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Tropospheric ozone and nitrogen dioxide measurements in urban and rural regions as seen

L'ozone troposphérique (O 3 ) est un gaz à eet de serre et un polluant atmosphérique ma- jeur. Il est la source principale du radical hydroxyle OH, l'oxydant le plus important dans l'atmosphère, fortement réactif avec les composés organiques et inorganiques. Les concentrations globales d'ozone troposphérique ont augmenté considérablement depuis l'époque pré-industrielle en raison de l'accumulation des émissions anthropiques de précurseurs d'ozone. Mon travail de thèse consiste à étudier la variabilité spatiale et temporelle de l'ozone troposphérique aux échelles globale et régionale telle qu'elle est mesurée par le sondeur IASI (Infrared Atmospheric Sounding Interferometer). Deux instruments IASI ont été lancés à bord des satellites MetOp-A et MetOp-B en 2006 et 2012. La première partie de mon travail consiste en l'étude des mesures O 3 /IASI : sa sensibilité dans la troposphère, sa variabilité saisonnière et ses modes de transport. Le deuxième volet de mon travail de thèse repose sur des études ciblées. Celles-ci comprennent une première étude sur l'ozone, urbain et rural, et sa relation complexe avec le dioxide d'azote (NO 2 ) mesuré depuis l'espace par GOME-2 (Global Ozone Monitoring Experiment) au- dessus de diérentes villes de l'hémisphère nord. Une deuxième étude s'attache à expliquer la source des pics d'ozone observés en région méditerranéenne en été, en utilisant IASI et le modèle de chimie-transport WRF-Chem (Weather Research and Forecasting model coupled with Chemistry). Enn, en utilisant ces deux jeux de données, je présente en troisième étude l'analyse de la mousson d'été en Asie de l'Est ainsi que son eet sur l'ozone troposphérique. IV V

Chapter 1 Introduction

Ozone (O 3 ) was discovered by C.F. Schönbein in the middle of the nineteenth century [START_REF] Schoenbein | On the odour accompanying electricity, and on the probability of its dependence on the presence of a new substrate[END_REF]. In his laboratory, he suggested the presence of a gas with a peculiar smell (in Greek, "to smell" is ozein). In Earth's atmosphere, (Fig. 1.1), O 3 is found in the stratosphere and troposphere. Panel (a) of Fig. 1.1 shows an average prole of temperature of the bottom 100 km of Earth's atmosphere. The troposphere is the region between the surface and the tropopause (the upper layer of the troposphere), in which the temperature decreases in average with increasing altitude. The lowermost part of the troposphere is the boundary layer which is typically between 500 and 3000 m above sea surface, and is therefore the region the most aected by human activity and in which air pollution and O 3 buildup is of most concern. In the troposphere, O 3 is a well-known pollutant and a greenhouse gas, the third most eective (besides water vapor), after carbon dioxide (CO 2 ) and methane (CH 4 ).

It also plays a signicant role in the chemistry as its photolysis leads to the production of the hydroxyl radical OH, the most important tropospheric oxidizing agent. Even with the European Union (EU) regulations for decrease in anthropogenic O 3 precursors emissions, O 3 concentrations and trends in Europe are still not clearly decreasing [EEA, 2012] 1

.1 Stratospheric Ozone

Ozone is generated in the stratosphere when solar ultraviolet radiation is absorbed by molecular oxygen, breaking the molecular bond and yielding two free oxygen atoms. A free oxygen atom can then combine with an oxygen molecule to form O 3 . Ozone itself undergoes photo-dissociation (as well as other loss processes), yielding a net balance between O 3 formation and O 3 destruction. This balance leads to a quasi-steady-state concentration of atmospheric O 3 that is greatest in the lower stratosphere, between about 15 and 30 km of altitude (Fig. 1.1, panel (b)). Although the total amount of stratospheric O 3 is very small of only about 10 molecules of O 3 per million molecules of air, O 3 blocks much of the ultraviolet radiation that would otherwise damage all sort of life on Earth. The temperature inversion (Fig. 1.1) in this layer is caused by O 3 which absorbs much of the near ultraviolet radiation of the Sun and re-emits infrared radiation which heats the stratosphere.

1.1.1 Discovery of the Ozone Hole [START_REF] Stolarski | Stratospheric chlorine: a possible sink for ozone[END_REF] suggested that catalytic cycles with chlorine are a possible O 3 sink. Attention was shifted in the same year, to the industrially used Chlorouorocarbons (CFCs) when [START_REF] Molina | Stratospheric sink for chlorouoromethanes: chlorine atom-catalysed destruction of ozone[END_REF] presented their famous theory of CFCs induced O 3 depletion, predicted to occur roughly uniformly at all latitudes. Surprisingly, a severe O 3 drop, causing the so-called Antarctic O 3 hole, was detected above Halley Bay, Antarctica [START_REF] Farman | Large losses of total ozone in antarctica reveal seasonal ClO x /NO x interaction[END_REF]. This large O 3 depletion, was found to be caused by heterogeneous chemistry involving anthropogenic emissions of chlorine and bromine-containing species, which are highly reactive and involved in catalytic O 3 destruction cycles throughout the stratosphere [START_REF] Molina | Stratospheric sink for chlorouoromethanes: chlorine atom-catalysed destruction of ozone[END_REF][START_REF] Stolarski | Stratospheric chlorine: a possible sink for ozone[END_REF][START_REF] Wofsy | The chemistry of atmospheric bromine[END_REF]. Polar stratospheric clouds (PSCs) support this process by providing surfaces for heterogeneous chemical reactions [Solomon et al., 1986, Molina and[START_REF] Molina | Production of cl 2 o 2 from the self-reaction of the clo radical[END_REF]. The Southern

Hemisphere winter is about ve degrees Celsius colder than the winter in the Northern Hemi- Assessment [WMO, 2014] predicts the success of the Montreal Protocol and its amendments:

the O 3 concentrations will increase over the next few decades with estimates to recover to its pre-1980 levels around mid of this century due to the decline of ozone-depleting substances emissions.

The Brewer-Dobson Circulation

Chapter 1. Introduction tion, proposed by [START_REF] Brewer | Evidence for a world circulation provided by the measurements of helium and water vapour distribution in the stratosphere[END_REF] and [START_REF] Dobson | Origin and distribution of the polyatomic molecules in the atmosphere[END_REF], involves the tropospheric rise of air from the tropics followed by poleward transport. For mass conservation, stratospheric air must then return to the troposphere mainly in mid and high latitudes. The overall circulation allows therefore the transport of trace gases, such as O 3 and CFCs from the tropics. The Therefore, more O 3 is transported to the Arctic than Antarctic.

Tropospheric Ozone

Tropospheric O 3 is a direct man-made greenhouse gas. It is also the primary source (through photolysis by solar UV radiation) of hydroxyl radicals (OH) which, in turn, provide the mechanism by which pollutants such as carbon monoxide (CO) and methane (CH 4 ) are removed from the lower atmosphere. Sources of O 3 in the troposphere are either downward transport from the stratosphere or the in situ production through the photolysis of nitrogen dioxide (NO 2 ). The rst long term observations and experimental evidence that tropospheric O 3 may be increasing was reported from balloon-sonde observations made between 1967 and 1982 at the meteorological station in Hohenpeissenberg in southern Germany [START_REF] Attmannspacher | Langzeit tendenzen des ozons der atmosphaere aufgrund der 1967 begonnenen ozon messreihen am meteorologischen observatorium hohenpeissenber[END_REF]. Present day surface measurements are a factor of 2-4 larger than those of pre-industrial times [Volz andKley, 1988, EMEP, 2011]. The following subsections are therefore a general introduction to highlight the importance of the study of tropospheric O 3 . More details on tropospheric O 3 chemistry, transport and distribution will be provided in the following chapters.

