranges from 1Ű2 days in the BL to several weeks in the FT [START_REF] Stevenson | ŞMultimodel ensemble simulations of present-day and near-future tropospheric ozoneŤ[END_REF].

Thus, O 3 in the FT can be transported intercontinentally [START_REF] Monks | ŞTropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcerŤ[END_REF], inĆuencing air quality from a local to a hemispheric scale. The tropics are associated with strong (natural and anthropogenic) surface emissions which emit large amounts of O 3 precursors, including CO (Section 2.2). Deep convection is particularly active over the tropics [START_REF] Andreae | ŞTransport of biomass burning smoke to the upper troposphere by deep convection in the equatorial regionŤ[END_REF], due to their proximity to the ITCZ (Section 2.1), and it plays a signiĄcant role in the transport of precursors from the surface to higher altitudes. In addition, the dynamic impacts of the monsoon systems (e.g. [START_REF] Randel | ŞAsian monsoon transport of pollution to the stratosphereŤ[END_REF][START_REF] Barret | ŞUpper-tropospheric CO and O 3 budget during the Asian summer monsoonŤ[END_REF] can contribute to the uplift of surface air masses to the UTLS. These dynamic processes can favour the redistribution of tropical air masses on an intercontinental scale [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF]. Therefore, it is necessary to study tropical O 3 and CO in the UTLS across this range of scales. This information can be provided by satellite observations. IASI-SOFRID retrievals provide O 3 and CO measurements since 2008 with a high spatial and temporal resolution (Section 5.2.2.4). Previous studies have validated IASI-SOFRID O 3 [START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF] and CO retrievals [START_REF] De Wachter | ŞRetrieval of MetOp-A/IASI CO proĄles and validation with MOZAIC dataŤ[END_REF], but without spanning the whole tropics due to the lack of available in situ observations. These studies used vertical proĄles from ozonesondes [START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF] 

Tropospheric O 3 trends

Several studies use in situ aircraft data (e.g. [START_REF] Gaudel | ŞAircraft observations since the 1990s reveal increases of tropospheric ozone at multiple locations across the Northern HemisphereŤ[END_REF][START_REF] Wang | ŞGlobal tropospheric ozone trends, attributions, and radiative impacts in 1995Ű2017: an integrated analysis using aircraft (IAGOS) observations, ozonesonde, and multi-decadal chemical model simulationsŤ[END_REF] and ozonesondes (e.g. [START_REF] Thompson | ŞRegional and Seasonal trends in tropical ozone from SHADOZ proĄles: Reference for models and satellite productsŤ[END_REF][START_REF] Christiansen | ŞMultidecadal increases in global tropospheric ozone derived from ozonesonde and surface site observations: Can models reproduce ozone trends?Ť[END_REF] for the detection of tropospheric O 3 trends. However, these observations are sparse in time and space [START_REF] Tarasick | ŞQuantifying stratosphere-troposphere transport of ozone using balloon-borne ozonesondes, radar windproĄlers and trajectory modelsŤ[END_REF]. Thus, it is difficult to establish straightforward trends for O 3 using in situ One of the objectives of the TOAR-II satellite working group is to resolve the reasons for the trend differences among the satellite products. Our evaluation study aims to document the impact of the sampling of IAGOS and the vertical sensitivity of IASI to the trend computations, as mentioned before. This can offer some discussion for the satellite group, as the UV and IR measurements are characterised by different sampling and vertical sensitivities that are expected to affect the trend estimation [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF].

Last, in Section 4. 

Validation of climatologies in the Upper Troposphere

The comparison between IAGOS and SOFRID is made for O 3 and CO monthly meridional averages for areas where IAGOS has the highest coverage (transects) (black boxes in Fig. Concerning O 3 -SOFRID v1.6 retrievals, previous studies have found a correlation coefficient of 0.95 (resp. 0.80) and biases of 10 ± 10 % (resp. 17.5 ± 20 %) compared to O 3 sondes in the UTLS (resp. [START_REF] Barret | ŞThe detection of post-monsoon tropospheric ozone variability over south Asia using IASI dataŤ[END_REF][START_REF] Dufour | ŞValidation of three different scientiĄc ozone products retrieved from IASI spectra using ozonesondesŤ[END_REF]. The similar bias between the two SOFRID-O 3 versions highlights the sensitivity of IASI in the UTLS, as its performance is slightly affected by changing the a priori proĄle. In addition, it shows that the overestimation of SOFRID-O 3 v1.6 in the UTLS is not caused by the use of a single a priori proĄle biased towards midŰlatitudes, where O 3 increases sharply above 290 hPa due to the low tropopause height, as suggested by [START_REF] Emili | ŞCombined assimilation of IASI and MLS observations to constrain tropospheric and stratospheric ozone in a global chemical transport modelŤ[END_REF]. Concerning the different transects, correlation coefficients range from 0.66 to 0.84 ( Concerning Africa (Fig. 4.2iii) an anomalous negative bias is found for each month around 20°N. We suspect that this bias is related to retrieval problems in the presence of desert ground with sand emissivity interfering with the O 3 signature [START_REF] Boynard | ŞValidation of the IASI FORLI/EUMETSAT ozone products using satellite (GOME-2), groundbased (BrewerŰDobson, SAOZ, FTIR) and ozonesonde measurementsŤ[END_REF]. In the Saharan region, the number of good pixels is lower than in the remaining part of the African transect (the average number of pixels is approximately 2 % of the average in the rest latitudinal bins) and the SOFRID data are less trustworthy. Africa towards the equator. Over the Atlantic, the SOFRID bias remains within the (-30; 30) % range with a 2 % average (see Table 4.2) except for the October Brazilian maximum.

Over Africa and the Atlantic, the most signiĄcant underestimation of SOFRID-CO occurs around the latitudinal maxima. This discrepancy can be attributed to the different nature of the observing systems. To retrieve CO, the true proĄle is presented on a (satellite) pressure grid with coarse vertical resolution. Thus, some characteristics of the true proĄle are smoothed in the retrieved one [START_REF] Rodgers | Inverse methods for atmospheric sounding: theory and practice[END_REF]. SOFRID-CO in the UT is a weighted mean over a 6Űkm layer, where the maxima are smoothed due to lower CO levels included in this broad layer. This seasonal maximum is also captured by SOFRID but with a weaker amplitude (100Ű110 ppb) (Fig. 4.3h).

Over SAsia, the SOFRID and IAGOS transects are in very good agreement (Fig. 4.4iv) with correlation coefficients between 0.73 and 0.96 and mean biases within the (-20; 35) % range

(2 % on average see Table 4.2) except in October south of 20°N. For SEAsia, the agreement is a bit lower with larger biases (5 % on average) and some months with low correlation coefficients (-0.07 in January and 0.20 in October).

To investigate further the largest discrepancies in October, motivated by the high interannual variability of IAGOS, we compared IAGOS and SOFRID on an annual basis. The agreement between SOFRID and IAGOS is good for all the available years, except for 2015 when IAGOS detects CO mixing ratios up to 250 ppb (Fig. not shown). This maximum is attributed to severe Ąre activities over South East Asia, ampliĄed by dry conditions induced by 2015Ű2016

El Niijo [START_REF] Ravindrababu | ŞLarge anomalies in the tropical upper troposphere lower stratosphere (UTLS) trace gases observed during the extreme 2015Ű16 El Niijo event by using satellite measurementsŤ[END_REF] Ű the largest since 1997/1998 [START_REF] Huijnen | ŞFire carbon emissions over maritime southeast Asia in 2015 largest since 1997Ť[END_REF].

SOFRID is capable of capturing the positive southward zonal CO gradient in 2015 (especially over SEAsia where CO increases from 100 to 150 ppb). Excluding the 2015ŰĆights with CO outliers from the climatology, results in overall higher correlation coefficients (0.99 (resp.

0.60)) and signiĄcantly smaller negative biases (less than 2.5 % over SAsia (resp. SEAsia)).

Thus, the detection of lower CO levels by SOFRID is likely related to the proximity of the IAGOS aircraft to intense Ąre events.

To summarise, the comparison between IAGOS and SOFRID showed that the performance of the latter is improved for low levels of CO, whereas high levels are often biased low (African and Brazilian seasonal maximum).

High O 3 levels towards the extratropics are overestimated, while low levels (below 50 ppb) are underestimated. These discrepancies are mainly due to differences in the nature of the 

Validation of tropospheric O 3 change

In principle, the trend detection of an atmospheric tracer is based on a regression model accounting for the sources of its variability. In the case of O 3 (e.g. [START_REF] Chang | ŞTrend detection of atmospheric time series: Incorporating appropriate uncertainty estimates and handling extreme eventsŤ[END_REF], the time series is decomposed into several components according to the equation below:

observations = seasonal cycle + trend + covariates + residual error (4.1)
The Ąrst three terms refer to the seasonal pattern of O 3 , the longŰterm change, and some external variability, such as ENSO, which impact O 3 variability. The residual error refers to the model error and/or the remaining unexplained variability of the observations. The quantiĄcation of the attribution of O 3 variability to these factors is measured by regression coefficients.

Several regression methods have been developed for the analysis of time series and trends of trace gases. The selection of the appropriate technique is critical for robust trend computations [START_REF] Chang | ŞTrend detection of atmospheric time series: Incorporating appropriate uncertainty estimates and handling extreme eventsŤ[END_REF]. Concerning datasets with continuous measurements (e.g. satellites with daily global coverage such as IASI), the appropriate method for the O 3 trends detection (as well as the other regression coefficients) is based on least squares linear regression (e.g. [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF][START_REF] Ziemke | ŞTrends in global tropospheric ozone inferred from a composite record of TOMS/OMI/MLS/OMPS satellite measurements and the MERRA-2 GMI simulationŤ[END_REF][START_REF] Wespes | ŞO3 variability in the troposphere as observed by IASI over 2008Ű2016: Contribution of atmospheric chemistry and dynamicsŤ[END_REF]. On the other hand, the quantile regression method, predicts trends for a distribution by taking into consideration the quantiles of the distribution instead of the condition means. An advantage of this method is that it can tolerate missing values and outliers. As a result, this method is appropriate for trend detection from sparse datasets in time and space such as IAGOS (e.g. [START_REF] Gaudel | ŞAircraft observations since the 1990s reveal increases of tropospheric ozone at multiple locations across the Northern HemisphereŤ[END_REF][START_REF] Wang | ŞGlobal tropospheric ozone trends, attributions, and radiative impacts in 1995Ű2017: an integrated analysis using aircraft (IAGOS) observations, ozonesonde, and multi-decadal chemical model simulationsŤ[END_REF] and ozonesondes (e.g. [START_REF] Christiansen | ŞMultidecadal increases in global tropospheric ozone derived from ozonesonde and surface site observations: Can models reproduce ozone trends?Ť[END_REF].

As IASI provides continuous measurements, while IAGOS provides measurements with some gaps in space and time, the trend detection should be based on the method which is the most appropriate for each case. The comparison of the trends computed by different methods is rather complicated, as questions would continue to arise, such as how much of the difference in the trends is due to the differences in the statistical method used. To deal with this problem, we decided to follow a simple but straightforward method to evaluate the O 3 change in the troposphere. The O 3 change is deĄned as the difference in the tropospheric O 3 column between a reference and a modern period. This evaluation study aims to investigate the ability of IASI to capture the O 3 change in the tropospheric column, as its vertical resolution (vertical resolution of approximately 6km; [START_REF] Barret | ŞUpper-tropospheric CO and O 3 budget during the Asian summer monsoonŤ[END_REF] is limited compared to in situ observations like IAGOS (vertical resolution of 30 m for O 3 [START_REF] Thouret | ŞComparisons of ozone measurements from the MOZAIC airborne program and the ozone sounding network at eight locationsŤ[END_REF].

For this study, the tropospheric column is deĄned in the 1000Ű200 hPa pressure range. The For all the cases, to assess the statistical signiĄcance of the change between the reference and the modern period, we provide the 90% conĄdence intervals of the difference between the two means, using Welch tŰtest against the null hypothesis of no change between the two periods. We apply WelchŠs tŰtest, as it is suitable for distribution with unequal sample sizes [START_REF] Welch | ŞThe generalization of ŚSTUDENTŠSŠproblem when several different population varlances are involvedŤ[END_REF]. Based on the IASIŰmonthly data ( As discussed before, based on IAGOS data, we observe statistically signiĄcant tropospheric O 3 changes for the majority of the sites (Figure 4.8a and Table 4.4). Focusing on the partial column (Figure 4.8b and Table 4.4), the statistically signiĄcant changes remain, however, their magnitude is smaller than over the tropospheric column. The positive changes range between 1.5 and 3 DU, while the negative ones are between -3 and -1 DU. change between the two columns is 200 % (Table 4.4). In contrast, the comparison of the IASI O 3 change between the two columns shows a minor change of 12 % (Table 4.4).

Impact of Sampling

Impact of vertical sensitivity

This indicates that the tropospheric O 3 increase captured by IASI is driven by the increase above 400 hPa. The agreement between IAGOS and IASI is the best for the partial column (Table 4.4), where both IAGOS and IASI capture a positive O 3 change over Bangkok.

Overall, using IAGOS in situ proĄles, we have clearly demonstrated that, as expected from information content analysis (see [START_REF] Barret | ŞThe detection of post-monsoon tropospheric ozone variability over south Asia using IASI dataŤ[END_REF]2020;[START_REF] Dufour | ŞValidation of three different scientiĄc ozone products retrieved from IASI spectra using ozonesondesŤ[END_REF] and at the end (2018Ű2020) of the IASI period respectively, to get the maximum separation between the years. The 3Űyear average is selected to reduce the impact of the interannual variability on O 3 . We select IASI data between the 60°S to 60°N because the quality of the retrievals is better in this latitudinal band, relative to the polar regions where the sensitivity of the retrieval is lower. The measurements above Northern Africa are erroneous, due to retrieval problems in the presence of desert ground with sand emissivity interfering with the O 3 signature [START_REF] Boynard | ŞValidation of the IASI FORLI/EUMETSAT ozone products using satellite (GOME-2), groundbased (BrewerŰDobson, SAOZ, FTIR) and ozonesonde measurementsŤ[END_REF]. is the highest increase of FT O 3 over SouthEast and South Asia (by approx. 10 %). The highest O 3 increase over these regions is also reported by satellite products [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF][START_REF] Ziemke | ŞTrends in global tropospheric ozone inferred from a composite record of TOMS/OMI/MLS/OMPS satellite measurements and the MERRA-2 GMI simulationŤ[END_REF], chemical transport models [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF][START_REF] Who | WHO global air quality guidelines: particulate matter (PM2. 5 and PM10), ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide[END_REF][START_REF] Wang | ŞGlobal tropospheric ozone trends, attributions, and radiative impacts in 1995Ű2017: an integrated analysis using aircraft (IAGOS) observations, ozonesonde, and multi-decadal chemical model simulationsŤ[END_REF], and IAGOS data in the FT from 1994Ű2004 to 2005Ű2014 [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF][START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF]. It is worth noting that SouthEast Asia is the most extensive region in terms of positive trends in [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF], as it is the only region where at least Ąve satellite products are in agreement.

According to [START_REF] Zhang | ŞContributions of world regions to the global tropospheric ozone burden change from 1980 to 2010Ť[END_REF], the O 3 increase over South and SouthEast Asia is attributed to increases in anthropogenic emissions of O 3 precursors since 1980. Similar emissions increases were reported over East Asia. However, O 3 increases over the latter are much smaller than over the tropical Asian regions (4 %, Figure 4.10). This highlights the higher efficiency in O 3 production in the tropics due to strong solar radiation, humidity, and NO x sensitivity compared to midŰlatitudes [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF][START_REF] Who | WHO global air quality guidelines: particulate matter (PM2. 5 and PM10), ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide[END_REF]. The relatively high O 3 change over the neighboring oceans indicates that the continental Asian pollutants and advective processes clearly inĆuence the FT O 3 over the oceans. This was also noticed in [START_REF] Beig | ŞTrends in tropical tropospheric column ozone from satellite data and MOZART modelŤ[END_REF], that computed tropospheric O 3 trends based on satellite (TOMS)

and model (MOZART) data from 1979 to 2005. Previous studies [START_REF] Liang | ŞLong-range transport of Asian pollution to the northeast PaciĄc: Seasonal variations and transport pathways of carbon monoxideŤ[END_REF][START_REF] Cooper | ŞIncreasing springtime ozone mixing ratios in the free troposphere over western North AmericaŤ[END_REF] showed the impact of transŰPaciĄc transport of polluted Asian air masses on FT O 3 over western North America. Asian pollution is exported to the PaciĄc via frontal lifting in warm conveyor belts or convection to the FT (e.g. Bey et al., 2001a;[START_REF] Liu | ŞTransport pathways for Asian pollution outĆow over the PaciĄc: Interannual and seasonal variationsŤ[END_REF][START_REF] Lin | ŞQuantifying pollution inĆow and outĆow over East Asia in spring with regional and global modelsŤ[END_REF]. This is followed by westerly transport in the FT [START_REF] Heald | ŞAsian outĆow and trans-PaciĄc transport of carbon monoxide and ozone pollution: An integrated satellite, aircraft, and model perspectiveŤ[END_REF].

This O 3 transport pathway explains the observed O 3 increase over the PaciĄc, as a result of the O 3 increase over tropical and East Asia (Figure 4.10).

Over South America, a moderate O 3 increase of 5 % is observed (Figure 4.10). The positive increase is in agreement with the satellite products in [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF]. The main source of O 3 enhancement over South America is the local BB emissions (Section 5.2.3.2). The peak of the BB coincides with the beginning of the wet season when strong convection moves over the Ąres [START_REF] Liu | ŞAnalysis of CO in the tropical troposphere using Aura satellite data and the GEOS-Chem model: insights into transport characteristics of the GEOS meteorological productsŤ[END_REF]. As a result, O 3 and precursors are uplifted at higher altitudes where O 3 Šs lifetime is longer, and its accumulation is favoured. Although for a different period (1979Ű2005), [START_REF] Beig | ŞTrends in tropical tropospheric column ozone from satellite data and MOZART modelŤ[END_REF] have also reported increasing O 3 trends over South America, attributed to BB. Recent studies (e.g. [START_REF] Andela | ŞA human-driven decline in global burned areaŤ[END_REF] have found declining global burned area over the past decades, mostly driven by decreasing Ąres over savannas. In contrast, forest Ąre emissions are rising and have the potential to counter the negative Ąre trends in savannas [START_REF] Zheng | ŞIncreasing forest Ąre emissions despite the decline in global burned areaŤ[END_REF]. As discussed by [START_REF] Zheng | ŞIncreasing forest Ąre emissions despite the decline in global burned areaŤ[END_REF], the intensity of Ąre emissions over South America decreased from 2005 to 2013, followed by an increase through 2019. The decrease in 2005Ű2013 resulted from the slowing of Amazonian deforestation due to the application of strict policies [START_REF] Nepstad | ŞSlowing Amazon deforestation through public policy and interventions in beef and soy supply chainsŤ[END_REF]. Deforestation has accelerated since then due to the rollback of the policies. In addition, the increase in Ąre incidences during drought years also contributes to the variability of the Ąre emissions from Amazonian forests (e.g. [START_REF] Aragão | Ş21st Century drought-related Ąres counteract the decline of Amazon deforestation carbon emissionsŤ[END_REF].

Over Africa, we observe a moderate O 3 decrease of 4 % on average. The largest decline is observed over the strong Ąres regions of SH Africa, while a small positive change of up to 2 % is observed over the West African coast (Figure 4.10). However, some studies contradict our results. found mostly negative changes for the tropospheric O 3 over Africa (their Figure 12). As mentioned before, global Ąre emissions have been decreasing over the past decades, mostly due to decreasing Ąres over savannas (e.g. [START_REF] Andela | ŞA human-driven decline in global burned areaŤ[END_REF]. According to Hickman et al.

(2021), the NO x burden has declined over Africa, due to a reduction in BB area extent. This leads to an O 3 decrease over Africa, as the O 3 production is characterised by a NO x Űlimited regime [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF]. The only region where the NO x burden is increasing is the West African coast, due to an increase in the AN emissions in the proximity of Nigeria, leading to an O 3 enhancement. This explains the slight increase over West Africa on the coast of the Guinea Gulf (by 2%) captured by IASI (Figure 4.10).

Concerning the midŰlatitudes, over Europe and North America, we mostly observe a decrease of approximately 4 % in O 3 , related to reductions in precursor emissions. These reductions are due to emissions controls related to: i) motor vehicles (for CO Granier et al., 2011 and NO x [START_REF] Duncan | ŞA space-based, high-resolution view of notable changes in urban NOx pollution around the world (2005Ű2014)Ť[END_REF], and ii) thermal power plants (for NO x [START_REF] Duncan | ŞA space-based, high-resolution view of notable changes in urban NOx pollution around the world (2005Ű2014)Ť[END_REF].

Chapter 5

Tropical distributions

Introduction

Tropospheric O 3 acts to control the oxidizing capacity of the atmosphere, but also as a harmful pollutant for humans and plants in the LT and as greenhouse gas in the UT.

CO impacts the oxidation capacity of the atmosphere, by removing OH [START_REF] Lelieveld | ŞGlobal tropospheric hydroxyl distribution, budget and reactivityŤ[END_REF], and by inĆuencing the budget of O 3 . Also, it impacts the climate indirectly by contributing to an increase in greenhouse gases such as CO 2 and O 3 (IPCC, 2021). Due to its long lifetime, CO is considered a pollution tracer of combustion processes [START_REF] Logan | ŞTropospheric chemistry: A global perspectiveŤ[END_REF]. The relation between O 3 and CO is used to constrain our understanding of the factors controlling O 3 . Tropics show particular interest regarding O 3 and CO. They receive maximum sunshine leading to active photochemistry, responsible for ozone production. This photochemistry is associated with many sources of emissions from Ąres, and the activities of megacities constantly increasing, causing critical pollution. Natural sources (e.g. lightning, soil emissions) can also contribute to changes in the distribution of chemical compounds.

Even though the tropics may play an essential role in global warming, the region is poorly documented.

In this chapter, we investigate the distribution and seasonal variability of O 3 and CO for several regions over the tropics. To do so, we take advantage of the high accuracy and resolution of in situ aircraft data (IAGOS) since 1994 (for O 3 ) and 2002 (for CO).

Measurements during the ascend and descend phases are used to study in detail the vertical distribution of 22 tropical sites including megacities such as Rio de Janeiro and Bangkok.

Measurements during the cruise phase are used to examine interregional and seasonal differences between 9 and 12km. Further 
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Introduction

Tropospheric O 3 and CO are key components in the atmosphere. O 3 has a signiĄcant impact on human health close to the surface [START_REF] Curtis | ŞAdverse health effects of outdoor air pollutantsŤ[END_REF][START_REF] Jerrett | ŞLong-term ozone exposure and mortalityŤ[END_REF] and on climate by being a powerful greenhouse gas [START_REF] Gauss | Radiative forcing in the 21st century due to ozone changes in the troposphere and the lower stratosphere[END_REF]IPCC, 2021). O 3 is a secondary pollutant produced by photochemical oxidation of precursors such as CO and VOCs in the presence of NO x [START_REF] Logan | ŞTropospheric chemistry: A global perspectiveŤ[END_REF]. Its distribution is controlled by: stratospheric transport [START_REF] Stevenson | ŞTropospheric ozone changes, radiative forcing and attribution to emissions in the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP)Ť[END_REF]; transport processes at intercontinental and hemispheric scales [START_REF] Wild | ŞTrans-Eurasian transport of ozone and its precursorsŤ[END_REF]; emissions of precursors (natural and anthropogenic) and destruction processes (photochemical and depositional) [START_REF] Monks | ŞTropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcerŤ[END_REF]. CO impacts the oxidation capacity of the atmosphere, by removing the cleansing agent of the atmosphere, the hydroxyl radical (OH) [START_REF] Lelieveld | ŞGlobal tropospheric hydroxyl distribution, budget and reactivityŤ[END_REF], and by inĆuencing the budget of O 3 . Also, it impacts the climate indirectly by contributing to an increase in several greenhouse gases such as CO2, CH4, and O 3 (IPCC, 2021). The distribution of CO in the troposphere is controlled by physical and chemical processes including emissions, deposition, and transport. CO is directly (resp. indirectly) produced by anthropogenic and natural emissions (resp. oxidation of methane and VOCs).

The relation between O 3 and CO is used to constrain our understanding of the factors controlling O 3 . Due to its long lifetime, CO is considered a pollution tracer of combustion processes [START_REF] Logan | ŞTropospheric chemistry: A global perspectiveŤ[END_REF]. The correlation between O 3 and CO indicates that a region has experienced photochemical O 3 production from its precursors (including CO) (Voulgarakis et al., 2011 and references therein). Positive O 3 ŰCO correlations were observed in aged pollution and biomass burning plumes and were used to explain O 3 production efficiency and continental export [START_REF] Parrish | ŞExport of North American ozone pollution to the north Atlantic OceanŤ[END_REF][START_REF] Jaffe | ŞOzone production from wildĄres: A critical reviewŤ[END_REF]. In contrast, the anticorrelation between O 3 and CO indicates deposition and O 3 destruction (e.g. via NO titration is favoured when pollution increases). In some cases, the relation between O 3 and CO is not driven by chemistry. Observations from aircraft and remote mountain sites show that O 3 ŰCO correlations extend into the free troposphere and on intercontinental scales, reĆecting the mixing of air masses and chemistry (e.g. [START_REF] Andreae | ŞInĆuence of plumes from biomass burning on atmospheric chemistry over the equatorial and tropical South Atlantic during CITE 3Ť[END_REF]. Also, when stratospheric intrusions occur, O 3 and CO are anti correlated, as stratospheric air is rich in O 3 and poor in CO [START_REF] Parrish | ŞRelationships between ozone and carbon monoxide at surface sites in the North Atlantic regionŤ[END_REF].

Recent studies [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF][START_REF] Gaudel | ŞAircraft observations since the 1990s reveal increases of tropospheric ozone at multiple locations across the Northern HemisphereŤ[END_REF][START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF] have shown increasing tropospheric O 3 burden in the second half of the 20th century mostly due to the increase of precursors in the tropical regions. However, the global O 3 distribution and sources of precursors remain uncertain due to inadequate observations in the remote FT, especially over developing countries in the tropics [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF][START_REF] Tarasick | ŞQuantifying stratosphere-troposphere transport of ozone using balloon-borne ozonesondes, radar windproĄlers and trajectory modelsŤ[END_REF].

The tropical region is of particular interest regarding tropospheric O 3 and CO. It combines:

i) intense photochemistry due to high UV radiation and humidity, ii) large active natural sources of CO and other O 3 precursors through biomass burning [START_REF] Ziemke | ŞRecent biomass burning in the tropics and related changes in tropospheric ozoneŤ[END_REF], biogenic [START_REF] Aghedo | ŞThe inĆuence of African air pollution on regional and global tropospheric ozoneŤ[END_REF] and lighting emissions (Sauvage et al., 2007c;Sauvage et al., 2007b), iii) increasing anthropogenic emission due to rapid industrialisation [START_REF] Granier | ŞEvolution of anthropogenic and biomass burning emissions of air pollutants at global and regional scales during the 1980Ű2010 periodŤ[END_REF][START_REF] Duncan | ŞA space-based, high-resolution view of notable changes in urban NOx pollution around the world (2005Ű2014)Ť[END_REF], iv) large O 3 net production potential because deep convection can transport surface emissions to higher altitudes, where their lifetime is increased due to lack of surface deposition and dilution with unpolluted background [START_REF] Pickering | ŞVertical transport by convective clouds: Comparisons of three modeling approachesŤ[END_REF] and v) dynamic processes capable of redistributing chemical species in a regional and global scale [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF]. Thus, the tropics are a region where O 3 production is favoured.

Satellite observations from the OMI and MLS sensors [START_REF] Ziemke | ŞTrends in global tropospheric ozone inferred from a composite record of TOMS/OMI/MLS/OMPS satellite measurements and the MERRA-2 GMI simulationŤ[END_REF] and simulations from the GEOSŰChem chemical transport model [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF][START_REF] Zhang | ŞContributions of world regions to the global tropospheric ozone burden change from 1980 to 2010Ť[END_REF] display the highest O 3 burden increase in the tropical region Ű mostly over India, East Asia, and SouthEast Asia. Most studies tend to conĄrm an increase of O 3 in the tropics but they are mostly based on model simulations, sparse ground observations, or satellite data with little consistency, and it is not clear what can cause such O 3 increase. Indeed, the trends are attributed to different factors such as biomass burning [START_REF] Heue | ŞTrends of tropical tropospheric ozone from 20 years of European satellite measurements and perspectives for the Sentinel-5 PrecursorŤ[END_REF], dynamics (Lu et al., 2019a;[START_REF] Thompson | ŞRegional and Seasonal trends in tropical ozone from SHADOZ proĄles: Reference for models and satellite productsŤ[END_REF] or anthropogenic [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF][START_REF] Gaudel | ŞAircraft observations since the 1990s reveal increases of tropospheric ozone at multiple locations across the Northern HemisphereŤ[END_REF]. Thus, further investigation based on in situ observations is required to better constrain models, validate satellite retrievals, and reduce the uncertainties in the quantiĄcation of O 3 and CO trends and source attribution over the tropics.

Measurements of tropical O 3 and CO are available by satellite observations, but they have a coarse vertical resolution (e.g. [START_REF] Barret | ŞTransport pathways of CO in the African upper troposphere during the monsoon season: a study based upon the assimilation of spaceborne observationsŤ[END_REF][START_REF] Thompson | ŞTropical tropospheric ozone and biomass burningŤ[END_REF]. Several Ąeld campaigns have been carried out in the tropics (Table 5.1). However, they provide sparse measurements in terms of temporal and spatial coverage. The SHADOZ program (Thompson et al., 2003a) provides longŰterm O 3 observations over the tropics using ozonesondes since 1998. Even though these measurements offered a better understanding of the vertical distribution of tropical O 3 , they are mostly limited to remote observing sites such as Ascension and Reunion Island, and they underŰrepresent the tropical upper troposphere. In addition, it is difficult to provide additional constraints regarding the relation between O 3 and CO in the tropics, due to a lack of simultaneous CO in situ observations. In a complementary way to all these datasets, the IAGOS ( [START_REF] Marenco | ŞMeasurement of ozone and water vapor by Airbus inservice aircraft: The MOZAIC airborne program, An overviewŤ[END_REF][START_REF] Petzold | ŞGlobal-scale atmosphere monitoring by in-service aircraftŰcurrent achievements and future prospects of the European Research Infrastructure IAGOSŤ[END_REF][START_REF] Thouret | ŞIAGOS: Monitoring Atmospheric Composition for Air Quality and Climate by Passenger AircraftŤ[END_REF] program has provided continuous and consistent O 3 [START_REF] Thouret | ŞComparisons of ozone measurements from the MOZAIC airborne program and the ozone sounding network at eight locationsŤ[END_REF][START_REF] Blot | ŞInternal consistency of the IAGOS ozone and carbon monoxide measurements for the last 25 yearsŤ[END_REF] and CO [START_REF] Nédélec | ŞInstrumentation on commercial aircraft for monitoring the atmospheric composition on a global scale: the IAGOS system, technical overview of ozone and carbon monoxide measurementsŤ[END_REF] observations over the tropics for the last 26 and 18 years respectively. It measures vertical proĄles over remote (e.g. Madras) and megacities (e.g. Lagos, Hong Kong), along with the lower part of the upper tropical troposphere. Previous studies have documented the tropical composition over Africa [START_REF] Sauvage | ŞTropospheric ozone over Equatorial Africa: regional aspects from the MOZAIC dataŤ[END_REF]Sauvage et al., 2007a;[START_REF] Sauvage | ŞMeridional ozone gradients in the African upper troposphereŤ[END_REF][START_REF] Lannuque | ŞOrigins and characterization of CO and O 3 in the African upper troposphereŤ[END_REF], South America [START_REF] Yamasoe | ŞAnalysis of tropospheric ozone and carbon monoxide proĄles over South America based on MOZAIC/IAGOS database and model simulationsŤ[END_REF] and South Asia [START_REF] Sahu | ŞSeasonal and interannual variability of tropospheric ozone over an urban site in India: A study based on MOZAIC and CCM vertical proĄles over HyderabadŤ[END_REF][START_REF] Sheel | ŞSeasonal and interannual variability of carbon monoxide based on MOZAIC observations, MACC reanalysis, and model simulations over an urban site in IndiaŤ[END_REF]. However, they are focused on speciĄc regions of the tropics and have limited temporal coverage, especially for CO as fewer measurements were available at this time.
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Thus, the O 3 and CO distributions and their interlocking in the entire tropics are still not well documented.

The SOFT-IO model [START_REF] Sauvage | ŞSource attribution using FLEX-PART and carbon monoxide emission inventories: SOFT-IO version 1.0Ť[END_REF] has been developed to supplement the analysis of the IAGOS dataset by estimating anthropogenic (AN) and biomass burning (BB) contributions to the observed CO measurements. These measurements, along with the SOFT-IO output allow us to trace the CO origin, and establish connections with the O 3 origin over the tropics. Further, global distributions provided by IASI-SOFRID [START_REF] Barret | ŞThe detection of post-monsoon tropospheric ozone variability over south Asia using IASI dataŤ[END_REF][START_REF] De Wachter | ŞRetrieval of MetOp-A/IASI CO proĄles and validation with MOZAIC dataŤ[END_REF] In this article we take advantage of the unique IAGOS database to (i) document the characteristics and seasonal variability of these two atmospheric species over the whole tropical band for the last decade for the Ąrst time, (ii) explore the origin of the observed CO anomalies, (iii) investigate transport processes driving the CO and O 3 distribution in the tropics.

The observational (IAGOS and IASI) and modelŰbased (SOFT-IO) datasets, and methodology are introduced in Sect. 5.2.2. In Section 5.2.3, the IAGOS observations are analysed to document O 3 /CO vertical proĄles, along with the UT composition over the tropics. In addition, the sources of observed CO are explored with SOFT-IO.

Data and Methods

IAGOS observations

The Research Infrastructure IAGOS [START_REF] Petzold | ŞGlobal-scale atmosphere monitoring by in-service aircraftŰcurrent achievements and future prospects of the European Research Infrastructure IAGOSŤ[END_REF][START_REF] Thouret | ŞIAGOS: Monitoring Atmospheric Composition for Air Quality and Climate by Passenger AircraftŤ[END_REF] provides in situ measurements of trace gases (O 3 , CO, water vapour, NO y between 2001 and 2005 (e.g. [START_REF] Gressent | ŞLightning NOx inĆuence on large-scale NOy and O3 plumes observed over the northern mid-latitudesŤ[END_REF], and more recently NO x , CH 4 , CO 2 , and cloud particles, see https://www.iagos.org/iagos-data/) and meteorological parameters (temperature and winds), using equipped commercial aircraft. A full description of the instruments can be found in [START_REF] Nédélec | ŞInstrumentation on commercial aircraft for monitoring the atmospheric composition on a global scale: the IAGOS system, technical overview of ozone and carbon monoxide measurementsŤ[END_REF]. O 3 (resp. CO) is measured using a dualŰbeam ultraviolet absorption monitor (infrared analyser) with an accuracy of 2 ppb (resp. 5 ppb), a precision of 2 % (resp. 5 %), and a time resolution of 4 (resp. 30) seconds [START_REF] Thouret | ŞComparisons of ozone measurements from the MOZAIC airborne program and the ozone sounding network at eight locationsŤ[END_REF][START_REF] Nedelec | ŞAn improved infrared carbon monoxide analyser for routine measurements aboard commercial Airbus aircraft: technical validation and Ąrst scientiĄc results of the MOZAIC III programmeŤ[END_REF]. IAGOS measures vertical proĄles during ascend and descend phases, and the upper troposphere (between 9 and 12 km; 300Ű185 hPa) during cruise phases. Considering the aircraft speed (7Ű8 m s -1 during ascent/descent; 900 km h -1 during cruise), the time resolution of the instruments corresponds to a vertical resolution of 30 m (resp. 225 m) and a horizontal resolution of 1 km (resp. 7.5 km) for O 3 (resp. CO).

O 3 (resp. CO) observations have been collected since 1994 (resp. 2002) in the frame of the IAGOS Research Infrastructure and its predecessor MOZAIC [START_REF] Marenco | ŞMeasurement of ozone and water vapor by Airbus inservice aircraft: The MOZAIC airborne program, An overviewŤ[END_REF] program, based on the same instrument technologies. Good consistency in the measurements between the two programs (hereafter referred to as IAGOS) [START_REF] Nédélec | ŞInstrumentation on commercial aircraft for monitoring the atmospheric composition on a global scale: the IAGOS system, technical overview of ozone and carbon monoxide measurementsŤ[END_REF][START_REF] Blot | ŞInternal consistency of the IAGOS ozone and carbon monoxide measurements for the last 25 yearsŤ[END_REF] leads to IAGOS temporal coverage of 26 (resp. almost 20) years for O 3 (resp. CO).

IAGOS data provides robust O 3 and CO climatologies, allowing studies of longŰterm trends (e.g. [START_REF] Cohen | ŞClimatology and long-term evolution of ozone and carbon monoxide in the upper troposphereŰlower stratosphere (UTLS) at northern midlatitudes, as seen by IAGOS from 1995 to 2013Ť[END_REF] along with validation of chemistry transport models (e.g. Sauvage et al., 2007c;[START_REF] Gressent | ŞModeling lightning-NO x chemistry on a sub-grid scale in a global chemical transport modelŤ[END_REF] and satellite data retrievals (e.g. De [START_REF] De Wachter | ŞRetrieval of MetOp-A/IASI CO proĄles and validation with MOZAIC dataŤ[END_REF] on a global scale. To complement the IAGOS observations, we use the potential vorticity (PV) Ąeld, which is part of the ancillary data (https://doi.org/10.25326/3) from the IAGOS database. The PV is calculated from the ECMWF operational Ąelds (horizontal resolution 1°, time resolution 3 hours), interpolated along the IAGOS trajectories.

Data treatment

The tropical zone can be deĄned in several ways, such as by meteorological characteristics (e.g. for O 3 (resp. CO). For the same periods, the climatologies over the vertical are derived by averaging the data into 10 hPa pressure bins from the surface up to the upper limit of the proĄle. The upper limit is based on a distance criterion of a 300Űkm radius around the IAGOS observational site, similar to [START_REF] Petetin | ŞDiurnal cycle of ozone throughout the troposphere over Frankfurt as measured by MOZAIC-IAGOS commercial aircraftDiurnal cycle of ozone throughout the troposphereŤ[END_REF]. This way we reduce uncertainties due to possible horizontal heterogeneity in the measurements, as the aircraft keeps moving in the horizontal plane during ascent and descent. The cutŰoff radius is set in alignment with a coarser global model resolution, to limit the potential heterogeneity inside a single grid box.

To determine a reliable climatological proĄle, we need to assess the statistical signiĄcance of the data. Similar to [START_REF] Logan | ŞAn analysis of ozonesonde data for the troposphere: Recommendations for testing 3-D models and development of a gridded climatology for tropospheric ozoneŤ[END_REF] and [START_REF] Sauvage | ŞTropospheric ozone over Equatorial Africa: regional aspects from the MOZAIC dataŤ[END_REF], we compute the relative standard error (RSE) of the O 3 (CO) monthly mean, versus the number of Ćights per month.

The RSE is deĄned as the fraction between the standard error (SE = σ √ N , with σ the square root of the sample variance and N the number of Ćights) and the O 3 (CO) monthly mean. The minimum number of Ćights required for statistical signiĄcance corresponds to the number above which RSE ≤ 10 %. We choose RSE less than 10 % because RSE depends not only on the number of measurements but also on the O 3 (CO) variability which is high over the tropics (Thompson et al., 2003b). For each site with an adequate number of Ćights per month, we consider an individual proĄle of O 3 (CO). Otherwise, we combine sites in clusters (see Table 5.2), to increase the amount of data and get signiĄcant climatological proĄles.

Besides, the clusters can be useful for the validation of models with a coarse horizontal resolution, because they represent a wider area as resolved by the models, which are not expected to capture smallŰscale variations in the O 3 Ąeld (e.g. [START_REF] Emmons | ŞDescription and evaluation of the Model for Ozone and Related chemical Tracers, version 4 (MOZART-4)Ť[END_REF]. For clustering, the sites should be: i) at a relatively close distance from each other, ii) governed by similar meteorological conditions, and iii) display similar characteristics in the vertical

distribution of O 3 (CO) (see Sect. 5.2.3.2).
The meteorological conditions in the tropics are peculiar, with different seasonal patterns depending on the region. For instance, in Africa the main seasons are two (dry and wet) with two intermediate seasons passing from wet to dry and vice versa [START_REF] Sauvage | ŞTropospheric ozone over Equatorial Africa: regional aspects from the MOZAIC dataŤ[END_REF][START_REF] Lannuque | ŞOrigins and characterization of CO and O 3 in the African upper troposphereŤ[END_REF]. On the other hand, in Asia the seasons are deĄned by the Asian monsoon phases: Asian summer monsoon (wet season); Asian winter monsoon (dry season), and postŰmonsoon. Thus, we considered it more appropriate for our analysis to deviate from the classical deĄnition of the seasons, which Ąts better to studies concerning higher latitudes.

Instead, we analyse the O 3 /CO proĄles and horizontal distributions over the intermediate months of the tropical seasons (January, April, July, and October), to highlight seasonal patterns.

SOFT-IO model

The SOFT-IO tool [START_REF] Sauvage | ŞSource attribution using FLEX-PART and carbon monoxide emission inventories: SOFT-IO version 1.0Ť[END_REF]; http://dx.doi.org/10.25326/2) has been developed to investigate the origin of the observed IAGOS-CO, by coupling FLEXPART 20Űdays backward transport simulations with emission inventories. For each point of the IAGOS trajectory, SOFT-IO estimates the CO contribution coming from 14 different geographical regions (see Fig. 5.1), for AN and BB origin separately. We use CEDS2 AN emissions [START_REF] Mcduffie | ŞA global anthropogenic emission inventory of atmospheric pollutants from sector-and fuel-speciĄc sources (1970Ű 2017): an application of the Community Emissions Data System (CEDS)Ť[END_REF] and the GFAS BB emissions [START_REF] Kaiser | ŞBiomass burning emissions estimated with a global Ąre assimilation system based on observed Ąre radiative powerŤ[END_REF] which include Ąre injection heights, to discriminate sources of CO anomalies over different regions of interest.

For the calculations, the AN (resp. BB) emissions are updated on a monthly (resp. daily) basis.

SOFT-IO estimates the contribution to CO anomalies emitted by primary sources during the last 20 days, while it does not calculate the background CO. The background CO can be emitted by primary sources older than 20 days, and by secondary sources such as oxidation of methane and non-methane volatile organic compounds. The meteorological Ąelds are based on 1°x 1°ECMWF analysis and forecast with a time resolution of 6 and 3h respectively.

Several studies (e.g. [START_REF] Cussac | ŞThe impact of biomass burning on upper tropospheric carbon monoxide: a study using MOCAGE global model and IAGOS airborne dataŤ[END_REF][START_REF] Lannuque | ŞOrigins and characterization of CO and O 3 in the African upper troposphereŤ[END_REF]Petetin et al., 2018b) Their results show that SOFT-IO can simulate 95 % of the observed number of anomalies, without any strong dependence on altitude or region of the CO plume. SOFT-IO captures the intensity of CO anomalies with bias lower than 10-15 ppb for most of the regions and tropospheric levels. The bias is higher in extreme pollution events and might be related to uncertainties in the emissions inventories.

In our study, CO anomalies are deĄned as the positive difference between the observed and the background CO mixing ratio. Background CO mixing ratio represents a reference value, not affected by surface emission or pollution events. For this reason, it is computed as the monthly climatological median CO of a remote area away from polluted regions, in the UT (during the whole study period 2002Ű2020). The selection of the background is rather subjective (Parrish et al., 2012). The median is generally used to assess baseline concentrations of atmospheric species that are not inĆuenced by recent pollution as they have the characteristics of well-mixed air masses from different origins [START_REF] Gressent | ŞLightning NOx inĆuence on large-scale NOy and O3 plumes observed over the northern mid-latitudesŤ[END_REF].

We performed an evaluation of SOFT-IO for the lower troposphere (LT, surfaceŰ750 hPa), the mid troposphere (MT, 750Ű350 hPa), and upper troposphere (UT, 300Ű200 hPa). Our simulations detect CO anomalies at the same rates as [START_REF] Sauvage | ŞSource attribution using FLEX-PART and carbon monoxide emission inventories: SOFT-IO version 1.0Ť[END_REF]. On average, SOFT-IO underestimates the observed CO anomalies by 10 ppb in the MT and UT, and by 45 ppb in the LT. A sensitivity test has shown absolute differences of 27% in the LT, 16% in the MT and 10% in the UT between SOFT-IO simulations using AN emissions from MACCity and from CEDS2. This clearly highlights the large uncertainty stemming from uncertainties in AN emissions. Another source of uncertainty comes from the deĄnition of background CO. In order to assess this source of uncertainty, we used the 600Ű300 hPa median CO mixing ratio as background for each site. The differences between the two backgrounds are within 2.5-60 ppbv. Nevertheless, using the alternative background did not make any difference in the anomaly source attribution and in the relative contributions. 

IASI-SOFRID observations

The IASI sensor onboard MetOpŰA (launched in 2006) has a 12 km footprint at nadir and a 2200 km swath allowing an overpass twice daily at 9:30 and 21:30 local solar time. IASI provides information for the atmospheric composition e.g. content of trace gases such as O 3 [START_REF] Eremenko | ŞTropospheric ozone distributions over Europe during the heat wave in July 2007 observed from infrared nadir spectra recorded by IASIŤ[END_REF][START_REF] Barret | ŞThe detection of post-monsoon tropospheric ozone variability over south Asia using IASI dataŤ[END_REF][START_REF] Boynard | ŞSeven years of IASI ozone retrievals from FORLI: validation with independent total column and vertical proĄle measurementsŤ[END_REF], CO [START_REF] George | ŞCarbon monoxide distributions from the IASI/METOP mission: evaluation with other space-borne remote sensorsŤ[END_REF][START_REF] De Wachter | ŞRetrieval of MetOp-A/IASI CO proĄles and validation with MOZAIC dataŤ[END_REF] and N 2 O [START_REF] Barret | ŞRetrieval of Metop-A/IASI N2O proĄles and validation with NDACC FTIR dataŤ[END_REF]. We use O 3 (v3.5) and CO (v2.1 up to 2014, and v2.2 up to 2019) IASI retrievals performed with SOFRID [START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF][START_REF] De Wachter | ŞRetrieval of MetOp-A/IASI CO proĄles and validation with MOZAIC dataŤ[END_REF]. SOFRID-O 3 v3.5 retrievals use a dynamical a priori proĄle based on latitude, season, and tropopause height [START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF]. In the tropics, where the surface temperature, thermal contrast and tropopause height are the highest, SOFRID-O 3 retrievals allow two independent pieces of information, one in the troposphere and one in the UTLS [START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF]. Comparisons with ozonesonde measurements for the period 2007Ű2017, showed that SOFRID-O 3 is biased low in the tropical troposphere and UTLS, by 3 ± 16 % and 12 ± 33 % respectively in the Northern Tropics (0Ű30°N), and by 8 ± 14 % and 21 ± 30 % in the Southern Tropics (0Ű30°S) [START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF]. Comparisons between SOFRID-O 3 retrievals using a single a priori proĄle and a dynamical a priori proĄle showed improvements (e.g. a general increase in the correlation coefficients and the amplitude of the retrieved variability) mostly in the troposphere. The change of the a priori proĄle leads to minor differences in the UTLS, indicating the highest sensitivity of IASI to this layer [START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF].

For SOFRID-CO v(2.1 and 2.2 after 2014), two independent pieces of information are provided in the lower (surfaceŰ480 hPa) and upper (480Ű225 hPa) troposphere [START_REF] De Wachter | ŞRetrieval of MetOp-A/IASI CO proĄles and validation with MOZAIC dataŤ[END_REF]. IASI correctly captures the seasonal variability of CO over southern Africa (Windhoek) and European mid-latitudes (Frankfurt) in lower (resp. upper) troposphere relative to IAGOS data (resp. correlation coefficients of 0.85 (0.70)). At Windhoek, SOFRID-CO is biased low in the lower (resp. upper) troposphere by 13 ± 20 % (resp. 4 ± 12 %).

We use monthly averaged SOFRID-CO and O 3 retrievals on a 1°x 1°grid from 2008Ű 2019. We focus on pressure levels corresponding approximately to the independent pieces of information, and on daytime measurements when larger thermal contrast between the surface and the atmosphere results in increased sensitivity of the instrument [START_REF] Clerbaux | ŞMonitoring of atmospheric composition using the thermal infrared IASI/MetOp sounderŤ[END_REF]. adjusted to the sensitivity of the instrument for each compound (see Sect. 5.2.2.4). For O 3 , the stripes along the 10°latitude bands are due to the use of a dynamical a priori proĄle (Sect. 5.2.2.4), resulting in discontinuities between adjacent latitude bands with different a priori proĄles. Nevertheless, the stripes are a minor issue, as the use of a dynamical a priori proĄle largely improves the retrieved O 3 proĄles in terms of variability and correlation in most latitude bands, relative to the previous version which uses a single a priori proĄle [START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF].

Results

O 3 and CO over the Northern and Southern Tropics

Northern Tropical (NTr) CO and O 3 mixing ratios are generally higher than the Southern Tropical (STr) ones (Fig. 5.2 and Table 5.3). Geographically, the largest CO (165 ppb) and O 3 (60 ppb) maxima are found over Northern Africa (Table 5.3), followed by comparable CO and O 3 mixing ratios over Southern Africa and East Asia (145Ű150 ppb of CO and 50 ppb of O 3 ) (Table 5.3). The smallest magnitude of O 3 and CO maxima are observed over South America. The BB emissions in both hemispheres show strong seasonal variability, as a consequence of the annual shift of the ITCZ, and the alternance of the rainy and dry seasons. In contrast, AN emissions are located mostly in the northern tropics and have weaker seasonal variability.

The differences in CO abundances between the two hemispheres could be related to the spatial distribution of the AN emissions and the seasonality of the Ąres. The main emissions of STr CO are the annual dryŰseason Ąres, while NTr CO is related to the larger population and AN activities (Fig. S2) [START_REF] Edwards | ŞObservations of carbon monoxide and aerosols from the Terra satellite: Northern Hemisphere variabilityŤ[END_REF].

The CO, and consequently the O 3 maxima over Northern Africa could be related to the strong AN emissions over the Western African coast (Fig. S2aŰd). During the dry season, local BB emissions are also active and could contribute to the CO and O 3 maxima (Fig. S1a). High CO and O 3 over East Asia are likely related to anthropogenic emissions (Fig. S2aŰd), in contrast to the STr regions (Southern Africa and South America) where the local dryŰseason BB emissions are signiĄcantly stronger than AN (Fig. S1cŰd).

The persistent African CO and O 3 maxima are exported over the South Atlantic (Fig. In this Section, we have shown that the CO and O 3 maxima over the Northern and Southern

Tropics are related to AN and BB emissions, as well as transport in the tropical troposphere.

We will therefore focus on the following questions: what are the contributions of the AN and BB emissions to the O 3 and CO abundances in the tropics? Are regional or local emissions responsible for the O 3 and CO observed enhancements? To answer these questions, in the next section, we analyse the O 3 and CO tropical proĄles to quantify their persistent and repetitive characteristics. Using the SOFT-IO tool, we aim to establish connections between these characteristics and local or regional AN and BB emissions.

Regional characteristics of tropical O 3 and CO

In this Section, we focus on the tropical CO and O 3 distributions based on IAGOS and IASI data. The combination of the high vertical resolution of IAGOS (Figs. 5.4, 5.6, 5.7, 5.8 panels 1 and 2), and the high spatial and temporal coverage of IASI 2ŰD global distributions (Fig. 5.3 aŰl), allows us to investigate in detail dataŰsparse regions like the tropics, and monitor their atmospheric composition.

The results shown in Fig. 5.3 (aŰd) motivated our choice in combining IAGOS sites in clusters when it is necessary to increase the number of measurements. The LT CO maxima, like over the Gulf of Guinea, cover a wide area. Thus, cities located close to each other are likely to experience similar air masses. According to the wind maps they are also affected by similar meteorological conditions (Fig. S3). The striking feature of CO and O 3 over the NTr African clusters (Sahel, Gulf of Guinea, and Lagos) is the LT maxima during the dry season (January) (Fig. 5.4 panels 1Ű2). CO maximises close to the surface, with larger mixing ratios over Lagos (850 ppb) than Sahel (500 ppb) and Gulf of Guinea (400 ppb), mainly due to local AN emissions (58 % over Lagos and Sahel)(Figs. 5.4 panel 3a; 5.12 panel 1a; 5.5a; 5.13a), despite the active local Ąres (Fig. S1a). This is consistent with the increasing AN emissions [START_REF] Liousse | ŞExplosive growth in African combustion emissions from 2005 to 2030Ť[END_REF] and decreasing BB area extent [START_REF] Hickman | ŞChanges in biomass burning, wetland extent, or agriculture drive atmospheric NH 3 trends in select African regionsŤ[END_REF] over NTr Africa. The O 3 gradient close to the surface (Fig. 5.4 panels 1aŰ1c) is likely related to surface deposition and titration by highly concentrated nitrogen oxide (NO) [START_REF] Monks | ŞGas-phase radical chemistry in the troposphereŤ[END_REF] which is expected along with high CO emissions. The O 3 maximum and the elevated CO levels (exceeding 300Ű500 ppb) at 2.5 km over the three clusters, likely indicate chemically processed air masses where O 3 has been produced by precursors. The air masses above the Gulf of Guinea and Sahel are transported from the continent (Fig. S3a) by the northŰeasterly Harmattan Ćow [START_REF] Sauvage | ŞTropospheric ozone over Equatorial Africa: regional aspects from the MOZAIC dataŤ[END_REF]. AN emissions are the dominant source of CO at 2.5 km over Lagos and Sahel (Figs. 5.4 panel 3a and 5.12 panel 3a). The enhanced O 3 and CO are conĄned in the LT due to the stability of the Harmattan Ćow and Saharan anticyclone which prevent vertical mixing [START_REF] Sauvage | ŞTropospheric ozone over Equatorial Africa: regional aspects from the MOZAIC dataŤ[END_REF]. The stability is due to a temperature inversion which characterises the trade current, as moist cooler air above the surface is capped by dry warmer air above, resulting from advection by the Harmattan Ćow or subsidence in the anticyclone. small O 3 enhancement is also detected by IASI in the midŰtroposphere (400Ű600 hPa) over

West Africa (Fig. 5.3f). During the dry season, nitrogen is accumulated in soils [START_REF] Jaeglé | ŞSatellite mapping of rain-induced nitric oxide emissions from soilsŤ[END_REF]. The beginning of rains activates the bacterial nitriĄcation leading to signiĄcant release of NO which is rapidly converted into NO 2 via oxidative processes. Thus, enhanced NO x concentrations also contribute to the O 3 increase over NTr Africa in April [START_REF] Saunois | ŞFactors controlling the distribution of ozone in the West African lower troposphere during the AMMA (African Monsoon Multidisciplinary Analysis) wet season campaignŤ[END_REF]. The O 3 enhancement is larger over Sahel relative to Lagos and the Gulf of Guinea (Fig. 5.4 panel 1aŰc) because of higher NO 2 concentrations above dry savannas (Sahel) compared to wet savannas and forests (Southern Western Africa) [START_REF] Adon | ŞLong term measurements of sulfur dioxide, nitrogen dioxide, ammonia, nitric acid and ozone in Africa using passive samplersŤ[END_REF].

After excess nitrogen is consumed, the wetŰseason NO emissions decrease, contributing less to the local O 3 [START_REF] Adon | ŞLong term measurements of sulfur dioxide, nitrogen dioxide, ammonia, nitric acid and ozone in Africa using passive samplersŤ[END_REF].