Eects of Tropospheric Ozone on Health and Agriculture

Humans can be adversely aected by exposure to air pollutants in ambient air. In response, the European Union has developed an extensive body of legislation which establishes health based standards and objectives for a number of pollutants in air. The standards and objectives for O 3 are summarized in Table 1.1. For example, for health protection, a daily maximum eight hour average threshold of 120 µg/m3 of O 3 is set. The threshold should not be exceeded at a monitoring station on more than 25 days per year, determined as a three year average starting 2010. One hour 180 Alert 3 One hour 240

The estimation of the urban exposure of the European population to exceedances of the O 3 target value (of 120 µg/m 3 , applicable starting 2010) for the protection of human health estimation is shown in Fig. 1.2 for the period 2001-2010.

The exposure is estimated based on O 3 measured at all urban background monitoring stations from the AirBase database (http://www.eea.europa.eu/). For each city an average concentration is calculated and it is considered that the entire population of a city is exposed to this average concentration. In 2010 about 17 % of the EU population in urban areas was exposed to O 3 concentrations above the target value. The extent of exposure above the target value has varied between 15% and 61% since 2001 partly reecting variations caused by meteorology. Interestingly, there is no apparent trend over this period [EEA, 2012]. The EU urban population that is exposed to O 3 levels exceeding the World Health Organization (WHO) air quality guidelines value (8-hour mean of 100 µg/m 3 ) is signicantly higher, representing more than 97% of the total urban population in 2010.

Exposure to high levels of O 3 is associated with reduced lung function and chronic respiratory diseases as well as premature mortality. During moderate exercise, even healthy people can suer from chest pain, coughing, nausea and pulmonary congestion [START_REF] Ebi | Climate change, tropospheric ozone and particulate matter, and health impacts[END_REF][START_REF] Jhun | Eect modication of ozone-related mortality risks by temperature in 97 {US} cities[END_REF][START_REF] Chen | Eects of particulate air pollution and ozone on lung function in non-asthmatic children[END_REF].

Because O 3 formation requires sunlight, periods of high O 3 concentration coincide with the growing season. Studies have shown that O 3 reduces crops production and yield [START_REF] Schaub | Physiological and foliar symptom response in the crowns of prunus serotina, fraxinus americana and acer rubrum canopy trees to ambient ozone under forest conditions[END_REF], Karnosky et al., 2007[START_REF] Yue | Ozone vegetation damage eects on gross primary productivity in the united states[END_REF][START_REF] Feng | Evidence of widespread ozone-induced visible injury on plants in beijing, china[END_REF]. Figure 1.3 shows the eect of O 3 on vegetation. The two leaves on the left-hand side grew in control chambers, and the two leaves on the right-hand side grew in chambers with moderately elevated O 3 concentrations. Purple and blue in ozone-exposed leaves indicate that the leaves are carrying out photosynthesis less eciently than leaves in the control chambers, where deeper red and yellow appear. The right assessment of O 3 eect on crops is essential in order to increase the sustainability of agricultural land management to the change in tropospheric O 3 concentrations, and to eventually secure food supply in regions with rapidly growing populations [START_REF] Fuhrer | Ecological issues related to ozone: agricultural issues[END_REF]. 

Net Global Radiative Forcing

The IPCC report of 2013 ([IPCC, 2013]), reports the net total positive forcing due to human activities since 1750 to be +2. 

Ozone Sounding Methods

To study atmospheric composition in general, and O 3 in the stratosphere and troposphere in particular, few methods are available. Hereafter is a brief review on the main observation methods available.

Ground Observations

Ground observation measurements have the advantage of precise measurements with relatively low maintenance cost. They allow the measurements of many geophysical properties including O 3 abundances. The O 3 vertical distribution measurement is performed with ozonesondes with a high vertical resolution, of 100 meters. In the Northern Hemisphere, the Network for the Detection of Atmospheric Composition Change (NDACC) (http://www. ndsc.ncep.noaa.gov/) [START_REF] Leblanc | The NDSC ozone and temperature lidar algorithm intercomparison initiative (A2I): project overview[END_REF] and the World Ozone and Ultraviolet Data Center (WOUDC) (http://www.woudc.org/) provide long time series of O 3 sounding. In the Southern Hemisphere, the time series starts in 1997 with the Southern Hemisphere Additional Ozone Sondes (SHADOZ) program (http://croc.gsfc.nasa.gov/shadoz) [START_REF] Thompson | Shadoz-a tropical ozonesonderadiosonde network for the atmospheric community[END_REF]. To remotely measure atmospheric O 3 , passive spectrophotometry (the Dobson network) and active Light Detection and Ranging (LIDAR) techniques are used. While ozoneondes are quite useful, they require signicant infrastructure and are consequently limited in overall global coverage.

Aircraft-based Observations

Scientic aircraft missions or commercial airplanes can carry instruments to measure atmospheric composition. They provide an important source of information for proles during take-o and landing and more importantly (and generally) at the cruising altitudes (between 9-12 km), providing information on the upper troposphere and/or on the transport between the stratosphere and the troposphere. Since dedicated scientic ights are expensive, commercial ights provide airbone in situ measurements at a regular and steady ow.

The In-service Aircraft for a Global Observing System (IAGOS) (2011-today), previously

Measurements of OZone and water vapor by in-service AIrbus airCraft (MOZAIC) program , (http://www.iagos.fr/), provide measurements of O 3 , water vapor, carbon monoxide, and total nitrogen oxides. Measurements are geo-localized (latitude, longitude and pressure) and come with meteorological observations (wind direction and force, temperature).

Satellite Observations

Ground, aircraft or even balloon observations (not discussed here), provide geographically limited observations. Atmospheric sounding methods from space on the other hand, provide the means to achieve a global coverage. Techniques of atmospheric remote sensing from space measure electromagnetic radiation at dierent wavelengths from radio to the ultraviolet.

Satellites commonly y on Low Earth Orbit (LEO), between 160 and 2000 km from Earth, Chapter 1. Introduction or on Geostationary Earth Orbit (GEO) where the satellite is placed around 36000 km above the Earth's equator and with a period equal to the Earth's rotational period. GEO satellites are mostly used for communications and weather satellites. Since an object in a geostationary orbit appears motionless to ground observers, the GEO satellite antennas that communicate with them do not have to move to track them. On the other hand, most Earth observation satellites are found in LEO which can also take advantage of sun-synchronous orbits at an altitude of about 800 km and near polar inclination. The main remote sounding techniques involve nadir sounders which are those that measure the signal from a eld of view that is generally downward, and limb sounders that look through the edge of the atmosphere (Fig.

1.5). For tropospheric O 3 studies, nadir view instruments are currently widely used since they provide a better sensitivity to the troposphere and a good spatial resolution. In nadir mode, the rst O 3 distributions (stratospheric and to a lesser extent tropospheric) in the ultra-violet and visible (UV-vis) range were obtained from the Total Ozone Mapping Spectrometer (TOMS) [START_REF] Heath | The Solar Backscatter Ultraviolet and Total Ozone Mapping Spectrometer (SBUV/TOMS) for NIMBUS G[END_REF] starting 1978, own on four satellites.

More recently, O 3 monitoring has been performed from the Global Ozone Monitoring Experiment (GOME) launched in 1996 [START_REF] Munro | Direct measurement of tropospheric ozone from space[END_REF], Burrows et al., 1999], Ozone Monitoring Instrument (OMI) launched in 2004 [START_REF] Levelt | The ozone monitoring instrument[END_REF][START_REF] Liu | Ozone prole retrievals from the ozone monitoring instrument[END_REF] to provide data continuity of the TOMS O 3 record, and GOME-2 (to provide continuity to GOME) launched in 2007 [START_REF] Loyola | The GOME-2 total column ozone product: Retrieval algorithm and ground-based validation[END_REF].