During the NH wet season (July), CO close to the surface over Lagos is mostly attributed to southern African (SHAF) emissions (70 ppb) (Fig. 5.5a). This result is clearly consistent with the IASI LT CO July distribution (Fig. 5.3c) which suggests transport from the Ąre region where the highest concentrations are detected towards the Gulf of Guinea and southern West Africa. The contribution of SHAF emissions is relatively constant from the surface to about 5 km (Fig. 5.4 panel 3c). This suggests the transport of chemically mature air masses from the STr African Ąres towards Lagos, via the south easterly trade winds turning to the monsoon westerly Ćow (Sauvage et al., 2007a;[START_REF] Barret | ŞImpact of West African Monsoon convective transport and lightning NO x production upon the upper tropospheric composition: a multi-model studyŤ[END_REF]. The lower O 3 mixing ratio close to the surface is likely attributed to rapid deposition on forested areas and photochemical destruction in the moist monsoon air [START_REF] Reeves | ŞChemical and aerosol characterisation of the troposphere over West Africa during the monsoon period as part of AMMAŤ[END_REF]. Similar to Lagos, CO over the Gulf of Guinea and Sahel originate from local AN and SHAF BB emissions (Fig. 5.12 panels 1c and 2c).

Below about 4km, the annual O 3 minimum occurs in October over the three clusters (Fig. The classical increase of O 3 from the surface to the MT in October (and July) is because the role of photochemistry changes from a net sink to a net source of O 3 above 6km, depending on the NO x concentration [START_REF] Jacob | ŞOrigin of ozone and NOx in the tropical troposphere: A photochemical analysis of aircraft observations over the South Atlantic basinŤ[END_REF]. In the tropics, photochemical O 3 destruction dominates the lower troposphere [START_REF] Archibald | ŞTropospheric Ozone Assessment ReportA critical review of changes in the tropospheric ozone burden and budget from 1850 to 2100Ť[END_REF], where water vapour concentrations are high, and in highly polluted regions where there is direct removal by titration with NO [START_REF] Monks | ŞTropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcerŤ[END_REF]. The vegetation can also act as a rapid sink for O 3 via dry deposition [START_REF] Cros | ŞSources and sinks of ozone in savanna and forest areas during EXPRESSO: Airborne turbulent Ćux measurementsŤ[END_REF]. The lack of these sinks in the FT, coupled with lower water vapour concentrations leads to an increase of O 3 with altitude [START_REF] Archibald | ŞTropospheric Ozone Assessment ReportA critical review of changes in the tropospheric ozone burden and budget from 1850 to 2100Ť[END_REF]. Lightning can also increase O 3 mixing ratios in the MT and UT [START_REF] Barret | ŞImpact of West African Monsoon convective transport and lightning NO x production upon the upper tropospheric composition: a multi-model studyŤ[END_REF]. Africa and South America (Sauvage et al., 2007b;2007c).

panel 1aŰc). The CO maximum mixing

It is noteworthy that an O 3 enhancement of 80 ppb is also observed over Central Africa at 8 km in October (Fig. 5.4 panel 1d). This highlights that the stronger seasonal variability of MT and UT O 3 in STr than in NTr Africa is due to the intense lightning activity in the SH.

The IASI UT O 3 distribution clearly shows that the O 3 maximum covers the entire region from South America to Africa south of the Equator (Fig. 5.3l).

The annual minimum of O 3 and CO over Windhoek occurs in April (Fig. 5.4 panels 1e and 2e), the transition period from SH wet to dry season, when the local Ąres are suppressed (Fig. S1b). The CO mixing ratio is less than 100 ppb over the whole tropospheric column and comes from local AN emissions. In comparison to Central Africa, Windhoek is less inĆuenced by SHAF emissions due to its remote location away from sources (Petetin et al., 2018b). The O 3 minimum of less than 30 ppb probably results from titration by NO above the surface. Over the Asian clusters, the CO proĄles display the highest mixing ratios in the surface layer (below 1km) all year long (Fig. 5.6 panel 2). The annual maximum occurs in January (except over Manila and the Gulf of Thailand) due to the lowest boundary layer height during winter. The winter surface CO maximum ranges from 300 ppb over oceanic sites (Madras) to 700 ppb over megacities (Ho Chi Minh and Mumbai), and is mainly attributed to local or regional AN emissions (Figs. 5.6 panels 3a to 5a; 5.12 panels 3a to 5a). Over the Indian and South China clusters in January, local emissions (SEAS and CEAS resp.) are dominant, with contributions in the range of 85 to 95 % (Figs. 5.6 panel 3a and 4a; 5.12 panel 3a and 4a and 5.5a). The impact of these Chinese emissions (CEAS) is not limited to a local scale, as they dominate the LT CO anomalies over the rest of the Asian clusters (except Bangkok) with contributions in the range of 52 % (over the Gulf of Thailand) to 75 % (over Manila) (Figs. 5.5a,5.13a and 5.14a). Their advection is favoured due to the northeasterly trade winds. Bangkok is also impacted by CEAS emissions (42 %), but the local AN (45 %) and BB (10 %) contributions are more important (Fig. 5.5a).

Asia

In winter, elevated CO mixing ratios below 2.5 km are related to O 3 enhancements (Figs.

panel 1)

. During winter the chemical ageing of the air masses in the LT is favoured by: i) the conĄnement of the COŰrich air masses due to the largeŰscale subsidence preventing upward vertical motions [START_REF] Lelieveld | ŞThe Indian Ocean experiment: widespread air pollution from South and Southeast AsiaŤ[END_REF] and ii) the cloudŰfree conditions promoting O 3 formation. This O 3 enhancement has been described in [START_REF] Barret | ŞThe detection of post-monsoon tropospheric ozone variability over south Asia using IASI dataŤ[END_REF] The BB contribution is also important during the postŰmonsoon season (October) because of active Ąres over Indonesia (Fig. S1). The Gulf of Thailand cluster is the most affected, from the surface (600 ppb), to the UT (Fig. 5.6 panel 1e). Interestingly, the CO mixing ratio at 6Ű12 km is approximately 200 ppb over the Gulf of Thailand cluster, the highest CO abundance in the MT and UT among the Asian clusters. IASI CO data (Fig. 5.3d) and wind Ąelds (Fig. S3d) show that the LT COŰrich air masses impacted by the Ąres (Fig. S1d) 

are

South America: Caracas -Venezuela-, Bogota -Colombia-and South

Brazil

Over Caracas and Bogota, the concentrations of CO in the troposphere are maxima in April and minima in January, while the highest concentrations occur in October over SBrazil (Fig. The O 3 proĄles over South America generally display the classical increase from the surface to the MT (Fig. 5.7 panel 1). The increase of O 3 with altitude is attributed to the lack of depositional and chemical sinks in the FT, in combination with lower water vapour concentrations, and lightning emissions, as discussed in Sec. 5.2.3.2.1.

Over Caracas, tropospheric CO is maximum in April (250 ppbv) and the proĄle displays one maximum of O 3 (40 ppb) in the LT and one in the MT (50 ppb). Over Bogota and SBrazil O 3 is maximum in October over the whole troposphere with mixing ratios reaching 45 and 60 ppb in the UT. For Bogota (resp. SBrazil) the tropospheric O 3 annual minimum occurs in July (resp. April). As IAGOS over SBrazil below 6 km, the IASI distributions over tropical South America (Fig. 5.3 e to h) display lower tropospheric O 3 in January and April than in July and October.

From SOFT-IO we can see that, over SBrazil in October, CO enhancement below 1 km is caused by local AN (52 %) and BB (44 %) emissions (Fig. 5.7 panel 5d). In the MT and the UT, the BB contribution exceeds 80 % because of the strong convection moving over the BB regions [START_REF] Liu | ŞAnalysis of CO in the tropical troposphere using Aura satellite data and the GEOS-Chem model: insights into transport characteristics of the GEOS meteorological productsŤ[END_REF]. This is also indicated by low outgoing longwave radiation (Fig. 5.3l) which is used as a convection proxy [START_REF] Park | ŞTransport above the Asian summer monsoon anticyclone inferred from Aura Microwave Limb Sounder tracersŤ[END_REF]. The uplifted BB products are trapped in an anticyclonic circulation developed over Central South America (Fig. S3l).

CO from SHSA Ąres are transported over Bogota, at the edge of the anticyclone, but does not reach Caracas which lies outside of the anticyclone (Fig. 5.7 panels 3d and 4d). Their photochemical processing contributes to the seasonal O 3 enhancement over South America which is the western part of the waveŰone pattern (Thompson et al., 2003b;[START_REF] Sauvage | ŞEnhanced view of the Ştropical Atlantic ozone paradoxŤ and Şzonal wave oneŤ from the in situ MOZAIC and SHADOZ dataŤ[END_REF]. This is highlighted by the collocation of IASI UT CO (Fig. Tropopause foldings in the vicinity of the subtropical jet stream are associated with downward transport of stratospheric O 3 [START_REF] Stohl | ŞStratosphere-troposphere exchange: A review, and what we have learned from STACCATOŤ[END_REF][START_REF] Lelieveld | ŞSevere ozone air pollution in the Persian Gulf regionŤ[END_REF][START_REF] Saąeddine | ŞSummertime tropospheric ozone assessment over the Mediterranean region using the thermal infrared IASI/MetOp sounder and the WRF-Chem modelŤ[END_REF] resulting in a tropospheric O 3 enhancement. The O 3 Ćux from the stratosphere to the troposphere in the vicinity of the NH subtropical jet peaks during spring and summer [START_REF] Tang | ŞStratosphere-troposphere exchange ozone Ćux related to deep convectionŤ[END_REF]. This is in agreement with [START_REF] Cohen | ŞClimatology and long-term evolution of ozone and carbon monoxide in the upper troposphereŰlower stratosphere (UTLS) at northern midlatitudes, as seen by IAGOS from 1995 to 2013Ť[END_REF] that found the maximum O 3

to CO ratio over the Arabian peninsula during spring and summer (their In July, the Middle East summer O 3 maximum is also partly related to subsidence of AMA air masses which brings O 3 produced from South Asian AN and LiNO x emissions [START_REF] Barret | ŞUpper-tropospheric CO and O 3 budget during the Asian summer monsoonŤ[END_REF]. The polluted air masses from South and SouthEast Asia uplifted by monsoon deep convection are trapped in the AMA which extends westward to Northeast Africa and the Middle East [START_REF] Barret | ŞUpper-tropospheric CO and O 3 budget during the Asian summer monsoonŤ[END_REF][START_REF] Park | ŞTransport above the Asian summer monsoon anticyclone inferred from Aura Microwave Limb Sounder tracersŤ[END_REF]. Over Khartoum and Jeddah (resp.

Addis Ababa and AbuDhabi) 20 ppb (resp. 10 ppb) of CO originates from SEAS at 6Ű12 km. The impact of the SEAS emissions is stronger over Jeddah (78 %) than over Khartoum Africa by the prevailing northeasterlies (Fig. S3h) as documented by the predominant SEAS origin of FT CO over the AEA sites (Figs. 5.8 panels 3d and 6d).

Control factors of tropical O 3 and CO

In this Section we present the main features of the tropical O 3 and CO distributions. Overall, the CO proĄles above all tropical clusters display an annual maximum above the surface layer (approximately at 0.5 km) (Fig. 5.9b). This is also valid for Caracas, Bogota, Windhoek and Addis Ababa which are located at high altitude above the sea surface (with a mean elevation of 0.9 km, 2.6 km, 1.6 km and 2.3 km respectively). For all the clusters located in the NH tropics (African, Asian and South American), the COŰpolluted boundary layer, is mainly attributed to local AN emissions, even for clusters such as over West Africa, where BB is expected to be of great importance [START_REF] Reeves | ŞChemical and aerosol characterisation of the troposphere over West Africa during the monsoon period as part of AMMAŤ[END_REF][START_REF] Mari | ŞTracing biomass burning plumes from the Southern Hemisphere during the AMMA 2006 wet season experimentŤ[END_REF]Sauvage et al., 2005) (Figs. 5.5a;5.13a;5.14a). This Ąnding conĄrms the key role of the AN emissions in the NH, related to larger population compared to the SH, and enhanced AN urban and industrial activity, as discussed in [START_REF] Edwards | ŞObservations of carbon monoxide and aerosols from the Terra satellite: Northern Hemisphere variabilityŤ[END_REF]. Concerning the SH, the surfaceŰlayer pollution is predominantly caused by BB over STr Africa (Central Africa and Windhoek) during the dry season (Figs. 5.5, 5.13), and by AN over the SBrazil (Fig.

5.13

). Interestingly, the CO maxima over the latter occurs before the burning season. This is in accordance with previous studies suggesting fossil fuels as the main CO source over São Paulo and Rio de Janeiro [START_REF] Alonso | ŞAn urban emissions inventory for South America and its application in numerical modeling of atmospheric chemical composition at local and regional scalesŤ[END_REF], and decreasing BB over South America [START_REF] Andela | ŞA human-driven decline in global burned areaŤ[END_REF][START_REF] Deeter | ŞSatellite-based analysis of CO seasonal and interannual variability over the Amazon BasinŤ[END_REF]. The decrease of BB CO emissions is due to the longŰterm declining deforestation rates, especially over forested areas (≈ 54 %) and over savanna and shrublands (≈ 39 %) [START_REF] Naus | ŞSixteen years of MOPITT satellite data strongly constrain Amazon CO Ąre emissionsŤ[END_REF]. The importance of the AN emissions is also evident over Central Africa with non negligible contributions during dry season (10 %) (Fig. 5.5). Also, the polluted surface layer over Central Africa is present all year long, with large AN contributions of 40 % and 86 % during the transition seasons, when the Ąres are suppressed (Fig. 5.5a). Thus, the impact of the AN emissions is also important in the STr. The CO maxima show strong variations in terms of magnitude and season among the tropical clusters. This is because they are mostly caused by local emissions with varying intensity and seasonal pattern, depending on the region. In contrast, the CO minima are uniform in terms of intensity levels of mixing ratios, close to the CO background levels of 100 ppb, due to mixing and transport over the lifetime of CO. As expected, they occur in the FT, in the absence of the emissions and where CO is chemically destroyed. As for the CO maxima, their strong seasonality is related to the seasonality of the surface emissions and the meteorological conditions, which differ over each region. Further discussions on the magnitude and the seasonality of the CO maxima and minima will follow later.

Because of its complex chemistry, the situation for O 3 is more complicated. Africa is the only region where the annual O 3 maximum occurs in the LT (2.5 km) during the dry season (Fig. on the surface BB CO emissions for these regions, in agreement with Sauvage et al. (2007c).

South China is the only Asian cluster where the annual O 3 maximum is observed in the LT during the active local Ąres (April), but it is not accompanied by the annual CO maximum (Fig. 5.9), suggesting that the O 3 maximum has been formed differently. In contrast, over the other regions, the annual O 3 maximum is observed in the FT above 6 km (Fig. 5.9a).

This likely indicates that O 3 is formed by photochemical processes, and is associated with larger O 3 production efficiency (Sauvage et al., 2007b). In regions such as Arabia (Jeddah [START_REF] Sauvage | ŞTropospheric ozone over Equatorial Africa: regional aspects from the MOZAIC dataŤ[END_REF]. Table 5.4 displays the total (AN and BB)

CO emissions rates over several regions of interests based on the sum of CEDS2 and GFAS emission inventories. Indeed, the O 3 and CO maxima coŰoccur with the highest emissions over Western Africa in January, conĄrming their strong dependency on the surface emissions.

The NO x Űlimited O 3 production regime over Western Africa [START_REF] Saunois | ŞFactors controlling the distribution of ozone in the West African lower troposphere during the AMMA (African Monsoon Multidisciplinary Analysis) wet season campaignŤ[END_REF][START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF] likely explains the O 3 maxima when the local emissions, and thus the NO 2 concentration [START_REF] Jaeglé | ŞSatellite mapping of rain-induced nitric oxide emissions from soilsŤ[END_REF], intensify in the region. The largest O 3 and CO mixing ratio over Lagos (Fig. 5.9) is due to its proximity to the strong Nigerian AN emissions, as conĄrmed by SOFT-IO (see Sect. 5.2.3.2.1). As expected, the impact on CO is higher in the proximity of the emissions, while the CO mixing ratio decreases downwind (towards Sahel and Gulf of Guinea) (Fig. 5.9) because of physical processes, such as dilution by mixing and entrainment [START_REF] Martin | ŞThe Green Ocean Amazon experiment (GoAmazon2014/5) observes pollution affecting gases, aerosols, clouds, and rainfall over the rain forestŤ[END_REF], and CO consumption in O 3 buildŰup in Ąres [START_REF] Chatąeld | ŞA general model of how Ąre emissions and chemistry produce African/oceanic plumes (O3, CO, PAN, smoke) in TRACE AŤ[END_REF]. The O 3 maxima show smaller variations (of approximately 10 ppb) among the

ARTICLE

123 NTr African clusters. In contrast to CO, the O 3 enhancement does not strongly depend on the proximity to emissions, as it is produced during the transport and chemical ageing of air masses rich in precursors (Sauvage et al., 2007c). The second highest CO and O 3 maxima over the tropical regions are observed over Asia (Fig. 5.9). As in NTr Africa, the CO maximum occurs in January, when the stability of the trade wind results in accumulation of COŰrich air masses in the LT. The surfaceŰlayer CO maximum is attributed to local AN emissions over Indian and South China clusters (85Ű95 %). In the rest of the Asian cluster, there are nonŰnegligible contributions from regional AN sources of the Asian cluster in addition to the dominant local ones. According to Table 5.4, the CO emissions over East Asia and India are lower than the ones over Western Africa in January. This explains the lower CO mixing ratio over Asia than over Lagos. SOFT-IO seems to represent better the Asian contributions relative to the Africa ones. As mentioned in Sect.

5.2.3.2.1, the AN emissions over NH and SH Africa are likely underestimated by the SOFT-IO computations (Fig. 5.4 panels 3b and 4b). This is conĄrmed by that fact that CO mixing ratio is higher over Africa than over Asia, in contrast to the CO contributions estimated by SOFT-IO. Thus, the impact of the African AN emissions is likely underestimated.

Previous studies have already found concentrations of pollutants in West Africa (e.g. Lagos, Abidjan, Cotonou) comparable to those observed over Asian megacities [START_REF] Assamoi | ŞA new inventory for two-wheel vehicle emissions in West Africa for 2002Ť[END_REF][START_REF] Adon | ŞMeasurements of NO2, SO2, NH3, HNO3 and O3 in West African urban environmentsŤ[END_REF]Sauvage et al., 2007c). Indeed, the rapid growth over African megacities is responsible for increasing emissions from diffuse and inefficient combustion sources [START_REF] Marais | ŞAir quality impact of diffuse and inefficient combustion emissions in Africa (DICE-Africa)Ť[END_REF]. This increase is mostly attributed to the growing residential source mainly for cooking and heating [START_REF] Zheng | ŞGlobal atmospheric carbon monoxide budget 2000Ű2017 inferred from multi-species atmospheric inversionsŤ[END_REF], but also to traffic emissions (related to large number of twoŰstroke vehicles, poor fuel quality and poorlyŰ maintained engines) [START_REF] Assamoi | ŞA new inventory for two-wheel vehicle emissions in West Africa for 2002Ť[END_REF]. In contrast, Eastern China has had one of the largest decreases in CO emissions [START_REF] Hedelius | ŞRegional and urban column CO trends and anomalies as observed by MOPITT over 16 yearsŤ[END_REF] due to technological changes with improved combustion efficiency and emission control measures (Zheng et al., 2018a).

Using MOPITT data for the period 2002Ű2018, [START_REF] Buchholz | ŞAir pollution trends measured from Terra: CO and AOD over industrial, Ąre-prone, and background regionsŤ[END_REF] [START_REF] Pandey | ŞTrends in multipollutant emissions from a technology-linked inventory for India: II. Residential, agricultural and informal industry sectorsŤ[END_REF] and to power production and transport activities [START_REF] Sadavarte | ŞTrends in multi-pollutant emissions from a technology-linked inventory for India: I. Industry and transport sectorsŤ[END_REF].

As in NTr Africa, the COŰrich air masses accumulated in the LT over the Asian clusters in January result in a secondary LT O 3 maximum. However, these maxima are signiĄcantly lower (40Ű60 ppb) (Sect. 5.2.3.2.2) than the NTr African ones (65Ű75 ppb) (Fig. 5.9a; Sect. Unlike Africa, the highest emission rates over East Asia and India are observed in April (Table 5.4). In the absence of the stability of the north easterlies, the air masses are not conĄned close to the surface like in January, and thus the secondary CO maxima above the surface is also captured by IASI (Fig. 5.3f). Over East Asia, the contribution of the local Ąres is also present in addition to the local AN emissions. The impact of the Ąres dominates in clusters such as South China and Bangkok, and is evident over Manila and Ho Chi Minh City (see Sect. 5.2.3.2.2). Interestingly, the NH African Ąres in January correspond to 72 % of the global burned area, whereas the NH Asian Ąres only to the 2.5 % [START_REF] Werf | ŞGlobal Ąre emissions and the contribution of deforestation, savanna, forest, agricultural, and peat Ąres (1997Ű2009)Ť[END_REF]. However, both regions contribute signiĄcantly to the global CO concentrations (44 % for Africa and 22 % for Asia) because of more complete oxidation, and thus reduced CO production, over grass Ąres (Africa savannas), relative to Ąres in forests and peatŰlands (deforestation and peaŰtland Ąres over Asia) [START_REF] Werf | ŞGlobal Ąre emissions and the contribution of deforestation, savanna, forest, agricultural, and peat Ąres (1997Ű2009)Ť[END_REF]. The large extend of the impact of the NH Asian Ąres is displayed in IASI map, with an outĆow towards SE Asian coast and the PaciĄc (Fig. 5.3f). The stronger winds in April than in January, which does not favour the accumulation of the pollution, and the eastwards transport pathway (Fig.
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.10 panel 1 aŰb) leads to lower CO mixing ratio in April than January, despite the higher emission rates (Table 5.4).

Concerning India, local AN emissions are responsible for the CO enhancement in April, with negligible BB contribution (Figs. 5.6 panel 3a and 5.12 panels 3a and 4a). The CO emissions rates over India are high during the whole year, showing weak seasonal variability (Table 5.4). The LT CO distribution over India shows strong seasonal variability which is not explained by the seasonality of the emissions. The LT CO is rather linked with seasonal changes in the meteorological circulation. Similarly to East Asia, during January the air masses are transported southward due to the north easterlies, while the reversal of the winds to southwesterlies in July results in northward transport (Figs. 5.3 and S3) [START_REF] Lawrence | ŞAtmospheric pollutant outĆow from southern Asia: a reviewŤ[END_REF]. Because of this circulation pattern in July, the oceanic inĆuence brings clean air masses over the Asian clusters resulting in an annual CO minimum during the Asian summer monsoon (Fig. 5.9). The COŰrich air masses for the surface are uplifted in the upper troposphere due to deep convection over the area (Sect. 5.2.3.2.2).

As for CO, O 3 seasonality is also linked with the seasonality of the meteorological conditions Despite the CO emissions reductions over South China, the O 3 levels remain relatively high (Fig. 5.9a). This is because the O 3 production regime over South China is VOCŰlimited [START_REF] Li | ŞImportance of NOx control for peak ozone reduction in the Pearl River Delta regionŤ[END_REF], and the total NMVOCs emissions increased in China by a factor of 3.5

(1997Ű2017) because of activity increases in the solvent, energy, and industry sectors (Zheng et al., 2018a). As discussed in [START_REF] Wang | ŞOzone pollution in China: A review of concentrations, meteorological inĆuences, chemical precursors, and effectsŤ[END_REF], despite the successful controls of NO x emissions from coal Ąred power plants since 2010 over Eastern China, it is recommended to apply controls over VOCs emissions as they control the local O 3 distribution. In contrast, over India the O 3 production regime is NO x Űlimited [START_REF] Kumar | ŞSimulations over South Asia using the Weather Research and Forecasting model with Chemistry (WRF-Chem): chemistry evaluation and initial resultsŤ[END_REF], as the local emissions are mostly associated with incomplete combustion processes by biofuel burning, and thus higher NMHC to NO x emission ratio as compared to other regions of the Northern Hemisphere [START_REF] Lawrence | ŞAtmospheric pollutant outĆow from southern Asia: a reviewŤ[END_REF].

Concerning Central Africa, the O 3 and CO maximum in the LT during the dry season, indicates the strong dependence of the CO and O 3 distribution on the surface emissions, as over NTr Africa. The CO magnitude over Central Africa is similar to the one over Sahel and Guinea Gulf during the respective dry season, even though the emissions rates are higher over the former (Table 5.4). This is because higher amount of CO impacted by the SH African

Ąres is transported towards the NTr Africa due to the trade winds, relative to the respective southward transport during the NH dry season (Fig. 5.10). In addition, the O 3 mixing ratio is slightly higher over Central Africa (85 ppb) likely indicating rapid photochemical O 3 production by BB precursors [START_REF] Singh | ŞImpact of biomass burning emissions on the composition of the South Atlantic troposphere: Reactive nitrogen and ozoneŤ[END_REF] during the SH Ąres. Concerning Windhoek, the O 3 maximum in the FT (85 ppb at 10 km) (Fig. 5.9) indicates that O 3 production is controlled by LiNO x emissions at higher altitude (Sauvage et al., 2007c) during the peak of the lightning activity over South Africa (Fig. not shown).

The smallest LT CO maximum over the NTr are observed over Arabia and East Africa clusters and South America (Fig. 5.9) because of the smallest emissions rates among the tropics (Table 5.4). The CO emissions over Middle East are mainly related to electricity generation, water desalination, and industry supplied by oil and gas deposits with cheap but relatively clean fuels [START_REF] Krotkov | ŞAura OMI observations of regional SO 2 and NO 2 pollution changes from 2005 to 2015Ť[END_REF]. In addition, because of its location between the two highest emitters (Asia and Africa), transport plays a signiĄcant role in CO enhancements over AEA, especially in the MT and UT where long range transport of emissions is favoured (Figs. 5.10 panels 1 bŰc; 2 aŰc and 2bŰc). This transport from Asia and Africa over AEA clusters determines the O 3 maxima over the AEA clusters (Sect. 5.2.3.2.4). Similarly, over NTr South America, the local AN contributions are much smaller than the respective local Asian of African ones, indicating lower pollution levels over South America than Asia and Africa. The O 3 maximum is controlled by LiNO x emissions at higher altitudes.

From the previous analysis, all the tropical clusters and the associated CO source regions exhibit primarily local inĆuence, in the proximity of the region where they are emitted.

However, CO transport plays also an important role in the CO distribution over the tropics.

CO sources located over Africa show the maximum inĆuence on the regional tropical CO.

The highest impact of the African emissions is found at an interŰhemispheric scale, where CO from the dryŰseason African regions is transported towards the wetŰseason African (Fig. South America and South Africa, as highlighted by previous studies (Sauvage et al., 2007c;Sauvage et al., 2007b).

The contribution of Asian emissions in the tropical LT is limited to a regional or local scale, as they are mostly impact neighbour Asian regions (Fig. 5.10a)(see Sect. 5.2.3.2.2 for more details). CO export from Asia is favoured during the Asian summer monsoon and postŰmonsoon (July and October) in the UT, where the transport is favoured due to stronger winds relative to the surface (Fig. S3).

During the Asian summer monsoon, the COŰrich (and O 3 Űpoor) air masses from the PBL (Fig. 5.3c and g) are convectively uplifted in the UT (Figs. 

Summary and conclusions

IAGOS O 3 and CO observations since 1994 and 2002 respectively, were used in order to analyse vertical proĄles over 20 tropical sites, along with the (lower part) of the upper tropical troposphere. According to Petetin et al. (2018a), a few hundreds meters above the ground, IAGOS measurements are representative of the urban background and of the regional scale at higher altitudes in the lower troposphere. Furthermore, IASI, which provides global daily O 3 and CO distributions with a coarse vertical resolution, allows us to complement IAGOS observations on the global scale over the data sparse tropical band. Throughout the paper we have shown that the anomalies detected by IAGOS are often also detected by IASI at the regional scale.