The thermal infrared range can provide specic information on the troposphere. First measurements of tropospheric and total O 3 in the thermal infrared were performed with Interferometric Monitor Greenhouse gases (IMG) in 1996 during a period of only 10 months [START_REF] Turquety | First satellite ozone distributions retrieved from nadir high-resolution infrared spectra[END_REF]. Currently, few other instruments are able to provide a good global coverage and time series of tropospheric O 3 . Those are: the Atmospheric Infrared Sounder (AIRS) [START_REF] Aumann | AIRS/AMSU/HSB on the Aqua mission: design, science objectives, data products, and processing systems[END_REF], the Tropospheric Emission Spectrometer (TES) [Beer, 2006, Bowman Chapter 1. Introduction et al., 2006] and the Infrared Atmospheric Sounding Interferometer (IASI) [Clerbaux et al., 2009].

Planning and Goals of This Thesis

The goal of my PhD work, performed at the Laboratoire Atmosphère Milieux Observations Spatiales (LATMOS), is to study the tropospheric O 3 seasonal variation at dierent regions of the globe in order to improve our understanding of this trace gas and pollutant on a regional and global scale using observations from IASI.

After this introduction, this thesis will be planned as follows: Chapter 2 will explain the tropospheric chemistry leading to the production and destruction of O 3 and then it will discuss the modes of long-range and intercontinental transport of O 3 in the troposphere.

A special focus on the Meteorological Operational satellite programme (MetOp) satellites carrying the IASI instruments to monitor atmospheric composition is provided in Chapter 3. Chapter 4 will provide an overview on thermal infrared absorption and emission, the radiative transfer equation and code used to retrieve O 3 abundance from the IASI data.

Results of this study will be presented in Chapters 5, 6, 7 and 8. These results will focus on the tropospheric O 3 product from IASI, to show the seasonal variability and the sensitivity of O 3 to its precursors during 2008 to 2013, and over dierent regions in the world. I will attempt to investigate the eect of urban pollution on O 3 in rural areas; I will look and discuss O 3 maxima seen over particular regions of the world, in particular the Mediterranean basin and East Asia, as well as the eect of the East Asian monsoon on the reduction in the tropospheric O 3 column. Conclusions, discussions and some perspectives for future work will be listed in Chapter 9.

Chapter 2

Tropospheric Ozone: Chemistry and

Transport

Tropospheric ozone is a reactive oxidant gas produced in trace amounts in the troposphere. Since most of the O 3 resides in the stratosphere, it was previously thought that the tropospheric O 3 sources are mainly the downward transport of stratospheric air masses. In the early 1970's, [START_REF] Chameides | A photochemical theory of tropospheric ozone[END_REF] and [START_REF] Crutzen | Photochemical reactions initiated by and inuencing ozone in unpolluted tropospheric air[END_REF] were the rst to assess the in situ tropospheric O 3 production. Fig. 2.1 provides the schematic of gas-phase O 3 chemistry in the troposphere emphasizing the coupling between the cycles of O 3 , the hydrogen oxide radicals1 (HO x =OH+H+peroxy radicals), and the nitrogen oxides (NO x =NO + NO 2 ).

The ozone budget in the troposphere is therefore determined as follows: it is supplied to the troposphere by the transport from the stratosphere and the chemical production within the troposphere; it is removed by deposition and tropospheric chemical consumption. The total chemical production of tropospheric O 3 is estimated as 3420 ± 770 Tg/yr with a mean lifetime of 24 ± 2 days [IPCC, 2007].

In this chapter, I will rst provide an overview of the tropospheric chemistry, in particular Figure from [Jacob, 2000].

The Hydroxyl Radical and the Peroxy Radicals

The formation of OH is the initiator of radical-chain oxidation of the atmospheric photochemistry. One of the roles of atmospheric radical chemistry, driven by OH, is to "clean" the troposphere from a wide-range of organic compounds. The OH radical is known to react with most trace gases. In many situations and chemical reactions, it initiates and determines the rate of production of various chemical species. Thus, OH can control the removal and, therefore, the tropospheric concentrations of many trace gases, in particular O 3 .

In order to understand O 3 production and destruction in the troposphere, one should therefore start by understanding the peroxy radicals (HO 2 , RO 2 , and CH 3 O 2 ) behavior. The peroxy radicals can be thought of as the intermediates between the hydroxyl (OH) radical and O 3 formation or destruction [START_REF] Monks | Gas-phase radical chemistry in the troposphere[END_REF]. These radicals are responsible of removal of primary pollutants such as NO x and volatile organic compounds (VOCs). The main sources of NO x are either anthropogenic, such as the result of the combustion of fossil fuels and biomass burning, or natural from wildres, soil emissions, and lighting. Most of the NO 2 in urban air results from the rapid oxidation of NO which is the major nitrogenous product Chapter 2. Tropospheric Ozone: Chemistry and Transport emitted from combustion [START_REF] Finlayson-Pitts | Tropospheric air pollution: Ozone, airborne toxics, polycyclic aromatic hydrocarbons, and particles[END_REF], Klonecki and Levy, 1997, Jacob, 2000, Seinfeld and Pandis, 2006, Jacobson, 2012]. VOCs sources are various and include biogenic non-methane hydrocarbons (NMHC) and oxygenated NMHC (e.g., alcohols, aldehydes and organic acids). VOCs inuence climate through their production of organic aerosols and their involvement in photochemistry. The largest source, by far, is natural emission from vegetation, mainly from isoprene (C 5 H 8 ) [START_REF] Guenther | A global model of natural volatile organic compound emissions[END_REF][START_REF] Guenther | Estimates of global terrestrial isoprene emissions using MEGAN (Model of Emissions of Gases and Aerosols from Nature)[END_REF].

Photolysis of O 3 by ultraviolet light in the presence of water vapor is the main source of hydroxyl radicals in the troposphere.

O 3 + hυ(λ < 320 nm) → O 2 + O( 1 D) (2.1) O( 1 D) + H 2 O → OH + OH (2.2)
The hydroxyl radical lifetime, under the majority of conditions (polluted or not), is less than a second. So why is OH critical to the atmosphere? First, its high reactivity, and second -and given this high reactivity-its relatively high concentration in the troposphere, given the abundance of O 3 and water vapor in the troposphere.

Hydroxyl radical chemistry cannot be treated in isolation as it is part of a closely coupled system involving HO x , NO x , and O 3 . In relatively unpolluted regimes (low NO x ) the main fate for the hydroxyl radical is reaction with either carbon monoxide (CO) or methane (CH 4 )

to produce peroxy radicals such as HO 2 and CH 3 O 2 .

OH + CO O 2 → CO 2 + HO 2 (2.3)
And,

OH + CH 4 → CH 3 + H 2 O (2.4) CH 3 + O 2 + M → CH 3 O 2 + M (2.5)
where M is a third body that acts only to stabilize the association complex.

Chapter 2. Tropospheric Ozone: Chemistry and Transport HO 2 , the major peroxy radical, has a lifetime of about a minute in clean air and much less than a minute in polluted air. In low NO x conditions, HO 2 from reaction 2.3 can react with O 3 leading to its further destruction in a chain sequence involving the production of hydroxyl radicals:

HO 2 + O 3 → OH + 2O 2 (2.6) OH + O 3 → HO 2 + O 2 (2.7)
In more polluted conditions (high NO x ), the peroxy radical catalyzed oxidation of NO to NO 2 is as follows:

HO 2 + N O → OH + N O 2 (2.8)
Leading to the production of O 3 from the subsequent photolysis of NO 2 where the oxygen atom (O) rapidly recombines with molecular oxygen (O 2 ) to produced O 3 . 

N O 2 + hυ(λ < 420 nm) O 2 → N O + O( 3 P ) (2.9) O( 3 P ) + O 2 + M → O 3 + M (2.
CH 3 O 2 + N O → CH 3 O + N O 2 (2.11)
The resulting radical product reacts rapidly with O 2 to form formaldehyde (HCHO) and HO 2 as:

CH 3 O + O 2 → HCHO + HO 2 (2.
12)

The OH radical may have another fate, depending on the concentration of NO 2 , in that it can react with NO 2 to form nitric acid (HNO 3 ) as:

OH + N O 2 + M → HN O 3 + M (2.13)
The formation of HNO 3 represents an eective loss mechanism for both HO x and NO x .

There are a number of other potential sources of HO x in the atmosphere, such as the photolysis of carbonyl compounds produced from the (partial) oxidation of hydrocarbon species. The simplest and most common of these is formaldehyde, which is produced from CH 4 oxidation: 

HCHO + hυ(λ < 334 nm)→H + HCO (2.14) HCO + O 2 → HO 2 + CO (2.15) H + O 2 + M → HO 2 + M (2.
RH + OH O 2 → RO 2 + H 2 O (2.17) RO 2 + N O → RO + N O 2 (2.18)
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RO + O 2 → R CHO + HO 2 (2.19)
R CHO is the carbonyl compound and HO 2 will eventually react as reaction 2.8 predicts to produce OH and NO 2 and therefore O 3 via reactions 2.9 and 2.10.

With the involvement of VOC (e.g. through the NMHC reactions above), one should update Fig. 2.2 as Fig. 2.3 shows. 

Long-Range Transport of Tropospheric Ozone

Given the O 3 lifetime, another source -besides chemistry-of tropospheric O 3 in a certain region, is transport. This transport might be within the troposphere or from the stratosphere.

To illustrate this, I will present in the rest of this chapter the dierent dynamical mechanisms responsible of O 3 transport across the oceans, between the continents, from the downward motion from the stratosphere and the vertical transport within the troposphere.

Typical O 3 intercontinental transport times are of the order of 5-10 days [START_REF] Wild | Intercontinental transport of ozone and its precursors in a three-dimensional global ctm[END_REF] suggesting that the transport of pollutants, such as tropospheric O 3 , its precursors and reservoir species, with a lifetime larger than this transport time, should be considered on a global scale. Studying the long-range transport of O 3 cannot be done without studying the wind patterns and dynamical processes responsible of the vertical and horizontal/lateral transport, which will be done and discussed in the following subsections.

Transatlantic Transport

Many studies have discussed the eect of the transatlantic transport of anthropogenic pollution on the pollution budget over Europe and Northern America. In fact, 30% of the surface O 3 response in a receptor region is shown to result from changes outside that region.

This has strong implications for O 3 trend assessments [HTAP, 2010, and references therein].

Transported pollution from one side will make air quality standards much more dicult on the other side [START_REF] Jonson | Model calculations of present and future levels of ozone and ozone precursors with a global and a regional model[END_REF]. The westerlies general ow from the North American continent acts as the primary mechanism of pollution transport into the North Atlantic. In the North Atlantic, the movement of those pollutants and in particular O 3 can come under ow patterns that are modulated by the North Atlantic Oscillation (NAO) 3 . The North 3. The North Atlantic Oscillation (NAO) can be dened as "the tendency for pressure to be low near Iceland when it is high near the Azores and vice versa". The Icelandic Low is a semi-permanent center of low atmospheric pressure found between Iceland and southern Greenland and the Azores High is a large subtropical semi-permanent center of high atmospheric pressure typically found south of the Azores in the 20 Chapter 2. Tropospheric Ozone: Chemistry and Transport

Atlantic "oscillation" refers to the swing in the atmospheric pressure between the Icelandic Low and the Azores High (see Fig. 2.4) and thus plays an important role in determining intercontinental transport of air from North America to Europe and the sub-tropics. An NAO index is dened by [START_REF] Hurrell | Decadal trends in the north atlantic oscillation: Regional temperatures and precipitation[END_REF] In mid-latitudes, the NAO is the leading mode of variability across the North Atlantic and dictates the strength and pathways of the westerly movement of air across this region. The NAO is recognized as a major factor in inter-annual variability in temperature and precipitation over Europe. Meteorological observations show that a strong Icelandic Low is usually accompanied by a strong Bermuda Azores High [START_REF] References | The seesaw in winter temperatures between Greenland and Northern Europe. part I: general description[END_REF].

During the positive phase of the NAO, the increased dierence sets up a greater northsouth pressure gradient which produces an enhanced zonal (west to east) ow, causing air to move quickly with less impedance from west to east across the North Atlantic. Meteorological eects are above normal precipitation and mild temperatures over northern Europe and drier

Atlantic Ocean, at the Horse latitudes [Walker andBliss, 1932, Tucker and[START_REF] Tucker | Climates of the North Atlantic Ocean[END_REF].

Chapter 2. Tropospheric Ozone: Chemistry and Transport weather conditions in the Mediterranean area. The North American inuence on western Europe surface O 3 is strongly correlated with the NAO especially in spring [START_REF] Li | Transatlantic transport of pollution and its eects on surface ozone in Europe and North America[END_REF][START_REF] References | Intercontinental transport of tropospheric ozone: a study of its seasonal variability across the North Atlantic utilizing tropospheric ozone residuals and its relationship to the North Atlantic Oscillation[END_REF] and [START_REF] Pausata | North Atlantic Oscillation and tropospheric ozone variability in Europe: model analysis and measurements intercomparison[END_REF] found a positive correlation in all seasons except fall suggesting that the positive trend in O 3 over the last decade could be related to the prevailing positive phase of the NAO during this time period.

During the negative phase, the Icelandic Low and the Azores High both weaken causing the circulation across the North Atlantic to be altered. This altered ow is less conductive to transport of air parcels from North America to Europe. On the other hand, the meridional (north to south) atmospheric mass exchange is enhanced [START_REF] Hurrell | Decadal trends in the north atlantic oscillation: Regional temperatures and precipitation[END_REF][START_REF] Li | Transatlantic transport of pollution and its eects on surface ozone in Europe and North America[END_REF][START_REF] References | Intercontinental transport of tropospheric ozone: a study of its seasonal variability across the North Atlantic utilizing tropospheric ozone residuals and its relationship to the North Atlantic Oscillation[END_REF][START_REF] Pausata | North Atlantic Oscillation and tropospheric ozone variability in Europe: model analysis and measurements intercomparison[END_REF]. The weather related to low NAO phases is characterized by drier conditions in northern Europe and above normal precipitation in southern Europe.

As a summary, one should know that in the Northern Hemisphere, the prevailing westerlies are the main source of transatlantic transport of North American pollution to Europe but other dynamical eect, of a smaller importance, might favor the transport of pollutants from Europe to North America.

From US to Europe [START_REF] Parrish | Export of North American ozonepollution to the North Atlantic Ocean[END_REF] have shown that during North Atlantic summer, the amount of photochemically generated O 3 transported from North America appears to be greater than the amount injected from the stratosphere as it was previously thought [START_REF] Oltmans | Seasonal cycle of surface ozone over the western North Atlantic[END_REF]. This supported the speculations that the transport of pollution from North America can have a strong eect on down-wind regions. Over eastern North America (between 30 and 60N in particular), the westerly winds extend to the surface allowing the transport in the lower troposphere of North American pollution to the North Atlantic and/or to Europe [START_REF] Li | Transatlantic transport of pollution and its eects on surface ozone in Europe and North America[END_REF]. This can be seen in the boundary layer wind patters presented in Fig. 2.5.