In the LT, the CO anomalies over the tropics are caused by a combination of AN and BB emissions. In the majority of the clusters, local AN contributions are dominant all year long.

The BB contribution increases or dominates over some clusters, when the regional or local highlight the importance of the AN emissions over the tropics, even in the STr. This is in accordance with the global decreasing trends of BB [START_REF] Andela | ŞA human-driven decline in global burned areaŤ[END_REF] and the increasing AN emissions [START_REF] Granier | ŞEvolution of anthropogenic and biomass burning emissions of air pollutants at global and regional scales during the 1980Ű2010 periodŤ[END_REF].

In the MT and UT, the BB contributions are increased compared to the LT, and their effect dominates over more clusters. Also, the contribution of the transport is more important than Over Africa, the O 3 and CO maxima are observed in the low troposphere during the respective dry season. The role of the local AN emissions are more important than previously noted [START_REF] Reeves | ŞChemical and aerosol characterisation of the troposphere over West Africa during the monsoon period as part of AMMAŤ[END_REF][START_REF] Mari | ŞTracing biomass burning plumes from the Southern Hemisphere during the AMMA 2006 wet season experimentŤ[END_REF][START_REF] Sauvage | ŞTropospheric ozone over Equatorial Africa: regional aspects from the MOZAIC dataŤ[END_REF] Transport of mostly BB emissions from NHAF and SHAF occurs all year round towards northern South America in all tropospheric layers. The highest NHAF regional impact is found over Caracas in the MT and UT (30 % on average). In contrast, the impact of Asian emissions, is mostly limited on a regional or local scale, especially in the LT and MT. The Last, over South America the local CO contributions at the surface level are as low as over Arabia and Eastern Asia. During the dry season (October), when the convection moves over the South American Ąres, CO and precursors are trapped in an anticyclonic circulation developed over Central South America, resulting in the annual local maxima of O 3 and CO.

The transatlantic transport of O 3 and precursors over the Atlantic can be seen by IASI and this contributes to the O 3 waveŰone pattern (Sauvage et al., 2007b). This is conĄrmed by SOFT-IO which calculates contribution of 10Ű15 ppb from SHSA and 10Ű15 ppb NHSA, in the altitude of the anticyclone (MT).

Appendix

SOFT-IO CO contributions

Vertical profiles Figure 5.12: Same as Fig. 5.4 (panel 3) for CO contributions over Sahel (1), Gulf of Guinea (2), Madras (3), Hyderabad (4), Ho Chi Minh City ( 5), Gulf of Thailand (6) and Manila (7).

Low, mid and upper troposphere The comparisons between the tropospheric column and the partial (700Ű200 hPa) column O 3 change using IASI and IAGOS data (for their overlapping days) showed that their agreement is the best when we account for the partial column, due to the higher sensitivity of the retrievals in this layer. This validation study proves that we can rely on IASI data for O 3 trends in the region of its highest sensitivity.

As a next step, we used IASI data in the partial column, to assess the free tropospheric O 3 changes between 2018Ű2020 and 2008Ű2010. We selected these periods because of their maximum separation in the IASI period. The second part of the thesis focuses on the tropical CO and O 3 distributions and aims to offer a better understanding of their seasonal characteristics and control factors. To do so, we analysed IAGOS measurements for the whole IAGOS period (since 1994 for O 3 and 2002 for CO), and satellite data based on IASI-SOFRID retrievals (since 2008). We also used the SOFT-IO tool, which provides auxiliary information for the IAGOS-CO measurements, such as its geographic origin and its type of emissions (AN or BB).

The main Ąndings are the following:

• The AN emissions are of great importance in the LT CO enhancement in the tropics, even in the SH. AN emissions dominate the CO maxima above the surface over all clusters (except Central Africa and the Gulf of Thailand). The role of AN emissions over Central Africa is highlighted by a persistent CO enhancement above the surface on an annual basis.

• In the MT and UT, the BB contribution is increased relative to the contribution from AN. Also, the contribution from transported CO emissions is more important than in the LT, where local emissions dominate. This is because, at such altitudes, longŰrange transport is favoured by stronger winds, allowing the redistribution of the plumes on an intercontinental scale (e.g. [START_REF] Liang | ŞLong-range transport of Asian pollution to the northeast PaciĄc: Seasonal variations and transport pathways of carbon monoxideŤ[END_REF][START_REF] Barret | ŞTransport pathways of CO in the African upper troposphere during the monsoon season: a study based upon the assimilation of spaceborne observationsŤ[END_REF] • The second highest O 3 and CO maxima are observed over Asia. O 3 peaks in the FT (at 6km) in the postŰmonsoon season (April), while CO maximises in the LT (0.5 km) in January due to local AN emissions. The only cluster with O 3 maxima in the LT is South China (75 ppb at 2.6 km), during the Central Asian Ąres (April). These Ąres also contribute to LT CO anomalies, in addition to local and regional AN emissions.

• The smallest LT CO maxima are observed over South America, due to lower CO • The impact of the Asian emissions in the LT and MT is limited on a regional or local scale. In the UT, the export of Asian emissions intensiĄes during the Asian summer monsoon (July). The polluted air masses from the surface are uplifted in the Asian UT and trapped in the AMA. These air masses are transported over Arabia and Eastern

Africa causing the annual O 3 maxima due to subsidence and high isolation over these regions.

Limitations and Perspectives

Observations in the Tropics

As we mentioned in Section 3. 

Trends in the Tropics

Our study provided some insights into the impact of the sampling of IAGOS and the vertical sensitivity of IASI on the observed O 3 change (Section 4.2). However, uncertainties remain in the quantiĄcation of O 3 trends based on satellite products. In addition, one limitation of our study is that the O 3 change has not been addressed by IAGOS data in the tropics as a whole. Because of the sparse measurements in time over the tropical sites, it was not possible to deĄne the same reference and modern periods for the computations of the O 3 change. For these reasons, it would be interesting to estimate the trends based on IAGOS measurements using the quantile regression method. This method predicts trends for distribution by taking into consideration the quantiles of the distribution instead of the condition means. An advantage of this method is that it can tolerate missing values and outliers, making it appropriate for datasets with gaps in time and space like IAGOS and ozonesondes.

Previous studies have already used in situ data such as IAGOS (e.g [START_REF] Gaudel | ŞAircraft observations since the 1990s reveal increases of tropospheric ozone at multiple locations across the Northern HemisphereŤ[END_REF][START_REF] Wang | ŞGlobal tropospheric ozone trends, attributions, and radiative impacts in 1995Ű2017: an integrated analysis using aircraft (IAGOS) observations, ozonesonde, and multi-decadal chemical model simulationsŤ[END_REF] and ozonesondes [START_REF] Christiansen | ŞMultidecadal increases in global tropospheric ozone derived from ozonesonde and surface site observations: Can models reproduce ozone trends?Ť[END_REF] for O 3 trends computations on a global scale. However, these studies do not focus on the tropics and lack documenting the trends of CO. [START_REF] Cohen | ŞClimatology and long-term evolution of ozone and carbon monoxide in the upper troposphereŰlower stratosphere (UTLS) at northern midlatitudes, as seen by IAGOS from 1995 to 2013Ť[END_REF] computed the trends for O 3 and CO using IAGOS, but over the upper troposphere in the northern midŰlatitudes. Tropical O 3 trends have been documented by [START_REF] Thompson | ŞRegional and Seasonal trends in tropical ozone from SHADOZ proĄles: Reference for models and satellite productsŤ[END_REF] over the SHADOZ sites, mostly located in the southern tropics. Thus, we could complement this study by providing O 3 trends for additional sites, as well as CO trends. The O 3 and CO trends provided by IAGOS would be useful for evaluating satellite products and the performance of chemical models used for interpreting trend attributions in the tropics.

One limitation of IAGOS measurements is that they underŰsample the tropical troposphere because the high tropopause (12Ű18 km [START_REF] Gettelman | ŞA climatology of the tropical tropopause layerŤ[END_REF] is higher than the IAGOS cruise altitude (9Ű12 km). To make fair comparisons with satellite trends, and sample the full tropospheric column, it would be necessary to complete IAGOS proĄles using the appropriate data such as MLS proĄles.

Attribution of trends in the tropics

Our results highlight the largest increase of free tropospheric O 3 over the tropics. This is in accordance with recent studies reporting that the tropics are responsible for the greatest increase in tropospheric O 3 [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF][START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF]. However, the positive O 3 trends are attributed to different factors such as biomass burning [START_REF] Heue | ŞTrends of tropical tropospheric ozone from 20 years of European satellite measurements and perspectives for the Sentinel-5 PrecursorŤ[END_REF], anthropogenic emissions [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF], and dynamics (Lu et al., 2019a;[START_REF] Thompson | ŞRegional and Seasonal trends in tropical ozone from SHADOZ proĄles: Reference for models and satellite productsŤ[END_REF]. Therefore, the chemical and physical mechanisms responsible for the O 3 increase are not clear yet and need further investigation.

To have a better understanding of the evolution of tropical O 3 and precursors, it would be necessary to use a global Chemistry Transport Model (CTM). Modelling studies (e.g. [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF][START_REF] Who | WHO global air quality guidelines: particulate matter (PM2. 5 and PM10), ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide[END_REF], Lu et al., 2019a) ) attributing O 3 trends lack an updated evaluation of the anthropogenic and climate factors, as they are focused on rather limited periods up to 2010.

Also, the coarse horizontal resolution of the simulations (4°× 5°, Lu et al., 2019a;[START_REF] Wang | ŞGlobal tropospheric ozone trends, attributions, and radiative impacts in 1995Ű2017: an integrated analysis using aircraft (IAGOS) observations, ozonesonde, and multi-decadal chemical model simulationsŤ[END_REF] limits the ability of the model to capture the ĄneŰscale characteristics of O 3 trends, especially near the surface where the lifetime of O 3 and precursors is shorter (e.g. [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF].

In this context, we could take advantage of the new generation of the global GEOSŰChem CTM (Bey et al., 2001b), the GEOS-Chem High Performance (GCHP) [START_REF] Eastham | ŞGEOS-Chem High Performance (GCHP v11-02c): a next-generation implementation of the GEOS-Chem chemical transport model for massively parallel applicationsŤ[END_REF][START_REF] Martin | ŞImproved Advection, Resolution, Performance, and Community Access in the New Generation (Version 13) of the High Performance GEOS-Chem Global Atmospheric Chemistry Model (GCHP)Ť[END_REF]. In contrast to GEOSŰChem, the GCHP allows the parallel execution of the model and thus it achieves greater accuracy in simulating transport [START_REF] Eastham | ŞGEOS-Chem High Performance (GCHP v11-02c): a next-generation implementation of the GEOS-Chem chemical transport model for massively parallel applicationsŤ[END_REF]. GCHP also enables the simulations to be performed at high resolution (0.5°x 0.625°), with 72 vertical layers extending from the surface up to 0.01 hPa. GCHP represents the complete chemistry of NO x ŰVOCsŰO 3 Űaerosols by coupling the troposphere to the stratosphere [START_REF] Eastham | ŞDevelopment and evaluation of the uniĄed troposphericŰstratospheric chemistry extension (UCX) for the global chemistrytransport model GEOS-ChemŤ[END_REF]. It is driven by the MERRAŰ2 meteorological Ąelds from the NASA Global Modelling and Assimilation Office (GMAO), with a native horizontal resolution of 0.5°x 0.625° [START_REF] Gelaro | ŞThe modern-era retrospective analysis for research and applications, version 2 (MERRA-2)Ť[END_REF].

The simulations should represent the evolution of the atmospheric composition over a period accounting for demographic and climate changes (e.g. 1997Ű2020). The AN emissions could be driven by the latest version of CEDS2 [START_REF] Mcduffie | ŞA global anthropogenic emission inventory of atmospheric pollutants from sector-and fuel-speciĄc sources (1970Ű 2017): an application of the Community Emissions Data System (CEDS)Ť[END_REF], which is the most upŰtoŰ date AN emission inventory and is provided at a monthly 0.5°x 0.5°resolution. Concerning the BB emissions, we could use the GFED4 emission inventory [START_REF] Giglio | ŞAnalysis of daily, monthly, and annual burned area using the fourth-generation global Ąre emissions database (GFED4)Ť[END_REF], which is available at a monthly 0.25°x 0.25°resolution. The burned area and Ąre emissions provided by GFED4 are based on satellite information on Ąre activity and vegetation productivity.

Natural emissions of O 3 precursors which are sensitive to the climate, such as biogenic emissions of nonŰCH 4 VOCs, soil, and lightning emissions of NO x , can be calculated online in the model.

In this frame, we could perform a series of simulations using GCHP, to calibrate the model and then develop sensitivity tests on the processes related to O 3 chemistry:

• The reference simulation should be conducted at a 0.5°x 0.625°resolution, using yearŰ speciĄc meteorology and emissions for the period 1997Ű2020. The validation of the reference simulation could be done by comparisons with IAGOS and IASI measurements in the tropics.

• The sensitivity simulations could quantify the impact of changes in: i) anthropogenic emissions, ii) biomass burning emissions, iii) lightning emissions, iv) soil emissions, v) aircraft emissions, vi) methane concentration, and v) meteorology on O 3 and precursors trends in the tropics. This can be achieved by Ąxing a speciĄc source or meteorology at the 1997 conditions in the model simulations. The contribution of each factor could be estimated as the difference of ozone trends estimated in the reference simulation and the sensitivity tests.

The reference and sensitivity simulations could be useful to assess the controlling factors of the tropical O 3 and precursors trends, as well as their impact on a global scale.

Chapter 7

Conclusions and Perspectives in french 

Attribution des tendances dans les tropiques

Nos résultats mettent en évidence la plus forte augmentation de lŠO 3 troposphérique libre au-dessus des tropiques. Ceci est en accord avec des études récentes rapportant que les tropiques sont responsables de la plus grande augmentation de lŠO 3 troposphérique [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF][START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF]. Cependant, les tendances positives de lŠO 3 sont attribuées à différents facteurs tels que la combustion de la biomasse [START_REF] Heue | ŞTrends of tropical tropospheric ozone from 20 years of European satellite measurements and perspectives for the Sentinel-5 PrecursorŤ[END_REF], les émissions anthropiques [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF] et la dynamique (Lu et al., 2019a;[START_REF] Thompson | ŞRegional and Seasonal trends in tropical ozone from SHADOZ proĄles: Reference for models and satellite productsŤ[END_REF].

Par conséquent, les mécanismes chimiques et physiques responsables de lŠaugmentation de lŠO 3 ne sont pas encore clairs et doivent être étudiés plus en profondeur.

AĄn de mieux comprendre lŠévolution de lŠO 3 tropical et de ses précurseurs, il serait nécessaire dŠutiliser un Chemistry Transport Model (CTM) global. Les études de modélisation (par exemple, [START_REF] Zhang | ŞTropospheric ozone change from 1980 to 2010 dominated by equatorward redistribution of emissionsŤ[END_REF][START_REF] Who | WHO global air quality guidelines: particulate matter (PM2. 5 and PM10), ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide[END_REF]Lu et al., 2019a) attribuant les tendances de lŠO 3 manquent dŠune évaluation actualisée des facteurs anthropiques et climatiques, car elles se concentrent sur des périodes plutôt limitées jusquŠen 2010. En outre, la résolution horizontale grossière des simulations (4°× 5°, Lu et al., 2019a;[START_REF] Wang | ŞGlobal tropospheric ozone trends, attributions, and radiative impacts in 1995Ű2017: an integrated analysis using aircraft (IAGOS) observations, ozonesonde, and multi-decadal chemical model simulationsŤ[END_REF] limite la capacité du modèle à saisir les caractéristiques à Ąne échelle des tendances de lŠO 3 , en particulier près de la surface où la durée de vie de lŠO 3 et des précurseurs est plus courte (e.g. [START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF].

Dans ce contexte, nous pourrions tirer parti de la nouvelle génération de la MCT globale GEOS-Chem (Bey et al., 2001b), de la GEOS-Chem High Performance (GCHP) [START_REF] Eastham | ŞGEOS-Chem High Performance (GCHP v11-02c): a next-generation implementation of the GEOS-Chem chemical transport model for massively parallel applicationsŤ[END_REF][START_REF] Martin | ŞImproved Advection, Resolution, Performance, and Community Access in the New Generation (Version 13) of the High Performance GEOS-Chem Global Atmospheric Chemistry Model (GCHP)Ť[END_REF]. Contrairement à GEOS-Chem, le GCHP permet lŠexécution parallèle du modèle et atteint ainsi une plus grande précision dans la simulation du transport [START_REF] Eastham | ŞGEOS-Chem High Performance (GCHP v11-02c): a next-generation implementation of the GEOS-Chem chemical transport model for massively parallel applicationsŤ[END_REF]. Le GCHP permet également de réaliser les simulations à haute résolution (0.5°x 0.625°), avec 72 couches verticales sŠétendant de la surface jusquŠà 0.01 hPa. Le GCHP représente la chimie complète des NO x ŰVOCsŰO 3 Űaérosols en couplant la troposphère à la stratosphère [START_REF] Eastham | ŞDevelopment and evaluation of the uniĄed troposphericŰstratospheric chemistry extension (UCX) for the global chemistrytransport model GEOS-ChemŤ[END_REF]. Il est piloté par les champs météorologiques MERRA-2 du Global Modeling and Assimilation Office (GMAO) de la NASA, avec une résolution horizontale native de 0.5°x 0.625° [START_REF] Gelaro | ŞThe modern-era retrospective analysis for research and applications, version 2 (MERRA-2)Ť[END_REF].

Les simulations doivent représenter lŠévolution de la composition de lŠatmosphère sur une période tenant compte des changements démographiques et climatiques (par exemple, 1997Ű 2020). Les émissions AN pourraient être déterminées par la dernière version de CEDS2 [START_REF] Mcduffie | ŞA global anthropogenic emission inventory of atmospheric pollutants from sector-and fuel-speciĄc sources (1970Ű 2017): an application of the Community Emissions Data System (CEDS)Ť[END_REF], qui est lŠinventaire dŠémissions AN le plus à jour et qui est fourni à une résolution mensuelle de 0.5°x 0.5°. En ce qui concerne les émissions BB, nous pourrions utiliser lŠinventaire des émissions GFED4 [START_REF] Giglio | ŞAnalysis of daily, monthly, and annual burned area using the fourth-generation global Ąre emissions database (GFED4)Ť[END_REF], qui est disponible à une résolution mensuelle de 0.25°x 0.25°. La surface brûlée et les émissions dues aux incendies fournies par GFED4 sont basées sur des informations satellitaires sur lŠactivité des incendies et la productivité de la végétation. Les émissions naturelles de précurseurs de lŠO 3 qui sont sensibles au climat, telles que les émissions biogéniques de COV non-CH 4 , les émissions de NO x provenant du sol et des éclairs, peuvent être calculées en ligne dans le modèle.

Dans ce cadre, nous pourrions effectuer une série de simulations à lŠaide du GCHP, pour calibrer le modèle et ensuite développer des tests de sensibilité sur les processus liés à la chimie de O 3 :

• La simulation de référence devrait être réalisée à une résolution de 0,5 degré x 0,625 degré, en utilisant la météorologie et les émissions spéciĄques à lŠannée pour la période 1997Ű2020. La validation de la simulation de référence pourrait être effectuée par des comparaisons avec les mesures IAGOS et IASI dans les tropiques.

• Les simulations de sensibilité pourraient quantiĄer lŠimpact des changements dans : i) les émissions anthropiques, ii) les émissions de la combustion de la biomasse, iii) les émissions de la foudre, iv) les émissions du sol, v) les émissions des avions, vi) la concentration de méthane, et v) la météorologie sur les tendances de O 3 et des précurseurs dans les tropiques. Ceci peut être réalisé en Ąxant une source ou une météorologie spéciĄque aux conditions de 1997 dans les simulations du modèle. La contribution de chaque facteur pourrait être estimée comme la différence entre les tendances de lŠozone estimées dans la simulation de référence et dans les tests de sensibilité.

Les simulations de référence et de sensibilité pourraient être utiles pour évaluer les facteurs de contrôle des tendances de lŠO 3 tropical et des précurseurs, ainsi que leur impact à lŠéchelle mondiale.
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 1 Cycling of HO x and O 3 production in a polluted atmosphere. Source: Jacob (1999) 1.2 Isopleth (lines of constant value) plots for O 3 mixing ratios as a function of various initial VOCs and NO x mixing ratios based on the EKMA (Empirical Kinetic Modelling Approach) model. Source: National Research Council (1991) 1.3 PresentŰday tropospheric O 3 budget terms based on models, and observations (where available). (a) The annual average O 3 burden, and annual total Ćuxes for (b) Chemical production and loss, (c) Dry deposition, and (d) Net stratospheric inĆux. Model results are shown as boxŰwhisker plots, also indicating the median (horizontal line) and mean (Ąlled circle) values of 50 models for
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 75 Example of an individual IAGOS-CO and SOFT-IO contribution vertical proĄle during a single Ćight departing from Lagos on 2003Ű05Ű19 15:53:14. The purple line represents the observed CO mixing ratio, while the dashed line the background CO mixing ratio (in ppb) computed as explained in the text. The intermediate hatched part indicates the positive CO anomaly. The coloured part on the left shows the vertical distribution of CO contributions computed by SOFT-IO (in ppb). The geographic origin of CO emissions is indicated by the different colours, with the hatched part showing AN contribution, and the nonŰhatched part BB contribution. 3.8 Monthly mean UT (between 300Ű185 hPa) CO distributions measured by IAGOS for the period 2002Ű2020. The red boxes indicate the regions taken into account for the computation of the background CO mixing ratios. 4.1 IAGOS (at 300Ű185 hPa) (aŰd) and IASI-SOFRID (at 290Ű220 hPa) (eŰh) UT O 3 mixing ratios averaged from 2008 to 2019 on a 1x1 grid. The boxes indicate the regions with the highest IAGOS coverage and are used for the computation of the meridional O 3 and CO transects. The hatched part in the SOFRID map shows points where outgoing longwave radiation is lower than 220 W m -2 . 4.2 IAGOS (between 300Ű185 hPa) and IASI-SOFRID (between 290Ű220 hPa) monthly meridional transects of O 3 over i) NAtlantic, ii) Atlantic, iii) Africa iv) SAsia and v) SEAsia transects (The deĄnition of the transects is given in Figs. 4.1 and 4.3). The shadowed part shows a range of ± one standard deviation. The red line (and the right axis) represents the relative difference between SOFRID and Number of IAGOS Ćights per month over Windhoek. 4.6 Number of IAGOS Ćights per month over South China. 4.7 Tropospheric column (1000Ű200 hPa) O 3 change in DU based on IAGOS (orange bars) daily measurements and IASI (blue bars): (a) monthly and (b) daily measurements when IAGOS data are available. The error bars correspond to the 90 % conĄdence intervals of the change. The Table in panel (b) shows the reference and modern periods taken into account for each site. 78 4.8 (a) Tropospheric column (1000Ű200 hPa) and (b) partial column (700Ű200 hPa) O 3 change in DU based on IAGOS (orange bars) and IASI (blue bars) daily measurements. The error bars correspond to the 90 % conĄdence intervals. The Table in panel (a) shows the reference and modern periods taken into account for each site. 81 4.9 IAGOS O 3 vertical distributions (in ppb) averaged for the reference period (blue line) and the modern period (red line). The shadowed part corresponds to ±1 standard deviation. The time span of the two periods is annotated in the legend. 83 4.10 Partial column (700Ű200 hPa) O 3 change (in %) between the reference (2008Ű2010) and the modern period (2018Ű2020) based on SOFRID-O 3 retrievals. 85 5.1 Locations of tropical sites served by IAGOS, and geographical source regions used in SOFT-IO model. BONA: Boreal North America; TENA: Temperate North America; CEAM: Central America; NHSA: Northern Hemisphere South America; SHSA: Southern Hemisphere South America; EURO: Europe; MIDE: Middle East; NHAF: Northern Hemisphere Africa; SHAF: Southern Hemisphere Africa; BOAS: Boreal Asia; CEAS: Central Asia; SEAS: Southeast Asia; EQAS: Equatorial Asia; AUST: Australia and New Zealand. 99 5.2 IASI LT CO (between 900Ű700 hPa) (a) and MT O 3 (between 600Ű400 hPa) (b) mixing ratios averaged from 2008 to 2019 on a 1x1 grid. 101 5.3 Monthly mean LT CO distributions (aŰd), MT O 3 distributions (eŰh), UT CO distributions based on IASI (iŰl) and IAGOS (qŰt), UT O 3 distributions based on IASI (mŰp) and IAGOS (uŰx). 103 5.4 IAGOS monthly mean O 3 (panel 1) and CO (panel 2) vertical distributions for the African clusters and sites. The annotated numbers correspond to the number of Ćights per month, given in the same colour as in the legend. The shadowed part corresponds to ± one standard deviation. The location of the clusters and sites is displayed in Fig. 5.1. Vertical distribution of CO contributions (in ppb), averaged over all the positive CO anomalies observed in the IAGOS vertical proĄle (panels 3 to 5). The geographic origin of CO emissions is indicated by the different colours, with the hatched part showing AN contribution, and the nonŰhatched part BB contribution. Note that the source region where the site belongs is indicated by the colour of the box. List of Tables 1.1 Average CO budget in (10 3 Tg CO yr -1 ) during 2000Ű2017 based on Zheng et al. (2019). 4.1 Statistics of the comparison between IAGOS and IASI-SOFRID monthly O 3 /CO meridional UT transects for the period 2008Ű2019. The Pearson correlation coefficient (R), the bias (in %), and the rootŰmeanŰsquare of the relative difference (RMSD) (in %) are given. 4.2 Mean statistics of the comparison between IAGOS and IASI-SOFRID monthly O 3 and CO meridional UT transects. The correlation coefficient and the mean bias (in %) are given. 4.3 IAGOS, IASIŰmonthly and IASIŰdaily tropospheric (1000Ű200 hPa) O 3 change (in DU) between the reference and the modern period. The mean indicates the mean O 3 change between the two periods. Numbers in bold correspond to statistically signiĄcant O 3 changes. The CI stands for the 90 % conĄdence interval of the change. The insigniĄcant changes with respect to the 90 % conĄdence intervals are indicated as NS. 4.4 O 3 change (in DU) based on IAGOS and IASI daily measurements (these results are also displayed in Figure 4.8). From left to right, tropospheric column (1000Ű 200 hPa) and partial tropospheric column (700Ű200 hPa) O 3 change between the reference and the modern periods. The mean indicates the mean O 3 change between the two periods. Numbers in bold correspond to statistically signiĄcant O 3 changes. The CI stands for the 90 % conĄdence interval of the change. The insigniĄcant changes with respect to the 90 % conĄdence intervals are indicated as NS. 5.1 Field campaigns providing in situ gas and aerosol measurements in the tropics. 5.2 Description of individual sites and clusters used in this study. The location of the sites is displayed in Fig. 5.1 5.3 Annual mean LT CO and O 3 mixing ratio (in ppb) over the Northern Tropics (0Ű25°N), Southern Tropics (0Ű25°S), Northern Africa (10°WŰ12.5°E; 0Ű12.5°N
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 1 Figure 1.1 displays the diagram of the O 3 production mechanism based on the reactions above. After one chain propagation cycle (R4ŰR7), two molecules of O 3 are formed, in the steps (R5) and (R7).
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 11 Figure 1.1: Cycling of HO x and O 3 production in a polluted atmosphere. Source: Jacob(1999) 
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 121 Figure 1.2: Isopleth (lines of constant value) plots for O 3 mixing ratios as a function of various initial VOCs and NO x mixing ratios based on the EKMA (Empirical Kinetic Modelling Approach) model. Source: National Research Council (1991)
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 1 Figure 1.3 displays the global O 3 burden, and the aforementioned terms computed by the models taking part in the European Union project Atmospheric Composition Change: the
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 1 3 displays a signiĄcant range of burden terms calculated by the different models. This indicates the levels of uncertainties in our understanding of the global O 3 . The burden ranges by a factor of approximately 1.5, the chemical terms by a factor of 2, and the S and D by a factor of 3.
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 13 Figure 1.3: PresentŰday tropospheric O 3 budget terms based on models, and observations (where available). (a) The annual average O 3 burden, and annual total Ćuxes for (b) Chemical production and loss, (c) Dry deposition, and (d) Net stratospheric inĆux. Model results areshown as boxŰwhisker plots, also indicating the median (horizontal line) and mean (Ąlled circle) values of 50 models for the burden and 30 models for the Ćuxes (numbers of models indicated next to the boxes). ObservationŰbased estimates for the burden are from Li1995[START_REF] Li | ŞA 4-dimensional ozone climatology for UGAMP models[END_REF]; after[START_REF] Wild | ŞModelling the global tropospheric ozone budget: exploring the variability in current modelsŤ[END_REF], FK1998[START_REF] Paul | ŞAn ozone climatology based on ozonesonde and satellite measurementsŤ[END_REF], Logan1999[START_REF] Logan | ŞTrends in the vertical distribution of ozone: A comparison of two analyses of ozonesonde dataŤ[END_REF], Ziemke2011 (after Ziemke et al. (2011)) and Osterman2008[START_REF] Osterman | ŞValidation of Tropospheric Emission Spectrometer (TES) measurements of the total, stratospheric, and tropospheric column abundance of ozoneŤ[END_REF]; range). ObservationŰbased estimates for the net stratospheric inĆux are from MF1994[START_REF] Murphy | ŞAn estimate of the Ćux of stratospheric reactive nitrogen and ozone into the troposphereŤ[END_REF], Gettelman1997[START_REF] Gettelman | ŞMass Ćuxes of O3, CH4, N2O and CF2Cl2 in the lower stratosphere calculated from observational dataŤ[END_REF]), and Olsen2001 (Olsen et al., 2001). The error bars indicate their full uncertainty ranges. Source:[START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF] 
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 14 Figure 1.4: InversionŰbased estimates of global CO budget (Tg CO yr -1 ). Source: Zheng et al. (2019).

  deĄcit is mainly achieved by atmospheric motions. Because the Earth is rotating and thus these motions are affected by the Coriolis force, the air cannot Ćow directly from the equator to the pole and back. Instead, the circulation of the atmosphere can be explained by a simpliĄed threeŰcell model consisting of: 1) the Hadley cell in the equatorial region, 2) the Ferrel cell in the midŰlatitudes, and 3) the polar cell at high latitudes (Figure 2.1).
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 21 Figure 2.1: Schematic of Hadley, Ferrel, and polar cell circulation. Source: NOAA

Figure 2 . 2 :

 22 Figure 2.2: Schematic of Hadley cell circulation. Source: Fiehn (2017)

Figure 2 . 3 :

 23 Figure 2.3: Position of the Intertropical convergence zone during January and July. Source:[START_REF] Yan | ŞIntertropical convergence zone (ITCZ)Ť[END_REF] 

  Figure 2.4 top panel). The soŰcalled Walker circulation is driven by differences in surface temperature and the resulting pressure gradients over the western and eastern tropical PaciĄc Ocean. During normal (average) conditions over the PaciĄc Ocean, trade winds blow westwards along the equator, moving warm water from South America towards Asia (Figure 2.4 top panel). A westerly Ćow develops in the UT, while convection and rainfall occur mostly over SouthEast Asia. El Niijo and La Niija are two climate patterns that disturb these normal conditions (more details follow later).