The x 0.75 degree and 37 pressure levels from 1000 to 1 hPa.

Another pathway for transatlantic transport involves strong convection (section 2.5 provides more information on deep convection) over the central and eastern United States, especially in summer. This causes the uplift of O 3 and its precursors to the middle and upper troposphere. There, they are exported by westerlies [START_REF] Jacob | Factors regulating ozone over the United States and its export to the global atmosphere[END_REF]. This export by westerlies during the dierent months of the year is represented by the winds at 500 hPa in Fig. 2.6. The gure shows the wind patterns during January and June 2013, representing the free troposphere at 500 hPa. The long-range transport of pollutants in general, and of tropospheric O 3 in particular, in the free troposphere, is more ecient since the winds are Chapter 2. Tropospheric Ozone: Chemistry and Transport stronger. Moreover, the O 3 will survive longer than in the lower troposphere where its lifetime is shorter and its sources are complex. The uplift by a warm conveyor belt4 , associated with cyclonic pressure systems allowing tropospheric O 3 to be lifted into the free troposphere over the western North Atlantic, is responsible for a long-range transport of O 3 by winds in the free troposphere (Fig. 2.6) via the westerlies to Europe [START_REF] Stohl | A 1-year Lagrangian "climatology" of airstreams in the Northern Hemisphere troposphere and lowermost stratosphere[END_REF], Stohl et al., 2002[START_REF] Cooper | Trace gas composition of midlatitude cyclones over the western north atlantic ocean: A seasonal comparison of O 3 and CO[END_REF]. In summer, the values of tropospheric O 3 are the highest, making the export uxes of North American O 3 to Europe more important. particularly in summer for aerosols when the High extends far to the north and east [START_REF] Hamelin | Lead isotopes in trade wind aerosols at Barbados: The inuence of European emissions over the North Atlantic[END_REF], though not for O 3 due to the weak circulation and its rather short lifetime; the combination of which makes the transport negligible. This weak circulation could actually be seen in Fig. 2.5 at 875 hPa especially for the month of June. European pollution is also suggested to be transported to North America by circulation around the Icelandic Low [START_REF] Li | Transatlantic transport of pollution and its eects on surface ozone in Europe and North America[END_REF]. This is seen for example during January 2013 at 875 hPa in Fig. 2.5.

Transpacic Transport

The transpacic transport of East Asian pollution to North America takes place mostly in the free troposphere since the westerlies do not extend to the surface and therefore the uplifting of the pollutants from the boundary layer to the free and upper troposphere is necessary [START_REF] Yienger | The episodic nature of air pollution transport from Asia to North America[END_REF], Fiore et al., 2002]. To support this claim, the winds patterns presented in Fig. 2.5 at 875 hPa are indeed very weak above land in East Asia, and show that the general ow over the Pacic is not straight to the American continent. On the other hand, at 500 hPa as in Fig. 2.6, this transport is much stronger and better directed towards the coasts of North America.

If NO x is uplifted to the free troposphere, even in small quantities, it can lead to large O 3 production in the continental free troposphere, and downwind of it [START_REF] Jacob | Factors regulating ozone over the United States and its export to the global atmosphere[END_REF][START_REF] Thompson | Convective transport over the central United States and its role in regional CO and ozone budgets[END_REF]. PAN (peroxyacetylnitrate), could be for example, uplifted and transported in the free troposphere, then subsided and decomposed to release NO x and thus leading to a potential high O 3 production. This is found to be a major source of the O 3 enhancement in the Asian plumes across the transpacic [START_REF] Heald | Asian outow and trans-pacic transport of carbon monoxide and ozone pollution: An integrated satellite, aircraft, and model perspective[END_REF][START_REF] Hudman | Ozone production in transpacic asian pollution plumes and implications for ozone air quality in california[END_REF], though [START_REF] Jacob | Eect of rising Asian emissions on surface ozone in the REFERENCES United States[END_REF] found that Asian inuence on surface O 3 in the US is driven by long range transport of O 3 itself rather than that of its precursors. East Asian regions have the greatest potential to aect the regional and global O 3 budget due the ecient vertical transport, though in comparison, Europe experiences the greater intercontinental Chapter 2. Tropospheric Ozone: Chemistry and Transport eect due to the shorter distance through the Atlantic [START_REF] Wild | Intercontinental transport of ozone and its precursors in a three-dimensional global ctm[END_REF]. Asian pollution enhanced surface O 3 concentrations by 57 ppbv over western North America in spring 2006 [START_REF] Zhang | Transpacic transport of ozone pollution and the eect of recent Asian emission increases on air quality in North America: an integrated analysis using satellite, aircraft, ozonesonde, and surface observations[END_REF]. The export of Asian pollution is done through boundary layer ventilation, frontal uplifting 5 (typically in warm conveyor belts), lifting of air particles due to convection, orographic lifting (by mountains for example over central and eastern

China) [START_REF] Liu | Transport pathways for Asian pollution outow over the Pacic: Interannual and seasonal variations[END_REF] and in typhoons [START_REF] Liang | Summertime inuence of asian pollution in the free troposphere over north america[END_REF]. Once in the free troposphere, it can be transported across the Pacic during a period of 5 to 10 days [START_REF] Yienger | The episodic nature of air pollution transport from Asia to North America[END_REF].

Figure 2.6 shows that this transport will be more frequent in winter (January, but also during spring, not shown here) due to the strong westerly winds, and smaller in summer (June in Fig. 2.6). When the air reaches the west coasts of North America, the mean transport time to the surface is around 2-3 weeks [START_REF] Liu | Estimating the average time for inter-continental transport of air pollutants[END_REF]. In general, Asian O 3 inuence on Europe (from the winds seen in Figs. 2.5 and 2.6) is negligible, though under certain circumstances, it could be important.

Transport from the Stratosphere

The stratosphere and the troposphere are separated by the tropopause. The latter has many denitions and a good review is found in Hoinka [1997]. The thermal tropopause is dened by the WMO as the lowest level at which the temperature lapse rate decreases to 2 kelvins/km or less, and the lapse rate averaged between this level and any level within the next 2 km does not exceed 2 kelvins/km. The WMO denes the dynamical tropopause as the atmospheric layer corresponding to a potential vorticity of 1.6 PVU [WMO, 1986] where

"PVU" stands for potential vorticity unit= 10 -6 m 2 s -1 K kg -1 , while values between 2 and 3 were also suggested [START_REF] Danielsen | Three-dimensional analysis of potential vorticity associated with tropopause folds and observed variations of ozone and carbon monoxide[END_REF]. The advantage of the dynamical denition of the tropopause is that the PV is a conserved entity that is not aected by adiabatic convergence and divergence. The thermal denition, however, possesses a major operational advantage in that it allows the determination of the tropopause height from a single temperature prole.

Another tropopause denition in use is based on a threshold O 3 mixing ratio, which shows 5. A front is where two dierent air masses meet, so frontal lifting is when one air mass along a front gets lifted up over the other. A cold front occurs when a cold air mass advances onto a warm air mass. A warm front is the opposite: when a warm air mass advances onto a cold air mass.

Chapter 2. Tropospheric Ozone: Chemistry and Transport a sharp transition from low concentrations in the troposphere to high concentrations in the stratosphere. [START_REF] Bethan | A comparison of ozone and thermal tropopause heights and the impact of tropopause definition on quantifying the ozone content of the troposphere[END_REF] noticed that this so-called chemical tropopause is somehow lower than the thermal one. In his denition, he suggests that the tropopause would be the level at which the O 3 VMR exceeds 110 ppbv. In common tropospheric chemistry models, the value of 150 ppbv is used (as done using 26 chemistry models by [START_REF] Stevenson | Multimodel ensemble simulations of present-day and near-future tropospheric ozone[END_REF] for example). Figure 2.7 shows the tropopause height based on the chemical denition from IASI 6 . The tropopause will be the rst atmospheric level where the volume mixing ratio of O 3 is higher than 150 ppbv. The gure shows that the highest values are around the Equator with a tropopause height around 16 km, and 13-14 km height in the subtropical regions, and less than 12 km elsewhere. In midlatitudes (northern and southern), this value is larger in summer and smaller in winter. processes (horizontal length scale from around 5 to several hundred kilometers). The contribution to the annual mean O 3 mixing ratios across Europe due to stratospheric-tropospheric 6. Though I haven't introduced measurements by IASI yet, this gure is used here for mere illustration.

Chapter 2. Tropospheric Ozone: Chemistry and Transport exchanges is in the range of 5.7 to 10.6 ppbv [START_REF] Collins | Eect of stratosphere-troposphere exchange on the future tropospheric ozone trend[END_REF][START_REF] Derwent | Intercontinental transport and the origins of the ozone observed at surface sites in europe[END_REF]. The downward transport of stratospheric air into the troposphere has been observed to occur in:

Tropopause folds, both in the vicinity of the polar jet [START_REF] Lamarque | Three-dimensional study of the relative contributions of the dierent nitrogen sources in the troposphere[END_REF] and the subtropical jet [START_REF] Baray | Planetary-scale tropopause folds in the southern subtropics[END_REF]. The polar and subtropical jet are represented in Fig. 2.8. with low temperature and high potential vorticity (PV) [START_REF] Palmén | Origin and structure of high-level cyclones south of the: Maximum westerlies[END_REF].

In an intense cut o low, there could be a tropopause funneling causing pronounced stratospheric intrusions into the troposphere [START_REF] Ancellet | Impact of a cuto low development on downward transport of ozone in the troposphere[END_REF], Holton et al., 1995].

An example is shown in Fig. Thunderstorms and mesoscale convective complexes, which are considerably larger than individual thunderstorms but producing a similar eect on a larger scale [START_REF] Poulida | Stratosphere-troposphere exchange in a midlatitude mesoscale convective complex: 1. observations[END_REF].

Breaking gravity waves [START_REF] Langford | Modulation of tropospheric ozone REFERENCES by a propagating gravity wave[END_REF]. A gravity wave is a vertical wave triggered by mountains and thunderstorm updrafts for example. If air is forced to rise up in stable air, the natural tendency will be for the air to sink back down over time creating a wave pattern. Gravity waves break through setting up either convective or shear instability, generating turbulence and mixing and thus the transport of air parcels from the stratosphere to the troposphere. Lamarque et al. [1996b] have also showed that topographically excited gravity waves that break at the tropopause are responsible of an irreversible downward transport of O 3 from the stratosphere. and its precursors can lead to an enhancement of the tropospheric O 3 column over urban areas since the lifetime of these tends to increase with altitude [START_REF] Pickering | Model calculations of tropospheric ozone production potential following observed convective events[END_REF] [START_REF] Capderou | Satellites: De Kepler au GPS[END_REF] is used as a reference). In the second part, I will introduce IASI and some of its technical properties, measurements technique and processing levels.

MetOp Orbit Properties

The MetOp is a series of three polar orbiting meteorological satellites which form the space segment component of the overall EUropean Organisation for the Exploitation of ME- 

Crossing Time

To understand the crossing time of any satellite, two properties need to be introduced.

First, the local time, also call the mean solar time (MST) dened as: MST=UT+long/15, where UT is the universal time (at the Greenwich meridian) in hours, and long is the longitude in degrees. Second, the nodes, which are the intersection points between the orbit and the equatorial plane of Earth. Two nodes are dened: the ascending node, the point at which the satellite passes from the Southern Hemisphere to the Northern one, and descending nodes, when the satellite passes from the Northern Hemisphere to the Southern Hemisphere. For MetOp-A, and as Fig. 

Anomalistic Period

The anomalistic period is the time that the satellite needs to come back to its perigee (Fig. 3.4). Figure 3.5 shows that the orbit period for the MetOp satellites is approximately 101 minutes (seen on the left axis). This means that during one day, MetOp will perform around 14 anomalistic periods as seen on the right axis of Fig. 3.5. The MetOp mission requires a repeat orbit of 412 revolutions every 29 days. 

IASI Measurement Technique

Passive IR remote sensing is used for measurement by IASI. It is composed of a precisely calibrated Fourier Transform Spectrometer operating in the spectral range of 3.6 µm to 15.5 µm (645 to 2760 cm -1 ) associated with an infrared imager operating in the 10.3-12.5 µm region. It is important to note that more often used in spectroscopy is the wavenumber

ν = 1/λ in cm -1 .
The wavenumber notation will be also used in the rest of the this chapter 

The Swath of IASI

The instruments on board of satellites, could have a xed detector sensor or a moving one. IASI with a moving sensor, uses an orthogonal mode of sweeping. This means that the sweeping happens perpendicularly to the movement, as Fig. 3.7 shows. Moreover, IASI orthogonal sweeping happens on both sides of the swath, with 4 simultaneous pixels at a time each with a diameter of 12 km. In total, the whole swath has 120 pixels (30 observations, 15 from each side), meaning we have a full swath width of 2200 km. Fig. 3.7 also shows the swath (or scan) angle of IASI. By denition, this angle is measured between the line of sight from the satellite and the nadir, also called the instrument's Field Of View (FOV). For IASI it is around ± 48.3 degrees and scanned in 8 seconds. Figure 3.8 generated from IXION

shows how the swath looks like along the IASI track line to sound the Earth atmosphere during half a day. One can see how the swath line (and therefore pixels) are deformed with Chapter 3. IASI on MetOp latitude due to Earth's curvature. The gure also shows how a global coverage is achieved twice a day, with some gaps between orbits around the equator.

The Interferometer

In general, the main function of the interferometer, is to create interferograms which will be eventually recorded by a detection unit. In IASI, the interferometer is based on a variant of the Michelson interferometer as shown in Fig. 3.9. The at mirrors have been replaced by hollow cube-corner reectors designed to minimize sensitivity to angular measurements. The mobile corner cube shown in the gure, is displaced along the optical axis in order to create a variable optical path dierence which is set to be between ± 2 cm. A reference LASER source is also injected into the interferometer to serve as a precise reference indicating the exact value of the optical path dierence (OPD). The interferometer's optics are in a thermal enclosure regulated at 20 degrees that is almost decoupled from the rest of the instrument by multi-layers insulation [START_REF] Simeoni | Design and development of IASI instrument[END_REF]. The input light (the orange arrow in Fig. 3.9)

will hit the separating plate and will be divided into 2 beams which are reected by the xed corner cube mirror and the mobile corner cube mirror with the OPD. They both recombine in the receiver and enter the detection system.

Fourier Transform Spectroscopy

The Fourier transform spectrometer does not directly record the spectrum, but instead, its Fourier transform, called the interferogram. During the recombination of the two beams, there is therefore alternately constructive and destructive interference, resulting in the oscillation of the detected signal. By making measurements of the signal at many discrete positions of the moving mirror, the resulting signal, representing the intensity of the radiation as a function of the optical path dierence, is the interferogram. For a continuous spectrum, the intensity is given by:

I(x) = 1 2 ∞ -∞ S(ν)(1 + cos(2πνx))dν (3.1)
x being the OPD and ν the wavenumber (ν = 1/λ). The intensity I(x) is then equal to a The rst term is of no use for spectroscopy but the second term can be used to retrieve the spectrum S of the incident light by taking the Inverse Fourier Transform as:

F -1 (I(x)) : ν → S(ν) = ∞ -∞ I(x)cos(2πνx)dx (3.2)
In practice, interferograms can only be measured out to nite optical path dierences.