  , convective transport can affect the O 3 distribution by vertical mixing. O 3 Űpoor masses from the LT, where the O 3 lifetime is short (Section 1.1.2), are uplifted in the UT, where it is long. Due to mass conservation, the O 3 Űrich air masses from the UT are transported to the LT, by subsidence. The effect of this airŰmass exchange between the LT and UT leads to a decline in UT O 3 and the tropospheric O 3 lifetime and burden. Over polluted regions, such as Asia, the convective uplifting of O 3 precursors, and the emitted during convective storms increase the O 3 production in the MT and UT.

  pressure changes induce changes in the wind patterns. During an El Niijo event, the trade winds over the PaciĄc are less strong, the precipitation rates are lower than the average over Indonesia and stronger than the average over the Central or Eastern PaciĄc. The La Niija pattern (Fig. not shown) shows the opposite effects of the El Niijo. Cooler water temperatures over the West Coast of America lead to stronger trade winds. Lower (resp. higher) than the average pressure over Western PaciĄc (resp. Central and Eastern PaciĄc)results in increased (resp. decreased) rainfall in that region. Consequently, drier than the average conditions are induced over South America.

Figure 2 . 4 :

 24 Figure 2.4: Top panel: Average conditions of ocean temperatures, rainfall, pressure, and winds over the PaciĄc Ocean during neutral conditions. Bottom panel: State of the ocean and the atmosphere during El Niijo conditions. Source: NOAA image created by David Stroud

  2.5 right panel). The prevailing southwesterly (resp. westerlies) during the East Asian (resp. South Asian) summer monsoon (Fig. 2.5 left panel) brings clean and moist ocean air to East Asia (resp. Indian subcontinent), enhances cloud covers and precipitations. Satellite and in situ observations have shown a decrease in tropospheric O 3 in South and SouthEast Asia from May to August with the evolution of the Asian Summer Monsoon. This decrease is associated either with reduced photochemistry production of O 3 or transport of O 3 Űpoor oceanic air masses. At the same time, the Asian monsoon Anticyclone (AMA) dominates the circulation in the upper levels of the troposphere (Barret

  Figure 2.6 displays the transport processes developed during the Asian summer monsoon: 1. LT air masses impacted by surface Asian emissions are captured in the Asian monsoon. 2. They are convectively uplifted in the UT by the Asian monsoon 3. and are trapped in the AMA circulation in the UT.4. South of AMA, strong westward winds, the Tropical Easterly Jet (TEJ), are responsible for the longŰrange transport of Asian polluted air masses towards Northern Africa and the Middle East[START_REF] Barret | ŞTransport pathways of CO in the African upper troposphere during the monsoon season: a study based upon the assimilation of spaceborne observationsŤ[END_REF].

36CHAPTER 2 .

 2 TROPICS: TROPOSPHERIC DYNAMICS AND PRECURSOR EMISSIONS 5. Subsiding air masses result in the buildŰup of pollutants in the MT above the Middle East and Mediterranean[START_REF] Dayan | ŞAtmospheric pollution over the eastern Mediterranean during summerŰa reviewŤ[END_REF].
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 2526 Figure 2.5: Transport pathways near the surface over the Indian Ocean during the Asian summer (left panel) and winter (right panel) monsoon. Source: Lawrence and Lelieveld (2010)
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 27 Figure 2.7: Monthly mean streamlines from the 2002 ECMWF analyses. (a) 250 hPa January, (b) 250 hPa July, (c) 650 hPa January, (d) 650 hPa July, (e) 850 hPa January, (f) 850 hPa July. The main dynamic African features are written in blue. The red line displays the ITCZ and the red points the position of the Ąres in January and July. Shaded areas indicate the AEJ location. Source: Sauvage et al. (2005)

(

  easterly). The Andes mountains act as a barrier to this easterly Ćow and deĆect it towards the south, over western Brazil, Bolivia, and Paraguay (Silva and Kousky, 2012). During summertime, the intense convection above the land results in the development of an UT anticyclone, the soŰcalled Bolivian High (Figure 2.8). The air is rising over the land and sinks over the PaciĄc and Atlantic oceans. These oceanic regions are associated with the absence of deep convection and the development of an upperŰtropospheric cyclonic circulation.

Figure 2 . 8 :

 28 Figure 2.8: Schematic of vertical section over South America during the South American Monsoon. Source: Climate Variability & Predictability Program (CLIVAR) (www.clivar. org)

Figure 2 . 9 :

 29 Figure 2.9: Monthly mean emissions (in mg m -2 day -1 ) of isoprene (a) and monoterpenes (b) by the MEGAN model averaged for the period 1980Ű2010. Source: Sindelarova et al.(2014) 

  Figure2.10 displays the monthly mean soil NO x emissions averaged for the period 1980Ů2017. It is obvious that the highest NO x soil emissions on an annual scale occur over the tropics. As reported by[START_REF] Weng | ŞGlobal high-resolution emissions of soil NOx, sea salt aerosols, and biogenic volatile organic compoundsŤ[END_REF], the shifting of the emissions from the NH to the SH follows the seasonal variations of the temperature. The peak of the emissions is observed over regions with intense agricultural activities such as the Ganges River Basin of India[START_REF] Weng | ŞGlobal high-resolution emissions of soil NOx, sea salt aerosols, and biogenic volatile organic compoundsŤ[END_REF].
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 210 Figure 2.10: Monthly mean soil NO x emissions (in kgN m 2 ) for January (a), April (b), July (c), and October (d) based on MERRA-2 data averaged for the period 1980Ű2017. Source: Weng et al. (2020)

Figure 2 .

 2 Figure 2.11 displays the seasonal mean global Ćash rate density averaged for the period 1998Ű2003 based on satellite observations. It is obvious that the highest lightning activity is observed over the region of the tropics, especially in Africa. The most intense lighting activity, and thus LiNO x sources, are found in the location of the ITCZ (Section 2.1) (Christian

  LiNO x on UT tropical O 3 . For instance,[START_REF] Liaskos | ŞSensitivity of tropical tropospheric composition to lightning NOx production as determined by replay simulations with GEOS-5Ť[END_REF] found that a decline in LiNO x from 5 to 2.5 Tg(N) yr -1 leads to a signiĄcant reduction of UT O 3 in the tropics, up to 40Ű60 %. Using tagged traces from different NO x sources,[START_REF] Grewe | ŞImpact of climate variability on tropospheric ozoneŤ[END_REF] found that lightning contributed 40 % of O 3 and 70 % of reactive nitrogen compounds (NO y ) in the tropical UT, while[START_REF] Lelieveld | ŞWhat controls tropospheric ozone?Ť In[END_REF] found a 50 % contribution of lightning to the UT tropical O 3 . Using the GEOSŰchem model,Sauvage et al. (2007b) found that lightning is the main contributor to tropical tropospheric O 3 , accounting for more than 28 % of the tropical tropospheric O 3 burden on an annual average. The contribution of biomass burning, fossil fuels, and soils are 4 to 6 times smaller, even though the strength of the sources are similar. This is because of the increased OPE with altitude.
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 211 Figure 2.11: Seasonal mean global Ćash rate density constructed from individual observations made by the Lightning Imaging Sensor (LIS) on the Tropical Rainfall Measuring Mission (TRMM) satellite averaged for the period 1998Ű2003. Source: https: //ghrc.nsstc.nasa.gov/lightning/data/data_lis_vhr-climatology.html

Figure 2 .

 2 Figure 2.12a displays the mean annual Ąre pixel density based on Terra MODIS Ąre observations for the period 2000Ű2005. It is obvious that the highest Ąre pixel density occurs over the tropics, especially over NH Africa, followed by South America and Asia. The peak month of the Ąre activity and the duration of the Ąre season is displayed in Figure 2.12b and c, respectively. The Ąres over the aforementioned tropical regions last for approximately three months (Figure 2.12c), which corresponds to the dry season of each hemisphere. The seasonal pattern of the Ąres differs for the tropical regions (Figure 2.12b) because the dry and rainy seasons are controlled by the positions of the ITCZ (Figure 2.7, Section 2.1).Consequently, the Ąres in the NH are active during the boreal winter, when the ITCZ is located further south (Figure2.3). The Ąre activities over NH Africa peak in January, while over NH South America and Central Asia during March (Fig.2.12b). During boreal summer, the ITCZ mitigates northwards (Figure2.3), resulting in dry conditions over the SH. As a result, the Ąres are moving towards the south over SH Africa (peaking during July and September), SH South America (peak in September), and SouthEast and Equatorial Asia (peak in February and October) (Fig.2.12a and b).
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 212 Figure 2.12: Climatological Ąelds derived from the Ąrst 5 years of Terra MODIS Ąre observations for the period 2000Ű2005. (a) Mean annual Ąre pixel density, (b) month of maximum Ąre activity, and (c) length of the Ąre season. Source: Giglio et al. (2006)

Figure 2 . 13 :

 213 Figure 2.13: Dominant Ąre type in each 0.5°grid cell based on carbon emissions. Source: Werf et al. (2010)

Figure 2 .

 2 Figure 2.15 displays the tropical AN emissions from Community Emissions Data System (CEDS2) emission inventory averaged for the period 2000Ű2019. In contrast to BB, AN

Figure 2 .

 2 Figure 2.15: CEDS2 AN CO emissions (in kg m -2 s -1 ) averaged from 2000 to 2019.
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 31 Figure 3.1: Evolution of observations from programmes MOZAIC and CARIBIC to IAGOS: the aircraft represent the number of equipped units in operation. Observed parameters are indicated for the various evolution stages of the program. Source: www.iagos.org
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 32 Figure 3.2: Map of IAGOS Ćights per airline since 1994. Source: Blot et al. (2021)

O

  3 and CO measurements are based on optical instruments, which measure the absorption of sampled air at different wavelengths. Two samples are used: one with ambient air containing O 3 (resp. CO), and one with zero O 3 (resp. CO) air (removed by MnO 3 and Sofnocat Ąlters respectively). Auxiliary measurements of temperature and pressure make it possible to automatically deduce a mixing ratio.

  IAGOS data are controlled by a central computer. In realŰtime, the measurements are assigned to Ćight parameters (such as the position of the aircraft), by the computer onboard the aircraft. Then, they are sent to the central computer, where they are subject to validation processes (Figure3.3). These validated data are sent to operational users (e.g. Copernicus).Data fully validated and calibrated are stored in the database. In this Ąnal stage, they include auxiliary data (such as potential vorticity) calculated from the European Center for Medium Range Weather Forecasts (ECMWF) operational Ąelds, interpolated along IAGOS trajectories. Further information about the auxiliary data will be given in Section 3.3.
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 33 Figure 3.3: IAGOS data Ćow. Source: Petzold et al. (2015)

Figure 3 . 4 :

 34 Figure 3.4: Example of IAGOS O 3 data measured during a single Ćight from Atlanta to Frankfurt. Top panel: the trajectory of the aircraft. Middle panel: the evolution of the aircraft altitude (left); O 3 measurements (in ppb) during the ascent (middle) and descent (right) phase. Bottom: O 3 measurements (in ppb) during the cruise phase. Source: https://www.iagos.org/
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 35 Figure 3.5: IASI Ąeld of view. Source: https://www.eumetsat.int/iasi

(

  2011) and De[START_REF] De Wachter | ŞRetrieval of MetOp-A/IASI CO proĄles and validation with MOZAIC dataŤ[END_REF]. BrieĆy, based on the AVHRR 1 Űderived fractional cloud cover from the IASI EUMETSAT L2 products, only pixels with a cloud fraction between 0 and 25 % are taken into account. For pixels with unavailable cloud fraction, the retrieved surface temperature at 11µm (T11) and 12µm (T12) IASI channels are compared to the ECWMF surface temperature. When the difference between T12 and the ECMWF surface temperature is larger than 10 K or when the difference between T11 and T12 is larger than ±10 K, the pixel is removed because it is considered contaminated by clouds.De[START_REF] De Wachter | ŞRetrieval of MetOp-A/IASI CO proĄles and validation with MOZAIC dataŤ[END_REF] validated SOFRID-CO relative to IAGOS CO proĄles for the 2008Ű2009 period. They showed that IASI provides two independent pieces of information in the lower (surfaceŰ480 hPa) and upper troposphere (480Ű225 hPa), with retrieval errors of less than 21% and 10%, respectively. IASI captures the seasonal variability of CO over the tropics (Windhoek) and the midŰlatitudes (Frankfurt) in the lower and upper troposphere in good agreement relative to IAGOS, as indicated by the large correlation coefficients (0.85 and 0.70 respectively). At Windhoek, SOFRID-CO is biased low in the lower troposphere and upper troposphere by 13 ± 20 % and 4 ± 12 % respectively. SOFRID-O 3 v3.5 retrievals use a dynamical a priori proĄle based on latitude, season, and
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 36 Figure 3.6: Locations of tropical sites served by IAGOS, and geographical source regions used in SOFT-IO model. BONA: Boreal North America; TENA: Temperate North America; CEAM: Central America; NHSA: Northern Hemisphere South America; SHSA: Southern Hemisphere South America; EURO: Europe; MIDE: Middle East; NHAF: Northern Hemisphere Africa; SHAF: Southern Hemisphere Africa; BOAS: Boreal Asia; CEAS: Central Asia; SEAS: Southeast Asia; EQAS: Equatorial Asia; AUST: Australia and New Zealand.

Figure 3 .

 3 Figure 3.7 displays one example of an individual vertical proĄle of IAGOS and SOFT-IO contributions during a single Ćight departing from Lagos on 19 May 2003. The Figure shows the absolute contributions computed by SOFT-IO. In our study, we focus on the SOFT-IO contributions to the positive CO anomalies over a site. A CO anomaly is deĄned as the positive difference between the observed and the background CO mixing ratio (see Figure 3.7).

Figure 3

 3 Figure 3.8. The box on the left (resp. right) located over the remote tropical Atlantic (resp. PaciĄc) is used to compute the background CO mixing ratio over the South American (resp. Asian) clusters. The box over NH Africa (resp. SH Africa) is used for the respective African clusters as they are located upwind of the local AN and BB (resp. BB) local emissions.The background CO mixing ratio is computed for every month (January, April, July, and October) to take into account the seasonal variations of the observed CO mixing ratio, as illustrated in Figure3.8.
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 37 Figure 3.7: Example of an individual IAGOS-CO and SOFT-IO contribution vertical proĄle during a single Ćight departing from Lagos on 2003Ű05Ű19 15:53:14. The purple line represents the observed CO mixing ratio, while the dashed line the background CO mixing ratio (in ppb) computed as explained in the text. The intermediate hatched part indicates the positive CO anomaly. The coloured part on the left shows the vertical distribution of CO contributions computed by SOFT-IO (in ppb). The geographic origin of CO emissions is indicated by the different colours, with the hatched part showing AN contribution, and the nonŰhatched part BB contribution.
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 38 Figure 3.8: Monthly mean UT (between 300Ű185 hPa) CO distributions measured by IAGOS for the period 2002Ű2020. The red boxes indicate the regions taken into account for the computation of the background CO mixing ratios.

  The absolute contributions estimated by SOFT-IO can be subject to biases and uncertainties mainly induced by uncertainties in emissions inventories or difficulties in the representation of processes such as deep convention, by the FLEXPART model or ECMWF analyses. Sauvage et al. (2017) validated SOFT-IO performance against IAGOS CO observations for several regions and tropospheric levels. Results show SOFT-IOŠs capability to detect more than 95 % of the observed CO anomalies over most of the regions, without any strong dependence on altitude or region of the CO plume. SOFT-IO captures the intensity of CO anomalies

  and IAGOS[START_REF] De Wachter | ŞRetrieval of MetOp-A/IASI CO proĄles and validation with MOZAIC dataŤ[END_REF], which offer rather limited spatial coverage and are not indicative of the whole tropical UTLS. The validation study over the tropics is particularly interesting as cloud formation is associated with the ITCZ and might affect the measurements from space. SOFRID-O 3 retrievals have been validated for a long period (2008Ű2017)[START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF]). An issue that was raised in this study was a systematic underestimation of O 3 by IASI in the tropical UTLS, with a bias of -12 % (resp. -21 %) in the northern (resp. southern) tropics. On the other hand, SOFRID-CO retrievals have been only validated at the beginning of the IASI period and in a very short time frame (2008Ű2009)[START_REF] De Wachter | ŞRetrieval of MetOp-A/IASI CO proĄles and validation with MOZAIC dataŤ[END_REF].In this context, in Section 4.1, the UT O 3 and CO mixing ratios from IAGOS and IASI-SOFRID are compared to evaluate the ability of IASI to document the UT O 3 and CO spatiotemporal variations over the tropics and subtropics. For the validation of IASI-SOFRID, it is necessary to include the subtropics (between 25°SŰ34°S and 25°NŰ34°N) to better assess the shift of O 3 /CO mixing ratios between the troposphere in the tropics and the stratosphere in the subtropics.

  measurements. On the other hand, satellite instruments provide measurements of tropospheric O 3 with high spatial and temporal resolution on a global scale. Nevertheless, in the frame of the Tropospheric Ozone Assessment Report, Phase I (TOAR-I),[START_REF] Young | ŞTropospheric Ozone Assessment Report: Assessment of global-scale model performance for global and regional ozone distributions, variability, and trendsŤ[END_REF] pointed out global uncertainties in the recent tropospheric O 3 trends by satellites due to inconsistencies among the different products. In their study, they computed O 3 trends based on Ąve satellite products, which do not agree in magnitude and sign. UV sounders show mainly positive trends (e.g.[START_REF] Ziemke | ŞTrends in global tropospheric ozone inferred from a composite record of TOMS/OMI/MLS/OMPS satellite measurements and the MERRA-2 GMI simulationŤ[END_REF], in contrast to IR sounders which show mainly negative trends[START_REF] Wespes | ŞO3 variability in the troposphere as observed by IASI over 2008Ű2016: Contribution of atmospheric chemistry and dynamicsŤ[END_REF]. The reasons for the discrepancies among the satellite products are still unknown and require further investigation.The determination of O 3 trends based on satellite retrievals can have uncertainties due to timeŰvarying biases in the instruments, or by timeŰdependent corrections in the retrievals.The low vertical sensitivity of the sensor can also affect the trend estimation. Understanding the contributions of instrument biases and the limited vertical sensitivity to the uncertainties in the trends requires validation using in situ measurements. In this frame, we use IAGOS vertical proĄles to validate tropospheric O 3 trends from SOFRID. The aim is to evaluate possible drifts of SOFRID-O 3 and determine the impact of the vertical sensitivity of IASI upon the documented trends.

  3 we discuss the O 3 change as seen by IASI. The periods we account for the change are the 3Űyear periods with the maximum separation during the IASI period (2008Ű2010 and 2018Ű2020).

  4.3), in the UT for the period 2008Ű2019. Some statistical indicators are computed for the transects and the for the whole region (34°SŰ34°N): 1. the mean relative difference SOF RID-IAGOS IAGOS Pearson correlation coefficient (R) These statistics are based on 1 latitudinal degree bins of the monthly meridional means along the transects. For O 3 , on average we Ąnd a correlation coefficient of 0.70 with a not signiĄcant positive bias of 9 ± 18% (Table 4.1), in contrast with Barret et al. (2020) (bias of -12 ± 33 (resp. -21 ± 30) in the NH tropics (resp. SH tropics) compared to sondes in the UTLS from 2008 to 2017).The differences in the mean bias with our study can be related to: i) the different validation method, ii) the different deĄnition of the tropics (0Ű30°N/S for[START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF] and iii) of the UTLS (300Ű150 hPa). For their validation,[START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF] used vertical proĄles over 11 tropical sites, which cover a relatively small area of the tropics. The lower bias of IASI in our study highlights the ability of IASI to capture largeŰscale features of O 3 in the tropical UTLS.

Figure 4 .

 4 Figure 4.1 displays IAGOS and SOFRID UT O 3 averaged over the 2008Ű2019 period.SOFRID-O 3 v3.5 retrieval uses a dynamical a priori proĄle, which takes the pixel location, time, and tropopause height into account[START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF], (Sect. Section 3.2). The stripes along the 10°latitude bands are due to the use of a dynamical a priori proĄle and indicate a discontinuity between two adjacent latitude bands with different a priori proĄles.Nevertheless, the stripes are a minor issue as the use of a dynamical a priori proĄle largely improves the retrieved O 3 proĄles in terms of variability and correlation coefficients in most latitude bands, relative to the previous version which uses a climatological a priori proĄle[START_REF] Barret | ŞA tropopause-related climatological a priori proĄle for IASI-SOFRID ozone retrievals: improvements and validationŤ[END_REF].SOFRID-O3 qualitatively captures the transition from low tropical UT O 3 to high extratropical UTLS O 3 in good agreement with IAGOS observations where available. The ability of SOFRID to detect this O 3 gradient was already highlighted by Barret et al. (2016) concerning the low O 3 concentrations in the Asian Monsoon Anticyclone (AMA). Furthermore, SOFRID-O 3 (Fig. 4.1e, 4.1g and 4.1h) clearly captures the tropical O 3 waveŰone pattern(Thompson et al., 2003b;[START_REF] Sauvage | ŞEnhanced view of the Ştropical Atlantic ozone paradoxŤ and Şzonal wave oneŤ from the in situ MOZAIC and SHADOZ dataŤ[END_REF] with maxima (resp. minima) concentration over the Southern Atlantic (resp. Western PaciĄc) with the largest concentrations in October over the Southern Atlantic. This is in agreement with the sparse IAGOS data recorded close to the coast of Brazil and southern Africa in October (Fig.4.1d).The ability of SOFRID to detect the transition from low to high O 3 from the tropics to the midŰlatitudes is clear on the different latitudinal transects displayed in Fig.4.2. For the

Figure 4 . 1 :

 41 Figure 4.1: IAGOS (at 300Ű185 hPa) (aŰd) and IASI-SOFRID (at 290Ű220 hPa) (eŰh) UT O 3 mixing ratios averaged from 2008 to 2019 on a 1x1 grid. The boxes indicate the regions with the highest IAGOS coverage and are used for the computation of the meridional O 3 and CO transects. The hatched part in the SOFRID map shows points where outgoing longwave radiation is lower than 220 W m -2 .

Figure 4 . 2 :

 42 Figure 4.2: IAGOS (between 300Ű185 hPa) and IASI-SOFRID (between 290Ű220 hPa) monthly meridional transects of O 3 over i) NAtlantic, ii) Atlantic, iii) Africa iv) SAsia and v) SEAsia transects (The deĄnition of the transects is given in Figs. 4.1 and 4.3). The shadowed part shows a range of ± one standard deviation. The red line (and the right axis) represents the relative difference between SOFRID and IAGOS in %.

biases from 0

 0 up to 9 %. Over Africa, the seasonal CO maxima shifting from the South during boreal summer to the north during boreal winter are clearly detected by SOFRID coincidentally with IAGOS as can be seen on the maps from Fig. 4.3 and more clearly on the latitudinal transects from Fig. 4.4. SigniĄcant correlations coefficients (≥0.94, Table4.2) highlight the consistency of the two datasets and their inŰphase variability. The African maxima are underestimated by up to 20 ppb (20 %) by SOFRID.Over the Atlantic, the CO latitudinal variability is also well captured by SOFRID relative to IAGOS with in particular a persistent weak maximum corresponding to the Transatlantic transport of African (JanuaryŰApril) and South American (July) BB around the Equator(Figs. 4.3 a to c, 4.3 e to g, and 4.4 panels iia to iic). In October the maximum from both SOFRID and IAGOS has shifted towards 10°S and the coast of Brazil (Fig.4.3d) due to the intense BB activity in northern Brazil and the transport of AN emissions from Boreal
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 43 Figure 4.3: Same as Fig. 4.1 for CO.

Figure 4 . 4 :

 44 Figure 4.4: Same as Fig. 4.2 for CO.

  observing systems. The smoothing of the O 3 and CO proĄle due to the coarser resolution of the satellite explained part of the discrepancies. Another difference between the systems is that IAGOS sees the lower part of the UT in the tropics and subtropics, while IASI is more sensitive to the UTLS in the extratropics, and the TTL in the tropics. However, overall IAGOS and SOFRID meridional transects and maps are fairly consistent in the qualitative representation of O 3 and CO patterns in the tropical UT. SOFRID captures well the seasonal variability of O 3 and CO in the tropical UT, and the minima and maxima are well collocated relative to IAGOS. Thus, SOFRID data are useful to complement IAGOS observations and give an insight into the spatial extent of pollution plumes, as well as intercontinental transport patterns.

  Figures 4.5 and 4.6 shows the number of Ćights per month over Windhoek and South China sites, respectively. In the Ąrst case (Figure4.5), the reference period is 2008Ű2009, while the modern period is 2011Ű2012. In the second case (Figure4.6), when the time span of the available data is rather limited, the reference period corresponds to the year 2011, while the modern period to the year 2016.
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 45 Figure 4.5: Number of IAGOS Ćights per month over Windhoek.