In this case, the interferogram must be sampled at very stable and regularly spaced known positions of the moving mirror. The sampling is triggered by a reference laser signal clock ("LASER source" in Fig. 3.9) with xed frequency which is injected in the interferometer beams, and transformed in an electrical signal. It serves as a precise reference indicating the OPD during the motion of the moving mirror. Thus the interferogram is only known for a nite number of discrete values limited by the maximum optical path dierence ∆L = ±2 cm 1. The Fourier Transform of a function S(ν) is given by:

F (S(ν)) = ∞ -∞ S(ν)e -2iπνx dν = ∞ -∞ S(ν)(cos2πνx -isin2πνx)dν.
allowed by the moving mirror mechanism. The computation used to retrieve the spectrum is thus a Discrete Fourier Transform and as a consequence, the spectrum is known with a sampling ∆ν = 1/(2L max ) = 0.25 cm -1 and only for wave numbers below the wavenumber of the LASER. Eq. 3.2 becomes:

S(ν) = L -L I(x)cos(2πνx)dx (3.3)
which is equivalent to multiplying Eq. 3.2 by the rectangular (or normalized boxcar) function:

Π(x) = 1, |x| ≤ L Π(x) = 0, |x| > L (3.4)
In order to perform the multiplication to solve Eq. 3.3, one should know that Fourier

Transform of a product is the convolution of the corresponding transforms. The eect of measuring the interferogram out to nite path dierences is thus equivalent to convolving the input spectrum with the Fourier Transform of the rectangular function:

F (Π(x)) = L -L cos(2πνx)dx = 2L sin(2πνx) 2πνx = 2Lsinc(2πνx) (3.5)
The sinc function (Fig. 3.10 and panel a,Fig. 3.11) is characterized by a series of secondary lobes (or the phenomena called "ringing") of slowly decreasing amplitude, the amplitude of the rst minimum being -21.7% of the main lobe. The full width at half maximum (FWHM) of this function is called the spectral resolution and is equal to 0.603/L.

For an ideal Fourier Transform spectrometer, sinc is the instrumental spectral response function (ISRF) and it does not change its functional form as ν moves along the wavenumber axis. However, because of the phenomenon of self-apodization, an instrumental eect that is mainly due to the nite extent of the eld of view of the spectrometer such as IASI, the ISRF is less than ideal and not wavenumber invariant. IASI's ISRF dependence on the wavenumber is shown in Fig. 3.10. 

Apodization

The goal of apodizing is to decrease the amplitudes of the sidelobes associated with the sinc function at the cost of increasing the FWHM of the ISRF (i.e., decreasing the spectral resolution). Apodizing is readily accomplished by multiplying the interferogram with an apodizing function. For IASI, the apodization is done with a Gaussian function with half-width at half-height equal to 0.5 cm -1 and the eect is seen in Fig. 3.11. The resolution slightly degrades due to apodization, leading to 0.5 cm -1 resolution for the apodized spectrum. The resulting spectrum will be closer to the true spectrum than the unapodized spectrum.

Processing Levels

Global data products are categorized according to instrument and product level. For IASI those are as follows:

Level 0

The Level 0 product contains the raw instrument data. It is done on board of IASI then 3.1). The resulting signal is then coded and transmitted. 

Level 1b

The estimated spectral calibration functions are applied to the spectrum. Calibrated, Earth located and quality controlled products are provided. A resampling of Level 1a data is done on a constant wave number basis (0.25 cm -1 ). The spectra are nally interpolated on a new equidistant spectral grid by using a cubic spline interpolation.

Level 1c

The IASI Level 1b spectra are apodised using the apodisation function estimated. Level 1C data are used to retrieve level 2 ozone proles and columns.

Level 2

The objectives of the IASI Level 2 ground processing is the derivation of geophysical parameters from the radiance measurements. The following parameters are derived during IASI Level 2 processing such as the temperature and humidity proles, surface temperature, surface emissivity, fractional cloud cover, cloud top temperature, cloud top pressure, cloud phase, as well as total and partial columns of trace gas amounts, and processing and quality ags.

Chapter 4

Atmospheric Radiative Transfer and

Inverse Theory

The theory of radiative transfer provides the means for describing interaction between radiation which passes on its way to nal detection and matter (gases, aerosols, cloud droplets).

The thermal infrared radiation emitted from the surface of Earth is therefore attenuated after passing through the Earth's atmosphere, following three key processes: emission, absorption and scattering1 by atmospheric constituents (corresponding to a redistribution of the radiative energy in all the directions). Under the photon theory of light, a photon is a discrete or quantum bundle of electromagnetic radiation. Photons, like all quantum objects, exhibit both wave-like and particle-like properties. Fig. 4.1 shows the radiation spectrum that can be divided into wavelength regions. We note in particular the infrared region with its three regions: near infrared, mid infrared and far infrared. The mid infrared is known as the thermal infrared, which is the region of interest to this chapter.

In this chapter, I will go through the atmospheric radiative transfer in the infrared range of the spectrum and the inversion undergone to get the vertical prole of temperature and gas concentrations. The explanation presented hereafter are from [START_REF] Mccartney | Absorption and emission by atmospheric gases -The physical processes[END_REF], [START_REF] Lenoble | Atmospheric radiative transfer[END_REF], Rodgers [2000], [START_REF] Burrows | The Remote Sensing of Tropospheric Composition from Space[END_REF] and Hurtmans et al. [2012]. 

Energy Transitions

Depending on the molecule present, every part of the atmosphere absorbs and re-emits infrared photons. The strongest spectral features are due to rotational-vibrational transitions allowed by the quantum selection rules. Quantum mechanics describes electromagnetic radiation as a stream of photons. The energy E of a photon depends on the wavelength of the radiation as follows:

E = hυ = hc/λ (4.1)
So that the energy of the re-emitted or absorbed photon is:

h∆υ = E 2 -E 1 (4.2)
Where υ is the frequency of the radiation and h is the Planck constant = 6.626 x 10 -34

Js. The transition between the discrete internal energy state of atoms or molecules provides the basis for the interaction with electromagnetic radiation. In the thermal infrared, the transitions allowed are called ro-vibrational: each of the normal modes of vibration of heteronuclear diatomic or larger molecules in the gas phase also contains closely-spaced (1-10 cm -1 dierence) energy states attributable to rotational transitions that accompany the vibrational transitions. A molecule's rotation can be aected by its vibrational transition because there is a change in bond length, so these rotational transitions are expected to occur. Since vibrational energy states are on the order of 1000 cm -1 , the rotational energy states can be superimposed upon the vibrational energy states.

Ro-Vibration Selection Rules

When a molecule is vibrationally and rotationally excited (at room temperature), each vibration state splits into a series of ro-vibrational states.

Selection Rules for Vibrational Transition

Vibration of a molecule is treated as harmonic oscillator movement 2 , which is quantum mechanically described by the following energy levels:

E n = n + 1 2 hυ 0 (4.3)
Where n denotes the vibrational quantum number or level, and 

Selection Rules for Rotational Transitions

When the angular momentum of the entire molecule changes, rotational energy states rise. The rotational energy levels are given by:

E j = B • J(J + 1) with B = h 8π 2 Θc (4.4) 2.
To a rst approximation, the motion in a normal vibration can be described as a kind of simple harmonic motion. In this approximation, the vibrational energy is a parabola with respect to the atomic displacements and the rst state has twice the frequency of the fundamental. In reality, vibrations are anharmonic and the rst state has a frequency that is slightly lower than twice that of the fundamental. Excitation of the higher states involves progressively less and less additional energy and eventually leads to dissociation of the molecule, as the potential energy of the molecule is more like a Morse potential.