Figure 4 . 6 :

 46 Figure 4.6: Number of IAGOS Ćights per month over South China.

Figure 4 .

 4 Figure 4.7 displays the tropospheric column O 3 change in Dobson units (DU) for IAGOS and IASI. For the IASI computations in panel a, we account for all the monthly measurements (IASIŰmonthly), while in panel b we account only for the days when IAGOS data are available (IASIŰdaily). For both panels, IAGOS computations are based on the daily measurements, when available. The Table included in panel b shows the time range of the periods accounted for each site. For clarity reasons, the results of Figure 4.7 are also summarised in Table 4.3.
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 47 Figure 4.7: Tropospheric column (1000Ű200 hPa) O 3 change in DU based on IAGOS (orange bars) daily measurements and IASI (blue bars): (a) monthly and (b) daily measurements when IAGOS data are available. The error bars correspond to the 90 % conĄdence intervals of the change. The Table in panel (b) shows the reference and modern periods taken into account for each site.

  Figure 4.7 a and Table 4.3 IASIŰmonthly), the O 3 changes over the tropospheric column are nonsigniĄcant for all the sites, except Windhoek where a positive change is observed (mean change of approximately 2 DU). The mean of the majority of the nonsigniĄcant changes tends to be zero (Sahel, Addis Ababa, Caracas, Madras, and Bangkok), with fewer positive (over Lagos, Central Africa, and the Gulf of Thailand with mean change ranging between 0.4 and 0.5 DU) and negative (over the Gulf of Guinea and South China with a mean change of approximately -1 DU) changes. In contrast to IASIŰmonthly, according to IAGOS data, the majority of the sites show signiĄcant O 3 changes (Figure 4.7 a and Table 4.3 IAGOS). The positive mean changes (Central Africa, Windhoek, Jeddah, Caracas, and the Gulf of Thailand) are in the range between 2 and 5 DU, while the negative mean changes (Sahel, Gulf of Guinea, Madras and South China) range between -6.5 and -1.5 DU. The comparisons of the O 3 change between IASIŰmonthly and IAGOS show important differences for the majority of the sites (except Windhoek). However, we should keep in mind that IAGOS data are sparse in time relative to the IASI measurements which are provided on a daily frequency. To have a fair comparison between IAGOS and IASI, we should account for the days when IAGOS measurements are available for both datasets. For instance, the only good agreement between IASIŰmonthly and IAGOS is observed over Windhoek, where the frequency of IAGOS measurements is the highest over the tropical sites. To assess the impact of the sampling issues, we continue with comparing the O 3 change based only on the days where IAGOS provides measurements (Figure 4.7 b and Table 4.3 IASIŰdaily). When the IASIŰdaily data are taken into account seven sites show statistically signiĄcant O 3 changes (Central Africa, Windhoek, Jeddah, Caracas, South China, Bangkok, and the Gulf of Thailand). In all these sites, except South China, the O 3 change is positive, in the range between 2 and 6 DU. For all these cases (except for Bangkok), there is a good agreement (in sign and magnitude) between IASIŰdaily changes and IAGOS. The agreement between IAGOS and IASI is improved when the comparison is focused on the speciĄc days when IAGOS data are available (except for Bangkok). Improvement in the agreement is observed over Lagos, Sahel, and Madras, even though the IASI change is nonsigniĄcant both for IASIŰdaily and IASIŰmonthly data. Nevertheless, the mean O 3 change is positive based on IASIŰmonthly over Lagos and negative based on IASIŰdaily measurements, in agreement with the negative mean IAGOS change. For the other two cases, the almost zero change becomes negative, as observed by IAGOS. The agreement between IAGOS and IASIŰdaily is rather poor over Bangkok where IAGOS captures a (nonsigniĄcant) negative change, while IASI exhibits a (signiĄcant) positive change. Further discussion about this discrepancy will follow later. The comparison between IASIŰmonthly and IASIŰdaily and/or IAGOS changes shows that the O 3 change is sensitive to the sampling. This identiĄes a limitation in computing O 3 changes (or trends) based on IAGOS because its limited sampling in the tropics (relative to Europe and North America) can affect the sign and the signiĄcance of the observed O 3 change.
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 448 Figure 4.8 displays: (a) the tropospheric column O 3 change, and (b) the partial column O 3 change (in DU) for IAGOS and IASIŰdaily. We validate IASI relative to IAGOS in the partial column between 700Ű200 hPa, where the IASI retrievals are the most sensitive to O 3 (Dufour et al., 2012). For clarity reasons, the numbers displayed in Figure 4.8 (means and conĄdence intervals of the O 3 change) are also provided in Table 4.4. Note that the results referring to the tropospheric O 3 changes based on IASIŰdaily and IAGOS data (Figure 4.8a and Table4.4) are the same as in the previous section (Figure4.7a and Table4.3). We present them again to make the comparison between the two tropospheric columns more clear.

  between partial and tropospheric column O 3 change based on IAGOS are found over Madras, South China, Gulf of Thailand (approximately 60 % absolute difference of the O 3 change over the partial and the tropospheric column) and Central Africa (difference of 40 %) (Table4.4). Differences between tropospheric and partial column O 3 change are also observed by IASI, but their magnitude is much smaller than for IAGOS. For instance, over Central Africa and South China, the O 3 change over the partial column is 30 % smaller than over the tropospheric one. The difference between the columns is even smaller over the Gulf of Thailand (by 25 %). Over Madras, the IASI O 3 change is similar for the two columns.

Figure 4 .

 4 Figure 4.9 displays the IAGOS vertical proĄles of O 3 averaged during the reference and the modern periods for the available sites. The vertical distribution of O 3 in the pressure range between 1000 and 200 hPa can help identify the tropospheric layer that drives the O 3 change for IAGOS. It is clear from Figure 4.9, that the largest change of O 3 over Madras, South
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 49 Figure 4.9: IAGOS O 3 vertical distributions (in ppb) averaged for the reference period (blue line) and the modern period (red line). The shadowed part corresponds to ±1 standard deviation. The time span of the two periods is annotated in the legend.

  Figure 4.10 displays the O 3 change between 700 and 200 hPa. Based on our evaluation study, this is the column where the conĄdence in the O 3 change provided by IASI is the highest. The reference and modern periods are deĄned as the 3Űyear periods at the beginning (2008Ű2010)
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 410 Figure 4.10: Partial column (700Ű200 hPa) O 3 change (in %) between the reference (2008Ű2010) and the modern period (2018Ű2020) based on SOFRID-O 3 retrievals.

  [START_REF] Ziemke | ŞTrends in global tropospheric ozone inferred from a composite record of TOMS/OMI/MLS/OMPS satellite measurements and the MERRA-2 GMI simulationŤ[END_REF] show weak positive O 3 change over Africa over the tropospheric column for the period 2005Ű2016. Using a merged O 3 dataset from multiple satellite instruments, Heue et al. (2016) found an increase in tropospheric O 3 over Africa from 1995Ű2015. The majority of satellite products in Gaudel et al. (2018) show a general increase in tropospheric O 3 over Africa. As discussed in Section 4.2, trend detection is sensitive to the sampling period and the vertical sensitivity of the sensor. Therefore, the discrepancies between our results with the aforementioned studies can be attributed to the different sampling periods and the different sensitivities among the satellite products. Also, our computations are focused on the partial column where IASI is best suited to document tropical O 3 changes (Section 4.2). Nevertheless, two products show a decrease over South Africa (TOST for 2003Ű2012 and IASI-SOFRID for 2008Ű2016), in agreement with our results. Based on the GEOSŰchem transport model, Wang et al. (2022) computed the tropospheric O 3 change between 2013Ű2017 and 1995Ű1999. Similar to our results, they

  , global distributions provided by IASI-SOFRID O 3 and CO retrievals since 2008 allow us to explore intercontinental connections such as transatlantic transport of biomass burning products in the low troposphere. To investigate further the large IAGOS CO dataset, we use the SOFT-IO tool which couples backward Lagrangian FLEXPART simulations with anthropogenic and Ąre emission inventories. It allows us to estimate the drivers (anthropogenic and Ąre sources, regions, and transport) responsible for observed CO anomalies.

  tions of O 3 and CO were analysed based on in situ measurements provided by the IAGOS program since 1994 and 2002 respectively, combined with observations from the IASI instrument on board the MetŰop A satellite since 2008. The SOFT-IO model, which couples back trajectories with CO emissions inventories, was used to explore the origins and sources of the tropical CO observed by IAGOS. The highest tropical O 3 and CO maxima occur over Northern Tropical (NTr) Africa in the low troposphere (LT; surface to 750 hPa) during the dry season (75 ppb of O 3 at 2.5 km and 850 ppb of CO at 0.3 km over Lagos in January). Despite the active local Ąres, local anthropogenic (AN) emissions (58 %) are dominant for the CO. The importance of the local AN emissions are highlighted over Central Africa, as they cause a persistent polluted surface layer during the transition seasons (40 % in October and 86 % in April). The second highest O 3 and CO maxima are observed over Asia. Local or regional Asian AN emissions cause the CO maximum in the LT (at 0.5 km) in January, and the O 3 maximum in above 6 km in the post-monsoon season (April). South China is the only Asian site where O 3 peaks in the LT (75 ppb at 2.5 km), due to local Ąres (30 %) in addition to the local (52 %) and regional (15 %) AN emissions. The highest amount of transported CO originates from Africa. The main transport pathway is from the dry-season African regions towards the wet-season ones. Contributions from Northern Hemisphere Africa are found over Arabia and Eastern Africa (up to 70 %) during the dry season and over South America all year long in the mid (MT; 750Ű300 hPa) and upper troposphere (UT; 300Ű200 hPa)(18Ű38 % over Caracas on annual basis). In contrast, the impact of the Asian emissions in the LT and MT is limited on a local or regional scale. Export of polluted Asian air masses is important in the UT during the Asian summer monsoon and post-monsoon seasons, when convection is active. The AN Asian contributions are mostly found over Arabia and Eastern Africa (up to 80 %) during the Asian summer monsoon. During the post-monsoon, CO impacted by the Indonesian Ąres (resp. SouthEast Asian AN emissions) are transported towards Eastern Africa (64% and 16%) due to the Tropical Easterly Jet. The lowest O 3 and CO levels are observed over South America, due to less strong local emissions in comparison to Asia and Africa. The only important CO and O 3 enhancement is observed in the MT during the local Ąres (October), when O 3 and precursors impacted by the local AN and Ąre emissions are trapped in an anticyclone and transported towards Southern Africa (5Ű10 ppb from Northern

  retrievals since 2008 complement the O 3 and CO distributions provided by IAGOS. They allow us to understand the spatial extent of pollution plumes, and explore intercontinental transport patterns.

  location of the subtropical jets), climatic elements (e.g. precipitation rates), or geographical extent. Following the latter way, in the Tropospheric Ozone Assessment Report, Phase II (TOAR-II; https://igacproject.org/activities/TOAR/TOAR-II) Ozone and Precursors in the Tropics working group, the tropics are deĄned between 20°S and 20°N. In our study, we consider the extended area between 25°S and 25°N, to investigate interactions of pollution and the transport of air masses between the tropics and the subtropics. IAGOS observations are used to document O 3 /CO vertical proĄles and the (lower part of) UT. Only tropospheric measurements are taken into account, by applying a PV Ąlter of 2 PV units (pvu) for each measurement during the cruise phase, and for the measurements between 20Ű25°N/S during ascend/descend. The UT climatologies are derived by averaging the cruise data (300Ű185 hPa) on a 2 x 2.5°grid, for the period 1994Ű2020 (resp. 2002Ű2020)

  have used SOFT-IO to track back the sources of CO measured by IAGOS. Sauvage et al. (2017) validated SOFT-IO performance against IAGOS CO observations for several regions and tropospheric levels. As detailed in their study, SOFT-IO uncertainties and biases are mostly due to uncertainties in emission inventories, and to a lesser extent to uncertainties concerning the meteorological Ąelds and FLEXPART transport parameterizations (turbulence, convection).
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 51 Figure 5.1: Locations of tropical sites served by IAGOS, and geographical source regions used in SOFT-IO model. BONA: Boreal North America; TENA: Temperate North America; CEAM: Central America; NHSA: Northern Hemisphere South America; SHSA: Southern Hemisphere South America; EURO: Europe; MIDE: Middle East; NHAF: Northern Hemisphere Africa; SHAF: Southern Hemisphere Africa; BOAS: Boreal Asia; CEAS: Central Asia; SEAS: Southeast Asia; EQAS: Equatorial Asia; AUST: Australia and New Zealand.

Figure 5 .

 5 Figure 5.2 displays the tropical IASI LT CO (a) and MT O 3 (b) annual distributions averaged over the 2008Ű2019 period. The pressure ranges differ for CO and O 3 because they are

Figure 5 .

 5 Figure 5.2: IASI LT CO (between 900Ű700 hPa) (a) and MT O 3 (between 600Ű400 hPa) (b) mixing ratios averaged from 2008 to 2019 on a 1x1 grid.

  5.2aŰb), contributing to the waveŰone O 3 pattern. The waveŰone is associated with systematic high O 3 (60Ű65 ppb) above the South Atlantic and low O 3 (30Ű40 ppb) above the western PaciĄc. Similar asymmetry in the O 3 pattern is observed in the NTr, but with a smaller magnitude because both sides of the equatorial PaciĄc show similarly low O 3 abundance, while O 3 above the North Atlantic is lower than above the South Atlantic (10Ű15 ppb difference on average) (Fig. 5.2b).

Figure 5 . 3 :

 53 Figure 5.3: Monthly mean LT CO distributions (aŰd), MT O 3 distributions (eŰh), UT CO distributions based on IASI (iŰl) and IAGOS (qŰt), UT O 3 distributions based on IASI (mŰp) and IAGOS (uŰx).

Figures 5 .

 5 Figures 5.4, 5.6, 5.7 and 5.8 (panels 1 and 2) display the monthly average vertical distributions of O 3 and CO based on IAGOS data, since 1994 and 2002 respectively, for the African, Asian, South American, Arabian and Eastern African clusters. Panels 3 to 5 represent the mean contribution to these CO mixing ratios from AN and BB emissions as estimated by SOFT-IO, with information about their geographical origin (see Sect. 5.2.2.3 and Fig.5.1).To better understand O 3 and CO anomalies, Fig.5.5 displays the CO contributions in three tropospheric layers related to different dynamical regimes: lower troposphere below 750 hPa corresponding roughly to planetary boundary layer (PBL); mid troposphere above up to 300 hPa, and upper troposphere above up to 200 hPa corresponding to the beginning of maximum convective detrainment.
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 54 Figure 5.4: IAGOS monthly mean O 3 (panel 1) and CO (panel 2) vertical distributions for the African clusters and sites. The annotated numbers correspond to the number of Ćights per month, given in the same colour as in the legend. The shadowed part corresponds to ± one standard deviation. The location of the clusters and sites is displayed in Fig. 5.1. Vertical distribution of CO contributions (in ppb), averaged over all the positive CO anomalies observed in the IAGOS vertical proĄle (panels 3 to 5). The geographic origin of CO emissions is indicated by the different colours, with the hatched part showing AN contribution, and the nonŰhatched part BB contribution. Note that the source region where the site belongs is indicated by the colour of the box.
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 55 Figure 5.5: Mean SOFT-IO contributions (in ppb), averaged over all the positive CO anomalies for the tropical sites (Caracas, Lagos, Central Africa, South China, and Bangkok) for low (a), mid (b), and upper (c) troposphere. The geographic CO origin of CO is indicated by the colours, for the AN (hatched) and BB (unhatched) contributions. Each pie corresponds to a different month and each group of four pies refers to a different site (see panel b).

  ratio below 1 km is due to local AN emissions(Figs. 5.4 panel 3d; 5.12 panels 1d and 2d). In contrast with the other months, the CO mixing ratio above the surface maximum decreases sharply with altitude showing low CO concentrations from 2 km to 12 km. Indeed, in October, the monsoon Ćow disappeared and West Africa is impacted by the north easterly trade winds which block the transport of air masses impacted by BB from SHAF as is clearly visible in the LT CO distribution from IASI (Fig. 5.3d). This is conĄrmed by the predominant local (NHAF) origin of CO over Lagos which is almost not impacted by SHAF BB in October (Fig. 5.4 panel 3d). The similar O 3 proĄle close to the surface with the one in July (Fig. 5.4 panel 1c), indicates signiĄcant O 3 chemical and depositional sinks as in July. The inĆuence of the moist air over Lagos and Guinea Gulf responsible for the photochemical destruction of O 3 below 2.5 km is conĄrmed by high levels of relative humidity (Fig. not shown).

O

  Fig.S1c) is transported towards the IASI CO maximum over Central Africa via the south easterly winds (Fig.5.3c). During the transport, O 3 is formed[START_REF] Sauvage | ŞTropospheric ozone over Equatorial Africa: regional aspects from the MOZAIC dataŤ[END_REF] Sauvage et al., 2007a). As in NTr Africa, O 3 and CO enhancements over Central Africa in the dry season are conĄned below 4 km, because of the stability of the layers below 5 km due to strong temperature inversions.In October, 3 maxima at the surface, 2 and 4 km visible over Central Africa are due to local emissions (SHAF AN and BB). The lower CO concentrations between the surface and 2 km are probably resulting from the enhancement of the contribution of these emissions with altitude (Fig.5.4 panel 4d). In January the vertical distribution of CO is characterised by two maxima, at the surface and at 2km. Below 1 km, the main contributions are local AN, and NHAF BB emissions. The contribution from the NHAF Ąres intensiĄes and becomes the only important one between 2 and 4 km. During transport from NH Africa, the air masses impacted by BB emissions are chemically processed resulting in the formation of an O 3 secondary maximum of 50 ppb coincident with the CO maximum (Fig.5.4 panel 1d and 2d) as described in[START_REF] Sauvage | ŞTropospheric ozone over Equatorial Africa: regional aspects from the MOZAIC dataŤ[END_REF].Interestingly, the annual CO surface maximum in Central Africa Occurs in April, before the beginning of the SH Ąres. It is due to local AN emissions (SHAF) (Fig.5.4 panel 4b).The measured CO maximum reaches 350 ppb, while SOFT-IO attributes 40 ppb above the background levels to the aforementioned sources. This means that SHAF AN emissions

  for South Asia during the postŰmonsoon based on IASI O 3 data for 2008. It is also visible on the climatological IASI MT O 3 map (Fig. 5.3f). The accumulation of CO and O 3 in the LT over the Asian clusters is observed in lower altitudes than in the NTr African ones (see Sect.

5. 2

 2 .3.2.1). This is due to the lower PBL height in DJF over tropical Asia than in Africa as suggested by[START_REF] Kalmus | ŞA high-resolution planetary boundary layer height seasonal climatology from GNSS radio occultationsŤ[END_REF].
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 56 Figure 5.6: Same as Fig. 5.4 for the Asian clusters.

  advected towards the SE Asian coast (South China, Gulf of Thailand, Bangkok, and Manila), as conĄrmed by the SOFT-IO contributions (10 % EQAS contribution on average) in addition to the local AN inĆuence (Figs.5.6 panels 4d and 5d; 5.12 panels 6d and 7d;5.5a; 5.13a and 5.14a). The collocated O 3 enhancement (below 2 km) over the SEAsian coastal clusters (Figs. 5.6 panels 1cŰ1e) indicates O 3 production by BB and AN precursors.The contribution of the EQAS BB intensiĄes in the UT in October, reaching 40Ű57 % over the SE Asian coastal clusters, and 33 % (resp. 50%) over Hyderabad (resp. Madras) (Figs.5.5c; 5.13c and 5.14c). The UT CO maximum above the Ąres is also captured by IASI and IAGOS UT data (Figs.5.3l; 5.3p and S1d). Based on MLS CO data,[START_REF] Livesey | ŞInterrelated variations of O 3, CO and deep convection in the tropical/subtropical upper troposphere observed by the Aura Microwave Limb Sounder (MLS) during 2004Ű2011Ť[END_REF] also found an UT CO maximum over Indonesia and attributed it to episodically strong convection, in agreement with the low outgoing longwave radiation in Fig.5.3p. In contrast, the UT and MT O 3 distributions show a SEŰNW gradient (Figs.5.3l and 5.3h) with lower O 3 Űlevels over the Maritime continent and the southern Indian Ocean and higher ones over India and the Arabian Sea. This was reported by[START_REF] Barret | ŞThe detection of post-monsoon tropospheric ozone variability over south Asia using IASI dataŤ[END_REF] as a result of convection over the Ąrst region and subsidence of precursorŰenriched air masses over the second one. The LT O 3 and CO mixing ratios over the Asian clusters minimise during the summer monsoon (July) (Fig. 5.6 panels 1Ű2). The reversal of the northŰeasterly trades to the monsoon Ćow (Fig. S3c) results in the advection of O 3 Ű and COŰpoor air masses from the Indian Ocean towards Asia. The lowest O 3 levels close to the surface are observed over Mumbai due to the stronger oceanic inĆuence (high relative humidity close to the surface compared to the other clusters, Fig. not shown). Furthermore, convective clouds result in cloudy conditions, and rain scavenges O 3 precursors resulting in lower O 3 production than in clear sky conditions[START_REF] Mari | ŞTransport and scavenging of soluble gases in a deep convective cloudŤ[END_REF][START_REF] Saąeddine | ŞTropospheric ozone variability during the East Asian summer monsoon as observed by satellite (IASI), aircraft (MOZAIC) and ground stationsŤ[END_REF]. The steep CO gradient close to the surface (below 1 km) clearly indicates the convective uplift of polluted PBL air masses towards the UT. The resulting enhancement of CO in the UT within the AMA analysed by[START_REF] Park | ŞChemical isolation in the Asian monsoon anticyclone observed in Atmospheric Chemistry Experiment (ACE-FTS) dataŤ[END_REF] and[START_REF] Barret | ŞUpper-tropospheric CO and O 3 budget during the Asian summer monsoonŤ[END_REF] is clear from IASI (Fig.5.3k). In contrast, the positive south-north O 3 gradient between the Maritime continent and north SAsia and the Middle East (Figs. 5.3o and w) is associated with: i) the photochemical ageing of air masses while they are recirculating towards the Middle East, allowing sufficient O 3 production during transport[START_REF] Lawrence | ŞAtmospheric pollutant outĆow from southern Asia: a reviewŤ[END_REF] and ii) the high insolation over Middle East favouring O 3 photochemical production ([START_REF] Barret | ŞUpper-tropospheric CO and O 3 budget during the Asian summer monsoonŤ[END_REF].

5. 7

 7 panel 2). In April, CO concentrations exceed 400 ppb over Bogota below 1 km above the surface, and 200 ppb up to 2 km over Caracas. The CO concentrations detected by IASI over northern Venezuela and Colombia are also maxima in April (Fig.5.3b). This is clearly related to the large vertical extent of the high concentrations which improves the detection by IASI. In terms of CO, Bogota is the most polluted cluster over South America throughout the year.
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 57 Figure 5.7: Same as Fig. 5.4 for the South American clusters.

  5.3l) and O 3 (Fig.5.3p) maxima within the anticyclone. Nevertheless, as described bySauvage et al. (2007b) the lightning activity over South America and Africa in October is the most important cause of the O 3 waveŰone pattern.Below 1km, the annual CO maximum over SBrazil in April is due to local AN emissions (Fig.5.7 panel 5b) located over the southern part of Brazil (Fig.S2b). The observed CO enhancement reaches approximately 350 ppb (Fig. 5.7c), while SOFT-IO attributes 65 ppb above the background levels to the aforementioned emissions. This indicates that SHSA AN emissions are underestimated by the SOFT-IO calculations. The observed CO enhancement at 1.5 km is a new CO feature compared to Yamasoe et al. (2015) which studied CO climatology over SBrazil for the period 1994Ű2013. The CO enhancement is due to additional data that were collected for the year 2014. SOFT-IO shows increased local AN contributions for MarchŰAprilŰMay 2014 relative to the previous years. This is in agreement with the CEDS2 inventory, which shows a peak in AN emissions over South Brazil (18Ű29°S and 35Ű52°W) for the year 2014, mostly coming from the transportation sector (Fig. not shown).Over Caracas, the annual CO maximum below 2 km in April mostly comes from local AN (35 %) and BB (32 %) emissions (NHSA) (Figs.5.13, and 5.7 panel 5b). This local origin of emissions is corroborated by the elevated IASI LT CO mixing ratios (Fig.5.3b) collocated with the strong AN emissions above Colombia and Venezuela, and active Ąres above the latter (Figs.S1b and S2b). Transport also plays an important role with 20 % of the anomalies caused by BB NHAF emissions (Fig.5.5a). The O 3 maximum collocated with the CO one at 2 km (Fig.5.7 panels 1a and 2a), indicates O 3 production during transport of NHAF air masses impacted by BB. The second O 3 maximum above 5 km is also noticed by[START_REF] Yamasoe | ŞAnalysis of tropospheric ozone and carbon monoxide proĄles over South America based on MOZAIC/IAGOS database and model simulationsŤ[END_REF]. Using the GEOSŰchem model, they identiĄed local anthropogenic sources followed by lightning, as the main sources of O 3 precursors over Caracas in April. In addition, the O 3 maximum at around 6 km in October was attributed to local anthropogenic sources and lighting from Africa. This transport pathway from Africa to Caracas in October is conĄrmed by SOFT-IO (Fig.5.7 panel 3d).It is interesting to note that the CO mixing ratio between 2 and 4 km over Caracas is elevated (≥ 150 ppb) compared to the free tropospheric background (≈ 100 ppb) all year long. The JanuaryŰJuly and October maxima are lower than the April one with dominant CO sources being local AN and African (SHAF or NHAF depending on the season) emissions with contributions of 30 % each. In January there is also a small (15 %) inĆuence from AN central and equatorial Asian emissions (CEAS and EQAS). In Bogota, local (71 %) and NHAF (26 %) emissions control the CO annual maxima close to the surface in April, (Fig. 5.7 panel 4b). During the rest of the year, local AN emissions (≥ 60 %) control the LT CO anomalies. Emissions from Africa are also contributing to LT CO in Bogota with 15 % in July (SHAF and NHAF) and 27 % in January (NHAF). In contrast to Caracas, emissions from SHSA also contribute to LT CO anomalies over Bogota, with 31% in July and 10 of the AEA clusters is the elevated O 3 in the FT (70 ppb on average centred at around 8 km) for all the clusters during April and for the northern clusters of Jeddah and Abu Dhabi during July (Fig. 5.8 panel 1 aŰd). The particularly low CO mixing ratio accompanying the O 3 enhancements around 8 km over the AEA clusters (Fig. 5.8 panel 2aŰd) points to a dynamical origin of O 3 . The O 3 enhancements over the 4 sites of AEA and the anti correlation with CO, are also detected by IASI in the UT and MT (Fig. 5.3j, k, n and o).
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 58 Figure 5.8: Same as Fig. 5.4 for the Arabian and Eastern African clusters.

  Fig.A1), using IAGOS data for the period 1994 to 2013. This indicates higher occurrence of O 3 Űrich and COŰpoor air masses, reĆecting a stronger stratospheric inĆuence. Nevertheless, large O 3 regional enhancements are detected by IASI over the Arabian sea similarly to[START_REF] Jia | ŞTropospheric ozone maxima observed over the Arabian Sea during the pre-monsoonŤ[END_REF] based on TOC from OMI/MLS.[START_REF] Jia | ŞTropospheric ozone maxima observed over the Arabian Sea during the pre-monsoonŤ[END_REF] attributed these O 3 enhancements to emissions from India (50 %), with smaller contributions from the Middle East and Africa (30 %). This is in agreement with SOFT-IO, which shows a signiĄcant contribution from SEAS over Jeddah (29 %) and a lower one over Addis Ababa (7%) (Figs. 5.8 panels 4b and 5b, and 5.13a). SOFT-IO also attributes large contributions from NHAF AN and BB emissions over Abu Dhabi and to a lesser extent over Khartoum (Fig.5.8 panels 3b and 6b).The contribution of American sources over Abu Dhabi indicates eastward transport, which is not present in the rest of the AEA clusters. Due to its northern position, Abu Dhabi is affected by the subtropical westerly jet in the UT. In contrast the rest of the AEA clusters are affected by the TEJ which brings CO from Asian regions.

(

  60 %) and Addis Ababa (46 %) (Fig.5.13c). Addis Ababa and Khartoum, further to the south, are outside of the AMA and therefore characterised by lower levels of O 3 in the UT (Fig.5.8 panel 1). Furthermore, the O 3 minimum over Addis Ababa (45Ű50 ppb) is related to the ITCZ located between 5°N and 10°N during the NH wet season[START_REF] Lannuque | ŞOrigins and characterization of CO and O 3 in the African upper troposphereŤ[END_REF]. The UT O 3 enhancement over Arabia and the Arabian sea, and the transition to lower concentrations south of the tip of Arabia are also clear with the IASI map (Fig.5.3c).The O 3 minimum over Africa is caused by uplift of local African O 3 Űpoor air masses from the surface in theITCZ (Fig. 5.3c). The increase of O 3 northwards (such as over Khartoum with 60 ppb) is due to the O 3 production within uplifted COŰrich air masses, transported away from the ITCZ by the upper branches of the Hadley cell[START_REF] Lannuque | ŞOrigins and characterization of CO and O 3 in the African upper troposphereŤ[END_REF].One common characteristic among the AEA clusters is the elevated CO mixing ratio in the surface layer (below 1km) all year long (Fig.5.8 panel 2). The surface maximum is larger over Addis Ababa (700 ppb in July) and Khartoum (350 ppb in April), than in Jeddah and AbuDhabi (<250 ppb). Over the East African sites (Khartoum and Addis Ababa), a layer of enhanced CO is observed in the FT, in January and April. This winter to spring high CO layer in the FT over Eastern Africa is detected by IASI which clearly shows that it does not reach Arabia (Fig.5.3aŰb). IASI data (Fig.5.3iŰl) also displays little annual UT CO variability over this region.In January, the surface CO maximum is mostly controlled by local AN emissions over the AEA clusters (Figs. 5.8 panels 3a to 6a). Above the surface layer, strong Ethiopian AN emissions (Fig.S2) control the CO anomalies over Addis Ababa with contribution of 71 % in the LT and 58 % in the MT (Fig.5.13a). InĆuence from the NHAF Ąres is also evident (12 % in the LT and 20 % in the MT) (Fig.5.13a). The impact from the NHAF Ąres intensiĄes over Khartoum and Jeddah between 2 and 4 km with contributions of 58 % and 53 % respectively (Fig.5.13a). The effect of the NHAF emissions towards eastern Africa (Khartoum and Addis Ababa) and Jeddah is also detected by IASI (Fig.5.3a), which shows a negative eastward CO gradient. As expected, the Ąre contribution is stronger in the western African clusters such as Lagos, due to the prevailing north easterly winds (Fig.S3a) (see Sect. 5.2.3.2.1). The coŰoccurring O 3 enhancement over Khartoum and Jeddah below 4 km reĆects O 3 formation during transport from the Ąres (Fig. 5.8 panels 1b and 1d). The small enhancement of O 3 is also captured by IASI in the MT (Fig. 5.3e). In July, the CO surface maximum is again caused by local AN emissions (Fig. 5.8 panels 3cŰ5c), except over Khartoum where air masses from SHAF Ąres are the dominant source of CO (Fig. 5.8 panel 6c). The combination of local AN (70 %) and SHAF BB (23 %) emissions is responsible for the annual CO maximum at the surface over Addis Ababa in July (Figs. 5.8 panel 5c, and 5.13a). Interestingly, the impact of the SHAF Ąres below 4km over Khartoum and Addis Ababa is stronger than the impact of local Ąres during the respective dry season (Figs. 5.8 panels 5ac and 6ac). The O 3 enhancement below 4 km over the Jeddah, Khartoum and Addis Ababa indicates O 3 production during the transport of COŰrich air masses impacted by the SHAF Ąres (Fig. 5.8 panels 1 j to l). In contrast, over Abu Dhabi the O 3 enhancement in the FT (Fig. 5.8 panel 1a) is likely related to transport of COŰrich air masses from the MIDE and BOAS regions (Fig. 5.8 panel 3c). In October, long range transport from Asia (SEAS AN and EQAS BB) plays a signiĄcant role in CO anomalies over the AEA sites (Figs. 5.8 panels 3dŰ6d), especially over Addis Ababa and Jeddah. In the LT, the northeasterlies (Fig. S3d), transport COŰrich air masses from Asia towards eastern Africa. This transport of CO from Asia over the Arabian sea is well captured by IASI (Fig. 5.3d). Above 4km in October, O 3 enhancements are observed over the AEA sites especially over Abu Dhabi which is the easternmost site of the AEA region (Fig. 5.8 panel 1). IASI detects a MT O 3 increase above the Arabian sea and Northern India (Fig. 5.3h). The O 3 enhancement in the MT over the Arabian sea detected with O 3 soundings during the INDOEX campaign (1999Ű2000) has been attributed to Indian sources uplifted over the marine boundary layer by the sea breeze circulation in Lawrence and Lelieveld (2010). It was further analysed and documented with IASI O 3 data by Barret et al. (2011) who already highlighted the MT O 3 enhancement over northern India and the northern part of the Arabian sea during the postŰmonsoon season. The O 3 Űrich air masses are further transported towards Eastern
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 5 9 displays the annual maximum/minimum of O 3 (a) and CO (b) mixing ratios and their corresponding mean height. The annual maxima/minima are calculated based on monthly averaged mixing ratios over vertical layers with 40 hPa thickness. Figure5.10 displays the transport pathways of CO emissions from the African, South American and Asian source regions, towards the 20 tropical sites in the LT (a), MT (b) and UT (c). We show the source regions and the months corresponding to the largest amounts of transported CO (in ppb).

Figure 5 .

 5 Figure 5.11 displays the AN and BB contribution to CO anomalies (in ppb) over the tropical UT (300Ű185 hPa).
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 59 Figure 5.9: O 3 (a) and CO (b) annual maximum (higher bar) and minimum (lower bar) mixing ratio observed over the tropical clusters. The annotated number on top of each bar indicates the altitude (in km) of the observed annual maximum/minimum mixing ratio. The colour in the bar indicates the month of the maximum/minimum.
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 5 9a Sahel, Guinea Gulf, Lagos and Central Africa). The coŰoccurrence of maximum O 3 with the maximum in CO over Africa during the local Ąres indicates stronger dependency of O 3

and

  Abu Dhabi), the lack of CO enhancement in the UT indicates dynamical origin of O 3 (e.g. stratospheric inĆuence and transport of O 3 and precursors from Asia; see Sec. 5.2.3.2.4). In contrast, in regions such SBrazil and Windhoek in October, the coŰoccurrence of O 3 and CO enhancement in the MT and UT indicates tropospheric origin for O 3 (e.g. Ąres and LiNO x emissions; Secs. 5.2.3.2.1 and 5.2.3.2.3). The annual O 3 minima for all the tropical clusters are observed close to the surface (below 0.5 km on average) (Fig. 5.9a). This is related to the chemical and deposition sinks of O 3 located in the LT (see Sect. 5.2.3.2.1 for more details). The highest CO and O 3 maxima among all the tropical clusters occur over NTr Africa in the LT during the dry season (January) mostly due to local AN emissions. According to IASI (Fig. 5.3), the COŰrich and O 3 Űrich air masses due to the African emissions show a large extend along the tropical Equatorial Africa, and accumulate in the LT due to the stability of the Harmattan winds

Figure 5 . 10 :

 510 Figure 5.10: Transport of CO (AN+BB) emissions from the African, South American and Asian source regions towards the 20 tropical sites taken into account for this study. The colour bar shows the amount of CO transported in ppb.

5. 2

 2 .3.2.1), even for clusters with similar LT CO mixing ratios (e.g. Sahel and South China) (Fig. 5.9a). This is because: i) the CO emissions are less strong over the Asian clusters, as mentioned before, and ii) the O 3 enhancement over Asia is caused by ANŰpolluted air, while in NTr Africa by mixed (AN and BB) polluted air. During the Atom campaign, Bourgeois et al. (2021) found that O 3 levels are more enhanced in mixed air pollution, because they are associated with greater NO x and peroxy acyl nitrates (a NO x reservoir compound), and thus increased O 3 production, in comparison to BBŰ or ANŰpolluted air alone. This is in agreement with the O 3 annual maximum in April over East Asia (Fig. 5.9a), over clusters such as South China and Bangkok, which are affected by the local Ąres.

  and dynamics over Asia. The O 3 maximum in April is attributed to the intense solar radiation associated with important amount of precursors from mostly AN emissions, except for South China where BB emissions dominate. The O 3 minimum occurs during the Asian summer monsoon (July), because of lower O 3 production in the presence of convective clouds relative to clear sky conditions (Sect. 5.2.3.2.2).

5 .

 5 10 panels 1 and 2). As a result, CO contributions of 45Ű50 ppb (resp. over 50 ppb) from NHAF (resp. SHAF) is found over SHAF (resp. NHAF) during the respective dry season in the LT and MT. This transport of precursors results in a secondary O 3 maximum, as can be seen by IASI maps (Fig.5.3e and g).Impact of the SHAF BB in July is also found in the LT over India with contributions of 5Ű10 ppb (Fig.5.10 panel 2a). Similarly, NHAF AN and BB contributions in January are found over South America (5Ű10 ppb in the MT) and India (5Ű10 ppb in the MT and UT) (Fig.5.10 panel 1a). The impact of the NHAF emissions towards South America (10Ű15 ppb in MT; 5Ű10 ppb in the rest) is increased in April (Fig.notshown) and signiĄcantly contributes to the local South American annual maximum (30 % and 50 % of CO anomalies over Caracas (LT and MT resp.) (Fig.5.5aŰb).During the transport of the SHAF (resp. NHAF) emissions towards the ITCZ location in the North (resp. South) Africa, the air masses reach convective regions and are injected in the North African (resp. South African) upper troposphere (Fig.5.11). This explains why the SHAF (resp. NHAF) emissions are dominant in the wetŰseason hemisphere during July (resp. January) (Figs.5.11 and resp. 5.17 and 5.15). Nevertheless, the NHAF contribution in the UT CO anomalies is present on a local scale all year long, above NTr Africa and South Atlantic. During the dry season, the impact of the NHAF emissions is stronger and extends to a wider area over South America, Middle East, South Asia (Figs. 5.15 NHAF).

Figure 5 .

 5 Figure 5.11: Mean AN (aŰd) and BB (eŰh) contributions in ppb over the tropical upper troposphere (300Ű185 hPa) from 2002Ű2019.

  as: i) local AN emissions deĄne the O 3 and CO anomalies over NTr Africa, and ii) the persistent COŰrich surface layer is caused by local AN emissions (40 and 86 %) in the absence of the local Ąres. Africa is also the most important tropical region in terms of export of emissions in the tropical troposphere. According to IASI horizontal distributions, the main export pathway is the interŰhemispheric transport of O 3 and precursors from the dryŰseason African regions to the wetŰseason ones (≈ 50 ppb), conĄrmed by SOFT-IO contributions. During the dry season, the NHAF (resp. SHAF) Ąres are the dominant source of CO over AEA (resp. Khartoum and Jeddah) in the MT and UT, and they also reach India accounting for 5Ű10 ppb in the MT and UT.

  transport of the Asian emissions is important only during the Asian summer monsoon in the UT towards Arabia and Eastern Africa. The highest abundances of the O 3 (75 ppb) and CO mixing ratio (800 ppb) among the tropical clusters are found over Northern Hemisphere Africa at about 2.5 km altitude. This is largely a result of the local AN emissions as suggested by the coŰoccurrence of the peaks of O 3 and CO in the LT. In contrast over Asia, the second most polluted region, the distributions are mostly controlled by meteorological conditions associated with the Asian monsoon phase. The CO maximum occurs in the LT during January, due to the stability of the northeasterlies which conĄne the COŰrich air masses to the LT. In contrast, annual maximum of O 3 occurs during the preŰmonsoon season (April) when the increased solar radiation favours O 3 production. During the Asian summer monsoon, O 3 and CO mixing ratio minimize in the low troposphere because of : i) transport of clean oceanic air above continental Asia, ii) reduced photochemical O 3 production due to cloudy conditions, and iii) convective uplift of COŰrich air masses from the surface towards the Asian upper troposphere. Over Asia, the LT and MT CO and O 3 anomalies are mostly impacted by regional or local Asian emissions of AN origin. The BB contribution is important during April and signiĄcantly contributes to O 3 and CO anomalies over South China. According to IASI, the BB impact extends over the tropical PaciĄc. The impact of the AN Asian emissions is important only in the UT during the Asian monsoon and postŰmonsoon season (July and October). According to IASI, the polluted air masses from the surface are uplifted in the UT in July and are trapped in the AMA. These air masses are transported over Arabia and Northern Africa (CO contributions of 25Ű30 ppb) causing the annual O 3 maxima due to subsidence and high isolation over the regions. This highlights the importance of long range transport for the air quality in the UT over Arabia, which shows the lowest CO local contribution and the highest O 3 levels among the tropical clusters. The CO transport towards Eastern Africa in the UT by the TEJ, is found in October when the air masses impacted by the Indonesian Ąres, and the AN continental source are uplifted in the UT, and transported towards Eastern Africa (CO contributions of 15Ű20 ppb and 5Ű10 ppb respectively).

Figure 5 . 13 :

 513 Figure 5.13: Same as Fig. 5.5 for CO contributions over Windhoek, Addis Ababa, Khartoum, Jeddah and Gulf of Thailand.
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 5145 Figure 5.14: Same as Fig. 5.5 for CO contributions over Madras, Mumbai, Hyderabad, Ho Chi Minh City and Manila.
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 516 Figure 5.16: Same as Fig. 5.15 for April.
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 517 Figure 5.17: Same as Fig. 5.15 for July.
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 518555 Figure 5.18: Same as Fig. 5.15 for October.
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 5 Figure 5.21: Continued.
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 5 Figure 5.21: Continued.

  emissions relative to Africa and Asia. The only signiĄcant CO and O 3 enhancement is observed in the MT during the local Ąres season (October) when O 3 and precursors impacted by the local AN and Ąre emissions are trapped in an anticyclone and transported toward South Africa. • Africa is the most important tropical region in terms of export of emissions in the troposphere. The main transport pathway is from the dryŰseason African regions towards the wetŰseason ones. Contributions from NH Africa are found over Arabia and Eastern Africa, and India during the dry season and towards NH South America all year long.

7. 1

 1 Conclusions in frenchLŠO 3 et le CO sont des polluants nocifs, qui ont un impact important sur la capacité dŠoxydation de la troposphère et inĆuencent le climat de manière directe (O 3 ) et indirecte (O 3 et CO). Les tropiques sont une région clé pour le O 3 et le CO, car ils sont associés à une photochimie intense et à de fortes sources naturelles (combustion de la biomasse, foudre et émissions du sol). En outre, lŠaugmentation rapide du nombre dŠhabitants entraîne une augmentation des émissions anthropiques, ce qui pose des problèmes de qualité de lŠair. Les processus dynamiques tels que la convection profonde favorisent la redistribution des masses dŠair tropical pollué à lŠéchelle locale et mondiale. Malgré lŠimportance de la région, la troposphère tropicale et son évolution restent peu documentées par rapport aux moyennes latitudes nord, en raison du peu dŠobservations in situ disponibles. LŠobjectif global de cette thèse est de documenter les caractéristiques des distributions tropicales de O 3 et de CO et de caractériser lŠévolution de lŠozone tropical. Pour ce faire, nous avons proĄté des mesures in situ par avion fournies par le programme IAGOS depuis 1994 pour O 3 , et 2002 pour CO, caractérisées par une haute précision et une Ąne résolution verticale. De plus, les distributions globales issues des récupérations IASI-SOFRID ont été utilisées pour compléter les données IAGOS et étudier les voies de transport intercontinentales des masses dŠair tropicales. Dans la première partie de la thèse, deux études de validation ont été réalisées pour IASI-SOFRID en utilisant les données IAGOS. La première se concentre sur lŠévaluation des climatologies UT O 3 et CO. La validation se concentre sur les tropiques, où la convection profonde peut transporter des espèces chimiques à des altitudes plus élevées, où leur durée de vie est accrue en raison du manque de puits de dépôt. Pour ce faire, nous avons calculé les transects méridiens UT CO et O 3 basés sur les données IAGOS et SOFRID, sur les régions où IAGOS a montré la plus grande couverture spatiale (Atlantique, Atlantique Nord, Afrique, Asie du Sud et Asie du Sud-Est) de 2008 à 2019. Pour O 3 , nous trouvons en moyenne un coefficient de corrélation de 0.70 avec un biais positif moyen de 9 ± 18 %, non signiĄcatif. Les plages des coefficients de corrélation (0.66 à 0.84) et des biais (-3 à 20 % respectivement) pour les différents transects indiquent une grande cohérence entre les variabilités spatio-temporelles de IAGOS et SOFRID. Concernant le CO, la concordance entre IAGOS et SOFRID est bonne (coefficient de corrélation de 0.75, et un biais négatif moyen de 6 ± 10 %). Tous les transects présentent des coefficients de corrélation élevés (0.75Ű0.90), à lŠexception du transect SEAsia, et des biais négatifs allant de 0 à 9 %. Dans lŠensemble, les transects méridiens et les distributions horizontales de IAGOS et SOFRID sont assez cohérents dans la représentation qualitative des patrons de O 3 et de CO dans lŠUT tropicale. SOFRID capture bien la variabilité saisonnière de O 3 et CO dans lŠUT tropicale, et les minima et maxima sont bien colocalisés par rapport à IAGOS. Les divergences entre SOFRID et IAGOS (par exemple la sous-estimation des maxima saisonniers de CO sur lŠAfrique et le Brésil, et la surestimation de O 3 vers les extratropiques) sont principalement dues aux différences dans la nature des systèmes dŠobservation. Le lissage du proĄl de O 3 et de CO dû à la résolution plus grossière du satellite explique une partie des divergences. Une autre différence entre les systèmes est que IAGOS voit la partie inférieure de lŠUT dans les tropiques et les subtropiques, tandis que SOFRID est plus sensible à lŠUTLS dans les extratropiques, et au TTL dans les tropiques. LŠobjectif de la seconde étude était dŠévaluer les tendances de lŠO 3 troposphérique (1000Ű200 hPa) à partir de lŠIASI en utilisant les proĄls verticaux de lŠIAGOS, et de déterminer lŠimpact de la sensibilité verticale de lŠIASI sur les tendances documentées. Pour ce faire, nous avons calculé le changement de O 3 troposphérique entre une période moderne et une période de référence. En raison de la rareté des données IAGOS dans lŠespace et le temps, nous avons ajusté la période susmentionnée à la disponibilité des données IAGOS. Les comparaisons entre les données mensuelles de lŠIASI et celles de lŠIAGOS ont révélé de grandes divergences dans le changement observé de lŠO 3 troposphérique. Pour IASI, la majorité des changements de O 3 nŠétaient pas statistiquement signiĄcatifs et proches de zéro, contrairement à IAGOS. Les comparaisons entre les données IASI et IAGOS uniquement pour les jours spéciĄques où IAGOS est disponible ont amélioré la concordance dans le changement O 3 troposphérique observé (en termes de signe et de magnitude). Ainsi, nos résultats indiquent que le changement O 3 est sensible à lŠéchantillonnage. Les comparaisons entre la colonne troposphérique et le changement partiel (700Ű200 hPa) de la colonne O 3 en utilisant les données IASI et IAGOS (pour leurs jours de chevauchement) ont montré que leur accord est le meilleur lorsque nous tenons compte de la colonne partielle, en raison de la plus grande sensibilité des récupérations dans cette couche. Cette étude de validation prouve que nous pouvons nous Ąer aux données IASI pour les tendances de O 3 dans la région de sa plus grande sensibilité. Comme étape suivante, nous avons utilisé les données IASI dans la colonne partielle, pour évaluer les changements de lŠO 3 de la troposphère libre entre 2018Ű2020 et 2008-2010. Nous avons choisi ces périodes en raison de leur séparation maximale dans la période IASI. Nos résultats ont montré une augmentation de la moyenne globale de lŠO 3 partiel dŠenviron 0.4 DU (soit 1.7 %), la plus grande augmentation se situant dans les tropiques (0.32 DU ou 2 %). Conformément aux études précédentes, la plus forte augmentation de O 3 est observée sur lŠAsie du Sud et du Sud-Est (environ 10 %), probablement en raison de lŠaugmentation des émissions. De faibles augmentations de O 3 sont observées sur lŠAfrique de lŠOuest (de 2 %), probablement dues à lŠaugmentation des émissions anthropiques. En revanche, lŠO 3 diminue sur lŠAfrique du Sud (de 4 %) probablement associé à une baisse de la combustion de la biomasse. Des études antérieures basées sur le satellite (TOST pour 2013Ű2017 et IASI pour 2008Ű2016 ; Gaudel et al., 2018) et le modèle de transport chimique (de 2013Ű2015 à 1995Ű2015) conĄrment la diminution de O 3 au-dessus de lŠAfrique du Sud. La deuxième partie de la thèse se concentre sur les distributions tropicales de CO et O 3 , et vise à offrir une meilleure compréhension de leurs caractéristiques saisonnières et des facteurs de contrôle. Pour ce faire, nous avons analysé les mesures IAGOS pour toute la période IAGOS (depuis 1994 pour O 3 et 2002 pour CO), et les données satellitaires basées sur les récupérations IASI-SOFRID (depuis 2008). Nous avons également utilisé lŠoutil SOFT-IO, qui fournit des informations auxiliaires pour les mesures IAGOS-CO, telles que son origine géographique et son type dŠémissions (AN ou BB).Les principaux résultats sont les suivants :• Les émissions de nitrate dŠammonium sont dŠune grande importance dans lŠaugmentation du CO à long terme dans les tropiques, même dans le sud-est. Les émissions de nitrate dŠammonium dominent les maxima de CO au-dessus de la surface dans tous les groupes (sauf en Afrique centrale et dans le Golfe de Thaïlande). Le rôle des émissions de nitrate dŠammonium sur lŠAfrique centrale est mis en évidence par une augmentation persistante du CO au-dessus de la surface sur une base annuelle.• Dans les régions MT et UT, la contribution de BB est accrue par rapport à la contribution de AN. De même, la contribution des émissions de CO transportées est plus importante que dans le LT, où les émissions locales dominent. Cela sŠexplique par le fait quŠà ces altitudes, le transport à longue distance est favorisé par des vents plus forts, permettant la redistribution des panaches à une échelle intercontinentale (e.g[START_REF] Liang | ŞLong-range transport of Asian pollution to the northeast PaciĄc: Seasonal variations and transport pathways of carbon monoxideŤ[END_REF][START_REF] Barret | ŞTransport pathways of CO in the African upper troposphere during the monsoon season: a study based upon the assimilation of spaceborne observationsŤ[END_REF]. Au-dessus de lŠAfrique du Nord, le BB domine dans le MT pendant la saison des feux du NH (janvier) et du SH (juillet). Les feux dŠAsie du Sud-Est en avril sont principalement à lŠorigine des anomalies de CO sur la côte sud-est de lŠAsie (Chine du Sud, Ho Chi Minh Ville, Bangkok et Manille). En revanche, pendant les incendies dŠAsie équatoriale en octobre, lŠimpact du BB dans lŠUT a une plus grande portée spatiale, sur la côte de lŠAsie du Sud-Est jusquŠen Inde et en Afrique.• Les maxima de CO et de O 3 les plus élevés parmi les groupes tropicaux sont observés au-dessus de lŠAfrique du Nord dans la LT pendant la saison sèche (80 ppb de O 3 à 2.5 km et 850 ppb de CO à 0.3 km au-dessus de Lagos en janvier). Malgré les incendies actifs, les maxima de CO et par conséquent de O 3 sont principalement attribués aux émissions locales dŠAN (environ 60 %).• Les deuxièmes maxima les plus élevés de O 3 et de CO sont observés au-dessus de lŠAsie.LŠO 3 atteint son maximum dans le FT (à 6 km) pendant la saison post-mousson (avril), tandis que le CO est maximal dans le LT (0.5 km) en janvier en raison des émissions locales de nitrate dŠammonium. Le seul groupe présentant des maxima de O 3 dans le LT est la Chine du Sud (75 ppb à 2.6 km), pendant les feux dŠAsie centrale (avril).Ces incendies contribuent également aux anomalies de CO dans les LT, en plus des émissions locales et régionales dŠAN.• Les plus petits maxima de LT CO sont observés au-dessus de lŠAmérique du Sud, en raison dŠémissions de CO plus faibles par rapport à lŠAfrique et à lŠAsie. La seule augmentation signiĄcative du CO et de lŠO 3 est observée dans le MT pendant la saison des incendies locaux (octobre), lorsque lŠO 3 et les précurseurs impactés par les émissions locales de lŠAN et des incendies sont piégés dans un anticyclone et transportés vers lŠAfrique du Sud.• LŠAfrique est la région tropicale la plus importante en termes dŠexportation dŠémissions dans la troposphère. La principale voie de transport est celle des régions africaines de saison sèche vers les régions de saison humide. Les contributions de lŠAfrique du Nord se trouvent au-dessus de lŠArabie, de lŠAfrique de lŠEst et de lŠInde pendant la saison sèche et vers lŠAmérique du Sud du Nord tout au long de lŠannée.• LŠimpact des émissions asiatiques dans les régions LT et MT est limité à une échelle régionale ou locale. Dans lŠUT, lŠexportation des émissions asiatiques sŠintensiĄe pendant la mousson dŠété asiatique (juillet). Les masses dŠair pollué de la surface sont soulevées dans lŠUT asiatique et piégées dans lŠAMA. Ces masses dŠair sont transportées au-dessus de lŠArabie et de lŠAfrique de lŠEst, provoquant les maxima annuels de O 3 en raison de la subsidence et de lŠisolement élevé de ces régions.Comme nous lŠavons mentionné dans Section 3.1, le programme IAGOS fournit une riche base de données sur les composés atmosphériques à lŠéchelle mondiale. CŠest la première fois que les observations IAGOS ont été analysées en profondeur pour étudier les distributions climatologiques de O 3 et de CO au-dessus des tropiques. Dans une prochaine étape, il pourrait être intéressant de documenter la variabilité interannuelle de ces composés atmosphériques.Des études antérieures (e.g.[START_REF] Voulgarakis | ŞInterannual variability of tropospheric trace gases and aerosols: The role of biomass burning emissionsŤ[END_REF] ont montré que la variabilité interannuelle du CO à lŠéchelle mondiale est presque entièrement attribuée aux émissions de BB. Ainsi, nous pourrions témoigner de lŠimpact des émissions de BB et de leurs changements, sur O 3 et CO sur les tropiques, où les émissions de BB les plus fortes se produisent (voir Section 2.2).En outre, nous pourrions analyser lŠimpact des variations non saisonnières de la circulation telles que lŠoscillation ENSO (Section 2.1) sur les distributions tropicales de O 3 et de CO. LŠune des limites de notre étude est que les données IAGOS sont fournies sur des sites sélectionnés, principalement à proximité des mégapoles tropicales. Pour faire face à la rareté de la couverture des données dans les tropiques, nous pourrions tenir compte dŠautres réseaux et campagnes (par exemple SHADOZ, Atom) fournissant des mesures sur cette région pour compléter nos connaissances sur la composition tropicale. A part O 3 et CO, dŠautres composés atmosphériques ont été mesurés par IAGOS au-dessus des tropiques, tels que NO x (depuis 2015), NO y (entre avril 2001 et mai 2005) et NO (avec IAGOS-CARIBIC depuis 1997). Ces espèces azotées (notamment NO x ) jouent un rôle clé dans la formation de O 3 (voir Section 1.1.2), émises entre autres par les sols et les émissions de foudre, qui sont surtout actives sous les tropiques (voir Section 2.2). Ainsi, lŠétude des NO x tropicaux basée sur des observations in-situ en combinaison avec des mesures simultanées de O 3 , pourrait aider à mieux comprendre la photochimie de O 3 . Dans le même ordre dŠidées, lŠutilisation dŠun modèle chimique de transport global pourrait aider à interpréter les caractéristiques des distributions de O 3 et de CO dans les tropiques, en quantiĄant leurs sources et leurs puits. De plus amples détails sur le modèle seront fournis ultérieurement.Tendances dans les tropiquesNotre étude a fourni quelques indications sur lŠimpact de lŠéchantillonnage de IAGOS et de la sensibilité verticale de IASI sur le changement observé de O 3 (Section 4.2). Cependant, des incertitudes subsistent dans la quantiĄcation des tendances de lŠO 3 basée sur les produits satellitaires. En outre, une des limites de notre étude est que le changement de O 3 nŠa pas été abordé par les données IAGOS dans lŠensemble des tropiques. En raison des mesures éparses dans le temps sur les sites tropicaux, il nŠa pas été possible de déĄnir les mêmes périodes de référence et modernes pour les calculs du changement O 3 . Pour ces raisons, il serait intéressant dŠestimer les tendances à partir des mesures IAGOS en utilisant la méthode de régression par quantile. Cette méthode prédit les tendances dŠune distribution en prenant en compte les quantiles de la distribution au lieu des moyennes de lŠétat. Un avantage de cette méthode est quŠelle peut tolérer les valeurs manquantes et les valeurs aberrantes, ce qui la rend appropriée pour les ensembles de données avec des lacunes dans le temps et lŠespace comme IAGOS et les ozonesondes.Des études antérieures ont déjà utilisé des données in situ telles que IAGOS (e.g[START_REF] Gaudel | ŞAircraft observations since the 1990s reveal increases of tropospheric ozone at multiple locations across the Northern HemisphereŤ[END_REF][START_REF] Wang | ŞGlobal tropospheric ozone trends, attributions, and radiative impacts in 1995Ű2017: an integrated analysis using aircraft (IAGOS) observations, ozonesonde, and multi-decadal chemical model simulationsŤ[END_REF] et ozonesondes[START_REF] Christiansen | ŞMultidecadal increases in global tropospheric ozone derived from ozonesonde and surface site observations: Can models reproduce ozone trends?Ť[END_REF] pour le calcul des tendances de O 3 à lŠéchelle mondiale. Cependant, ces études ne se concentrent pas sur les tropiques et ne documentent pas les tendances du CO.[START_REF] Cohen | ŞClimatology and long-term evolution of ozone and carbon monoxide in the upper troposphereŰlower stratosphere (UTLS) at northern midlatitudes, as seen by IAGOS from 1995 to 2013Ť[END_REF] ont calculé les tendances de lŠO 3 et du CO à lŠaide dŠIAGOS, mais sur la haute troposphère aux moyennes latitudes nord. Les tendances tropicales de lŠO 3 ont été documentées par[START_REF] Thompson | ŞRegional and Seasonal trends in tropical ozone from SHADOZ proĄles: Reference for models and satellite productsŤ[END_REF] sur les sites SHADOZ, principalement situés dans les tropiques du sud. Nous pourrions donc compléter cette étude en fournissant les tendances de lŠO 3 pour des sites supplémentaires, ainsi que les tendances du CO. Les tendances de O 3 et de CO fournies par IAGOS seraient utiles pour évaluer les produits satellitaires et les performances des modèles chimiques utilisés pour interpréter les attributions de tendances dans les tropiques.Une limitation des mesures IAGOS est quŠelles sous-échantillonnent la troposphère tropicale, parce que la haute tropopause (12Ű18 km[START_REF] Gettelman | ŞA climatology of the tropical tropopause layerŤ[END_REF] est plus élevée que lŠaltitude de croisière IAGOS (9Ű12 km). AĄn de faire des comparaisons justes avec les tendances des satellites, et dŠéchantillonner la colonne troposphérique complète, il serait nécessaire de compléter les proĄls IAGOS en utilisant les données appropriées telles que les proĄls MLS.

  

  

  

  

  

  

  

  

  [START_REF] Andreae | ŞInĆuence of plumes from biomass burning on atmospheric chemistry over the equatorial and tropical South Atlantic during CITE 3Ť[END_REF]. Lorsque des intrusions stratosphériques se produisent, O 3 et CO sont anti corrélés, car lŠair stratosphérique est riche en O 3 et pauvre en CO (e.g.[START_REF] Parrish | ŞRelationships between ozone and carbon monoxide at surface sites in the North Atlantic regionŤ[END_REF]. Ainsi, la relation O 3 -CO est utile pour contraindre les sources et le transport de O 3 .

références y afférentes). LŠanticorrélation O 3 -CO près de la surface indique un dépôt et une destruction de O 3 . De plus, la relation O 3 -CO sŠétend dans la FT et à des échelles intercontinentales, reĆétant le mélange des masses dŠair et de la chimie (par exemple GENERAL INTRODUCTION IN FRENCH

  Bien que ces mesures aient permis de mieux comprendre la distribution verticale de lŠO 3 tropical, elles sont pour la plupart limitées à des sites dŠobservation éloignés tels que lŠAscension et lŠîle de la Réunion. De plus, il est difficile de fournir des contraintes supplémentaires concernant la relation entre O 3 et CO dans les tropiques, en raison dŠun manque dŠobservations simultanées de CO in situ. LŠobjectif global de cette thèse est de caractériser les changements tropicaux de O 3 , et de documenter les caractéristiques des climatologies de O 3 et de CO dans la troposphère tropicale.

	Le programme Southern Hemisphere ADditional OZone Sounding (SHADOZ) (Thompson
	et al., 2003a) fournit des observations à long terme de O 3 au-dessus des tropiques en utilisant
	des ozonesondes depuis 1998.

mais elles sont pour la plupart basées sur des simulations de modèles, des observations au sol éparses ou des données satellitaires peu cohérentes, et on ne sait pas clairement ce qui peut provoquer une telle augmentation de O 3 . Il est donc nécessaire dŠeffectuer dŠautres mesures in situ aĄn dŠétudier la composition de la troposphère tropicale, de mieux contraindre les modèles, de valider les données récupérées par satellite et de réduire les incertitudes dans la quantiĄcation des tendances de lŠO 3 et du CO et lŠattribution des sources au-dessus des tropiques. Malgré lŠimportance des tropiques dans la production de O 3 et de CO, la troposphère tropicale est peu documentée par rapport aux moyennes latitudes du nord. Des mesures de lŠO 3 et du CO tropicaux sont disponibles par des observations satellitaires, mais elles ont une résolution verticale grossière : [par exemple][]barret2008, thompson2001tropical. Les mesures fournies par les campagnes offrent une couverture spatiale et temporelle limitée.

  de données IAGOS en estimant les contributions AN et BB aux mesures de CO observées. Ces mesures, ainsi que la sortie de SOFT-IO nous permettent de tracer lŠorigine du CO, et dŠétablir des connexions avec lŠorigine de O 3 au-dessus des tropiques. La première partie de cette thèse est principalement axée sur les tendances de lŠO 3 au-dessus des tropiques. Tout dŠabord, nous utilisons les proĄls verticaux de IAGOS pour évaluer les tendances de lŠO 3 troposphérique provenant de IASI. De cette façon, nous prouvons que nous pouvons compter sur IASI pour la détection des tendances, et nous pouvons tirer proĄt de ses mesures continues dans le temps et lŠespace aĄn dŠévaluer lŠévolution de lŠO 3 dans les tropiques. Les tendances évaluées par IASI sont comparées aux tendances de lŠO 3 disponibles dans la bibliographie.

Cependant, elles se concentrent sur des régions spéciĄques des tropiques et ont une couverture temporelle limitée, notamment pour le CO car moins de mesures étaient disponibles à cette époque. Ainsi, les distributions de O 3 et de CO et leur imbrication dans lŠensemble des tropiques ne sont pas encore bien documentées.

Le modèle SOft attribution using FlexparT and carbon monoxide emission inventories for Insitu Observation database (SOFT-IO)

[START_REF] Sauvage | ŞSource attribution using FLEX-PART and carbon monoxide emission inventories: SOFT-IO version 1.0Ť[END_REF] 

a été développé pour compléter GENERAL INTRODUCTION IN FRENCH lŠanalyse du jeu La deuxième partie de la thèse se concentre sur les climatologies de lŠO 3 et du CO au-dessus des tropiques. Tout dŠabord, les extractions IASI de O 3 et de CO sont validées dans lŠUT tropicale, en utilisant les mesures de la croisière IAGOS. Ensuite, la distribution globale fournie par IASI est analysée pour compléter la distribution de O 3 et de CO fournie par IAGOS. Elles sont utilisées pour documenter lŠétendue spatiale des panaches de pollution, et explorer les modèles de transport intercontinentaux. Nous proĄtons également de la Ąne résolution verticale de IAGOS pour évaluer les caractéristiques et la variabilité saisonnière de O 3 et de CO au-dessus de la troposphère tropicale. En utilisant SOFT-IO, nous explorons lŠorigine des anomalies de CO observées et nous étudions les processus de transport qui déterminent la distribution du CO et de lŠO3 dans les tropiques. Les questions que nous abordons dans cette partie sont : • Où sont les maxima et minima de O 3 et de CO enregistrés dans les tropiques ? Quelle est leur variation saisonnière ? • DŠoù vient le CO pour former ces maxima (anthropique ou combustion de la biomasse) ? • Quelle région contribue le plus à lŠexportation de CO dans la troposphère tropicale ? Le manuscrit est organisé comme suit. Chapter 1 fournit des informations sur lŠO 3 et le CO. Nous expliquons leur rôle et leur importance dans la troposphère, leurs principales sources et leurs principaux puits, ainsi que leur bilan global. Chapter 2 se concentre sur la région qui nous intéresse, les tropiques. Nous décrivons les particularités de la dynamique de la troposphère dans les tropiques, et les sources naturelles et anthropiques de précurseurs situées dans la région. Chapter 3 fournit des informations détaillées sur les jeux de données dŠobservation (IAGOS et IASI) et de modélisation (SOFT-IO) utilisés dans cette thèse. Dans le chapitre Chapter 4, nous présentons les deux évaluations de la qualité des récupérations IASI en utilisant les mesures IAGOS pour lŠévaluation de : i) les climatologies UT CO et O 3 , et ii) les tendances de lŠO 3 troposphérique. Dans la dernière partie de ce chapitre, nous présentons les caractéristiques des tendances de lŠO 3 tropical telles quŠelles sont observées par IASI. Chapter 5 fournit lŠanalyse des climatologies de O 3 et de CO au-dessus de la troposphère tropicale sur la base des données IAGOS et IASI. En outre, les sources du CO observé sont explorées avec SOFT-IO. EnĄn, dans Chapter 6 nous résumons les principaux résultats de la thèse, et nous discutons des perspectives possibles de ce travail.

The high abundances of HO 2 and RO 2 react

  

	with NO to convert it to NO 2 (Equations 1.11 and 1.20). The only important source of O 3
	is the photolysis of NO 2 which produces an O atom. This atom reacts with O 2 to form O 3
	(Equations 1.5 and 1.2). Therefore, the decrease in the available NO x leads to a decrease
	in O 3 . In contrast, O 3 production is not sensitive to declines in VOCs concentration at
	constant NO x or the VOCs composition.
	Under a low VOCs/NO x ratio (VOCŰlimited regime; at the left side of the ridge line in
	Figure 1.2), the decrease in VOCs concentrations at constant NO x concentrations results in
	lower peak concentrations of O 3 . Similarly, decreases in O 3 concentrations can be achieved by
	decreasing VOCs and NO x proportionally and simultaneously. On the other hand, decreasing
	NO x concentrations while keeping the VOCs concentrations constant under this regime leads
	to increased peak O 3 concentrations, until the ridge line is reached and O 3 concentration
	starts decreasing. This increase of O 3 with decreasing NO x under some conditions, results

  display the highest O 3 burden increase in the tropical region Ű mostly over India, East Asia, and SouthEast Asia. Most studies tend to conĄrm an increase of O 3 in the tropics but they are mostly based on model simulations, sparse ground observations, or satellite data with little consistency, and it is not clear what can cause such an O 3 increase.

Table 1 .

 1 

	1: Average CO budget in (10 3 Tg CO yr -1 ) during 2000Ű2017 based on Zheng et al.
	(2019).		
			(10 3 Tg CO yr -1 )
		Sources	
		Anthropogenic	0.7
		Biomass burning	0.5
		Ocean	0.02
		Biogenic	0.2
	.	SubŰtotal direct sources	1.4
		Methane oxidation	0.9
		NMVOCs oxidation	0.3
		SubŰtotal chemical oxidation	1.2
		Total sources	2.6
		Sinks	
		OH reaction	2.6
	Figure 1.4 displays inversionŰbased estimates of the global CO budget (Tg CO yr -1 ) based
	on several studies. All these studies, including Zheng et al. (2019) and Table 1.1, tend to
	agree on the estimate of the global CO sources. However, they disagree on the proportion
	of CO produced: i) by surface emissions and by chemical production, and ii) by oxidation
	of CH 4 and by oxidation of VOCs. In addition, the CO production by the oxidation of
	VOCs shows a large spread among the different studies, indicating high uncertainties in the
	estimations.		

  -1 spectral window[START_REF] De Wachter | ŞRetrieval of MetOp-A/IASI CO proĄles and validation with MOZAIC dataŤ[END_REF]. Both vertical proĄles are retrieved on 43 Ąxed pressure levels from the surface up to 0.1 hPa.

	As discussed in Clerbaux et al. (2009), nadir looking Thermal Infrared (TIR) instruments
	like IASI can measure atmospheric radiation down to the EarthŠs surface, during cloudŰ

free conditions. When properties such as ground emissivity, surface, and atmospheric temperatures are known at the location of the measurements, the proĄles of species such as O 3 and CO can be retrieved. However, the presence of clouds can modify the optical path and thus affect the radiance signal recorded by the instrument. For this reason, it is important to apply a cloud Ąlter and consider only the measurements not (or little) impacted by clouds. Details on the cloud Ąlter applied to IASI data can be found in

Barret et al. 

  have used SOFT-IO to track back the sources of CO measured by IAGOS, but on a rather limited spatial extent.Petetin et al. (2018b) studied the CO origin over small geographical areas (vertical proĄles at different sites such as Windhoek and Japan), while[START_REF] Lannuque | ŞOrigins and characterization of CO and O 3 in the African upper troposphereŤ[END_REF] focused on the African upper troposphere. In this study, we will use the SOFT-IO output for CO source attribution in the entire tropics, over the whole troposphere.

	Chapter 4
	IASI validation with IAGOS
	Upper tropospheric O 3 and CO climatologies

As discussed before

(Sections 1.1.1, 1.2.1)

, O 3 and CO are harmful pollutants, strongly impacting the oxidizing capacity of the troposphere and inĆuencing the climate in a direct (for O 3 ) and indirect (for O 3 and CO) way. Through its reaction with OH, CO enhances the lifetime of CH 4 , which is a greenhouse gas. Also, CO oxidation results in production of CO 2 and O 3 , which are also greenhouse gases. O 3 is a shortŰlived climate forcer (IPCC, 2021) whose increase during the 20th century has contributed to global warming

(Shindell 

Table 4
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.1) indicating high consistency between IAGOS

Table 4 . 1 :

 41 Statistics of the comparison between IAGOS and IASI-SOFRID monthly O 3 /CO meridional UT transects for the period 2008Ű2019. The Pearson correlation coefficient (R), the bias (in %), and the rootŰmeanŰsquare of the relative difference (RMSD) (in %) are given.

			O 3		CO	
		Transect	R	Bias ± RMSD	R	Bias ± RMSD
		NAtlantic	0.84	6 ± 18	0.90	0 ± 6
	.	Atlantic	0.66	20 ± 27	0.75	-2 ± 7
		Africa	0.66	17 ± 28	0.88	-9 ± 11
		SEAsia	0.78	-3 ± 18	0.62	-3 ± 7
		SAsia	0.68	12 ± 21	0.80	-1 ± 6
		Tropics+Subtropics 0.70	9 ± 18	0.75	-6 ± 10

and SOFRID spatiotemporal variabilities. For all the transects except over SEASia, SOFRID overestimates O 3 UT concentrations.

Table 4 . 2 :

 42 Mean statistics of the comparison between IAGOS and IASI-SOFRID monthly O 3 and CO meridional UT transects. The correlation coefficient and the mean bias (in %) are given.

		NAtlantic		Atlantic		Africa		SEAsia		SAsia	
	O 3	R	Bias	R	Bias	R	Bias	R	Bias	R	Bias
	January	0.84	-5	0.53	16	0.69	10	0.19	-3	0.80	7
	April	0.90	-13	0.75	0	0.71	11	0.78	-17	0.95	0
	July	0.87	26	0.61	26	0.66	35	0.94	-3	0.97	24
	October	0.58	17	0.77	25	0.64	25	0.48	20	0.61	33
	CO	R	Bias	R	Bias	R	Bias	R	Bias	R	Bias
	January	0.50	2.5	0.88	2	0.94	-6	-0.07	2	0.96	4
	April	0.86	-6	0.59	0.5	0.95	-10	0.84	-2	0.73	3
	July	0.91	3	0.81	1	0.96	-6	0.92	-1	0.96	0
	October	0.97	1	0.84	-6	0.94	-4	0.20	-15	0.92	-1

Comparisons between SOFRID-CO and IAGOS show an overall good agreement, with a high average correlation coefficient of 0.75 and a mean negative bias of 6 ± 10 % (Table

4

.1). All transects display high correlation coefficients (0.75Ű0.90) except SEAsia one, and negative

Table 4 . 3 :

 43 IAGOS, IASIŰmonthly and IASIŰdaily tropospheric (1000Ű200 hPa) O 3 change (in DU) between the reference and the modern period. The mean indicates the mean O 3 change between the two periods. Numbers in bold correspond to statistically signiĄcant O 3 changes. The CI stands for the 90 % conĄdence interval of the change. The insigniĄcant changes with respect to the 90 % conĄdence intervals are indicated as NS.

			IAGOS	IASIŰmonthly	IASIŰdaily	Periods
	Site	mean	CI	mean	CI	mean	CI	Reference	Modern
	Lagos	-1.5	NS	0.4	NS	-1	NS	2011Ű2013 2017Ű2019
	Sahel	-3	[-4.5; -1]	0	NS	-0.5	NS	2013Ű2015 2017Ű2019
	Guinea G.	-1.5	[-3; -0.14]	-1	NS	-0.2	NS	2016	2019
	Cen. Africa	5	[2; 8]	0.5	NS	3	[1; 4.5]	2008Ű2010 2014Ű2016
	Windhoek	2	[1.5; 3]	2	[1.5; 3]	4	[3; 4.5]	2008Ű2009 2011Ű2012
	Addis Ababa	0	NS	0	NS	0	NS	2011Ű2013 2015Ű2017
	Jeddah	4.5	[2.5; 6.5]	0	NS	6	[4; 8.5]	2011Ű2013 2017Ű2019
	Caracas	2.5	[0.5; 4.5]	0	NS	2.5	[1; 3.5]	2008Ű2010 2014Ű2016
	Madras	-4	[-6.5; -2]	0	NS	-0.5	NS	2013Ű2014 2016Ű2017
	South China	-6.5 [-8.5; -4.5]	-1	NS	-1.5 [-2.5; -0.01]	2011	2016
	Bangkok	-1	NS	0	NS	4	[2.5; 6]	2013Ű2015 2017Ű2019
	Thailand G.	4	[2.5; 5.5]	0.5	NS	2	[1; 3.5]	2012Ű2013 2015Ű2016

Table 4 .

 4 4: O 3 change (in DU) based on IAGOS and IASI daily measurements (these results are also displayed in Figure 4.8). From left to right, tropospheric column (1000Ű200 hPa) and partial tropospheric column (700Ű200 hPa) O 3 change between the reference and the modern periods. The mean indicates the mean O 3 change between the two periods. Numbers in bold correspond to statistically signiĄcant O 3 changes. The CI stands for the 90 % conĄdence interval of the change. The insigniĄcant changes with respect to the 90 % conĄdence intervals are indicated as NS.

			Tropospheric column			Partial column		Periods
		IAGOS	IASI-daily	IAGOS	IASI-daily		
	Site	mean	CI	mean	CI	mean	CI	mean	CI	Reference	Modern
	Lagos	-1.5	NS	-1	NS	-2	NS	-0.5	NS	2011Ű2013 2017Ű2019
	Sahel	-3	[-4.5; -1]	-0.5	NS	-3	[-4; -2]	-0.5	NS	2013Ű2015 2017Ű2019
	Guinea G.	-1.5	[-3; -0.14]	-0.2	NS	-1	[-2; 0]	0	NS	2016	2019
	Cen. Africa	5	[2; 8]	3	[1; 4.5]	3	[1; 5.5]	2	[1; 3]	2008Ű2010 2014Ű2016
	Windhoek	2	[1.5; 3]	4	[3; 4.5]	1.5	[1; 2]	3	[2.5; 3.5] 2008Ű2009 2011Ű2012
	Addis Ababa	0	NS	0	NS	0	NS	0	NS	2011Ű2013 2015Ű2017
	Jeddah	4.5	[2.5; 6.5]	6	[4; 8.5]	3	[1.5; 5]				

"Tropical tropospheric ozone and carbon monoxide distributions: characteristics, origins and control factors, as seen by IAGOS and IASI"

  

	Tsivlidou, M., Sauvage, B., Barret, B., Wolff, P., Clark, H., Bennouna, Y., Blot, R., Boulanger,
	D., Nédélec, P., Le Flochmoën, E., and Thouret, V.: Tropical tropospheric ozone and carbon
	monoxide distributions: characteristics, origins, and control factors, as seen by IAGOS and
	IASI, Atmos. Chem. Phys. Discuss. [preprint], https://doi.org/10.5194/acp-2022-686,
	in review, 2022.

Table 5 . 1 :

 51 Field campaigns providing in situ gas and aerosol measurements in the tropics.

	Campaign	Reference	Place	Period
	Cite-1	Chameides et al. (1989)	Atlantic and Brazil	Spring 1984
	Cite-2	Hoell Jr et al. (1990)		AugŰSept 1986
	Cite-3	Hoell Jr et al. (1993)		AugŰSept 1989
	ABLE-2A	Harriss et al. (1988)	Amazon	Dry season 1985
	ABLE-2B	Garstang et al. (1990)		Wet season 1987
	TROPOZ I	Jonquières et al. (1998)	West Africa	Dec 1987
	TROPOZ II			JanŰFebr 1991
	PEM-WEST-A	Liu et al. (1996)	Western PaciĄc	SeptŰOct 1991
	PEM-WEST-B	Blake et al. (1997)		FebrŰMar 1994
	SAFARI-92	Lindesay et al. (1996)	S. Africa to Brazil	SeptŰOct 1992
	TRACE-A 1992	Fishman et al. (1996)		
	PEM-Tropics-A	Hoell et al. (1999)	Tropical PaciĄc	AugŰOct 1996
	PEM-Tropics-B	Pickering et al. (2001)		MarŰApr 1999
	EXPRESSO	Delmas et al. (1999)	Central Africa	NovŰDec 1996
	Aerosols99	Thompson et al. (2000)	Virginia to Mauritius	JanŰFebr 1999
	INDOEX	Lelieveld et al. (2001)	Tropical Indian Ocean	JanŰMar 1999
	SAFARI-2000	Swap et al. (2003)	Southern Africa	AugŰSept 1999Ű2001
	TRACE-P	Kondo et al. (2004)	PaciĄc	FebrŰApr 2001
	HIPPO	Wofsy et al. (2011)		2009Ű2011
	TROCCINOX	Mari et al. (2006)	SouthEast Brazil	FebrŰMar 2004
	AMMA	Redelsperger et al. (2006)	West Africa	2005Ű2006
	INTEX-B	Singh et al. (2009)	Gulf of Mexico; PaciĄc	MarŰMay 2006
	DACCIWA	Knippertz et al. (2017)	Southern West Africa	JunŰJul 2014-2015
	ATom	Bourgeois et al. (2020)	Tropical Atlantic and PaciĄc	2016Ű2018
	AQABA	Friedrich et al. (2021)	Middle East	Boreal summer 2017
	CLARIFY	Haywood et al. (2021)	SouthEast Atlantic	AugŰSept 2017
	EMeRGe-Asia	Wolf et al. (2020)	East Asia	MarŰApr 2018
	CAFE-Africa	Tadic et al. (2021)	C. Atlantic and W. Africa	AugŰSept 2018

Table 5 . 4 :

 54 Total (AN + BB) CO emission rates (in 10 -10 kg m -2 s -1 ) based on CEDS2 and GFAS emission inventories over West Africa (10°WŰ12.5°E; 0Ű12.5°N),

	Central Africa

  found the largest reduction in CO concentrations over China. This reduction is attributed to declines in local CO emissions since 2002, related to replacing residential coal use with electricity and natural gas, and to the implementation of Clean Air Policies (A et al., 2017) around 2010. In India, on the other hand, there are no regulation in the emissions, and this explains the highest CO mixing ratios among the Asian clusters (Fig. 5.9). Previous studies have already reported increasing CO emissions over India from 1996Ű2015, due to several factors such as increases in residential and agricultural sources

  5.11c and 5.17), and trapped in the AMA circulation (see Sect. 5.2.3.2.2). The impact of the Asian emissions on the UT CO

	anomalies is extended over Arabia (25Ű30 ppb) and Eastern Africa (25Ű30 ppb) (Figs. 5.11c;
	5.10 panel 3c and 5.17 SEAS and CEAS). Interestingly, subsidence of air masses from AMA
	above Arabia are responsible for an O 3 maximum above AEA (Fig. 5.9a) (Sect. 5.2.3.2.4).
	During the postŰmonsoon season (October), sporadic convection uplifts CO emitted by
	EQAS Ąres (Figs. 5.11g, 5.18 EQAS) (see Sect. 5.2.3.2.2). At the same time, convection
	over continental Asia uplifts SEAS AN emissions (Figs. 5.11d and 5.18 SEAS) in the UT.
	As a result, CO from the Asian emissions impacts CO anomalies in the UT over Eastern
	Africa with EQAS contribution of 15Ű20 ppb, and SEAS contribution of 5Ű10 ppb (Fig. not
	shown).

  Ąres are active. Local AN emissions have greatest impact over Asia where they account for more than 80 % of the CO. The BB impact increases over SouthChina (35 % in April), and dominates over the Gulf of Thailand (90 % in October) during the local Ąres (SEAS and EQAS resp.). Over NTr Africa, local AN contributions are in the range of 60Ű85 % all year, except July. During the SH dry season, CO impacted by the SHAF Ąres is transported northwards contributing signiĄcantly to LT CO anomalies over NTr Africa (53Ű66 % over Lagos and Guinea Gulf). Similar impact of the SHAF Ąres is found over Khartoum in July. Despite the fact that BB dominates over STr Africa during the dry seasons, the AN emissions are important during the transition periods (46 and 80 %). Our results

	In contrast, the rest of the Arabian and Eastern Africa clusters are impacted by local AN
	emissions all year long (70Ű95 %). Over South America, stronger AN contribution are found
	over the STr (81Ű94 % over SBrazil) than in the NTr (75Ű80 % Caracas and Bogota), while
	the contributions from the local Ąres are similar (51 % over Caracas in April and 53 % over

SBrazil in October). The highest BB impact is found over STr Africa during the NH and SH dry season with contributions of 60 and 90 % respectively. As expected, the local BB dominate the LT CO anomalies during the local Ąres, however there is important transport from the NHAF.

  in the LT, where mostly local emissions dominate. Over NTr Africa, the BB dominates twice a year, during the NH and SH dry seasons, because of local and SHAF Ąres respectively.In STr Africa, as in the LT, BB dominates all year long except April. In addition to the African BB, AN SEAS and BB SHSA contributions are found in the MT and UT. Over Asia, BB from SEAS in April, exceeds the AN contribution over the SE Asian coast (South China, Manila, Ho Chi Minh City) in the MT. In contrast, the EQAS BB effect is stronger in the UT, extending over SE Asian coast (China, Ho Chi Minh City, Manila) and India (Madras), but also Eastern Africa (Addis Ababa).

Average of daily maximum 8-hour mean O3 concentration in the six consecutive months with the highest six-month running average O3 concentration.
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