Chapter 4. Radiative Transfer and Inverse Theory J is the rotational or angular quantum number, B is the rotational constant, expressed in cm -1 , and Θ is the moment of inertia with respect to the rotation mode.

Rotational transitions occur when:

1-The molecule have a dipole moment (an unevenly distributed charges), and 2-The dierence in angular momentum quantum number ∆J between the initial and nal state =±1. The transitions between levels that would result in the P-and R-branches are depicted in purple and red, respectively, in addition to the theoretical Q-branch line in blue.

∆J=-1 are called P-branch transitions, ∆J=+1 R-branch, and ∆J=0 Q-branch. Given

Eq. 4.4, the photon energy ∆E of allowed transitions is:

∆E j = E j+1 -E j = B[(J + 1)(J + 2) -J(J + 1) = 2B(J + 1) (4.5)
Thus the observed rotational transitions consist of equally spaced lines of dierence 2B (centered at 1110 cm -1 ), ν 2 (centered at 701 cm -1 ) and ν 3 (centered at 1042 cm -1 ). These 

Emission

Black Body Emission

The thermal or heat radiating from the Earth's surface or from the atmosphere belongs to the thermal infrared region of the electromagnetic spectrum. The Fourier transform spectrometer of IASI, described in the previous chapter, provides infrared spectra with high resolution between 645 and 2760 cm -1 . The Earth's thermal emission is present during the day and the night, giving the advantage to thermal infrared remote sensors. Originally proposed in 1900, Planck's law (Fig. 4.4) describes the electromagnetic radiation emitted by a black body in thermal equilibrium at a denite temperature and is described by: 

B ν (T ) = 2hν 3 c 2 exp hνc kt -1 (4.6)
With, k = 1.38 × 10 -23 J • K -1 the Boltzmann constant and ν is the wavenumber.

Wien's Displacement Law

Planck's distribution is an increasing function with respect to temperature(T ) and is a concave function of the wavenumber(ν) as Fig. 4.4 shows. The wavenumber of the maximum (at xed T ) can be found by calculating ∂B/∂ν = 0, which yields to:

ν max ≈ (1.96 cm -1 /K) • T (4.7)
The so-called Wien's displacement law states that when the temperature of a black body increases, the overall radiated energy increases and the peak of the radiation curve moves to higher wavenumbers. One can clearly see the direct relationship between the wavenumber of the peak of the emission of a black body ν max and its temperature in Eq. 4.7 and Fig. 4.4.

Stefan-Boltzmann Law

The StefanBoltzmann law, describes the power radiated from a black body in terms of its temperature. This can be achieved by integrating the Planck's function over the entire wavenumber domain, such as:

B(T ) = ∞ 0 B ν (T )dν = σT 4 W.m -2 (4.8) With, σ = 2π 5 k 4 /15c 2 h 3 = 5.670373×10 -8 W •m -2 •K -4 .
The law basically states that the radiative energy emitted by a black body is an increasing function proportional to the fourth power of the temperature.

Emissivity

Since neither Earth including land and oceans or the atmosphere are perfect black bodies, a correction factor, the emissivity, should be used. Eq. 4.6 is corrected and the radiative energy that is actually emitted by a medium or atmospheric component at temperature T , for a given wavenumber ν is:

E ν = ν B ν (T ) (4.9)
Where B ν (T ) is the black-body Planck function at the ground temperature T , and emissivity ν ranges between 0 and 1 (unitless). White snow in forests 3 behaves similarly to a black body, with ν ≈ 1. On the other hand, the urban environment has a lower emissivity, with with ν between 0.7-0.9 (concrete) and 0.9 for an average urban environment [START_REF] Jacobson | Fundamentals of Atmospheric Modeling[END_REF].

Absorption

Radiance 4 and spectral radiance are measures of the quantity of radiation that passes through or is emitted from a surface and falls within a given solid angle in a specied direction.

It responds to Planck's equation and emits radiation isotropically, in all directions. The portion of radiation absorbed by a uniform gas layer thickness ds in the atmosphere as seen in Fig. 4.5 can be expressed by the Beer-Lambert Law which governs the reduction in the radiance, called L ν , the at a wavenumber ν.

Beer-Lambert Law

If ds is the gas thickness oriented in the direction of radiation propagation, the evolution of the radiation intensity is given by:

A ν = k ν (s)ρ(s)L ν ds = σ ν (s)L ν ds (4.10) σ ν = k ν (s)ρ(s) (in cm -1 if s is in cm)
is the spectral absorption or attenuation coecient of the gas, where k ν (s) is the mass absorption coecient or opacity, and ρ(s) is the molecular density of the atmospheric component at altitude s.

The change in the radiance of the radiation entering an atmospheric component dL ν will 3. In the infrared, snow is a good absorber and emitter. In the vicinity of a tree, it behaves like a black body: the tree's trunk absorbs the Sun's radiation and emits energy in the infrared that will be partially absorbed by the snow. During absorption, the infrared radiation is converted to internal energy and the snow melts around the tree trunk, producing a small depression that encircles the tree. 4. In French, radiance is called luminance, which should not be confused with the English luminance, which is a photometric measure of the luminous intensity per unit area of light traveling in a given direction and is expressed in candela per square meter (cd/m 2 ).
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Chapter 4. Radiative Transfer and Inverse Theory be equal to the emission from it E ν dened in Eq. 4.9 along the path ds minus the absorption A ν dened in Eq. 4.5, namely:

dL ν = ν B ν (T ) -k ν (s)ρ(s)L ν ds (4.11)
Figure 4.5: Nadir remote sensing illustration of an incident radiation traversing the atmosphere.

Kircho's Law

Kirchho's law of thermal radiation (1859) connects the absorptivity and the emissivity of a medium (here the atmospheric gas) at local thermodynamic equilibrium 5 as:

ν = ρk ν ds 5.
Local Thermodynamic Equilibrium (LTE) means that over time scales of interest, all independent degrees of freedom in the system are in equilibrium with each other. The atmosphere, in particular the troposphere and lower stratosphere, could be thought as in local thermal equilibrium where collisions are numerous. For a medium in LTE, the emission coecient and absorption coecient are functions of the kinetic temperature, as dened by the Maxwell-Boltzman equation, and density only.

Radiative Transfer Equation and the Direct Problem

The full equation of radiative transfer simply says that as a beam of radiation travels, it loses energy to absorption, gains energy by emission, and redistributes energy by scattering (not considered in infrared region). At local thermodynamic equilibrium and taking into account the absorption and emission of the radiation found in previous sections, the evolution of the radiance could be re-written as:

dL ν ds = ρk ν (s)(B ν (T ) -L ν ) (4.12)
Equation 4.12 couples emission and absorption and is the dierential form of the radiative transfer equation in the infrared.

The solution of Eq. 4.12 is given in Eq. 4.13. Since Earth's infrared radiation propagates from the bottom to the top of the atmosphere, the temperature T is a function of the altitude. We therefore get the complete form of the radiative transfer equation, also called as the Schwarzchild's Equation:

L ν (θ, s) = L ν (θ, 0)T r ν (θ, 0, s) + s 0 B ν (T ) ∂ ∂s T r ν (θ, s , s)ds (4.13)
T r is the transmittance, which is dened by:

T r(s, θ) = e (-s s kν (s )ρ(s )ds ) (4.14)
I introduced in Eq. 4.13 the dependence of the radiation received by the instrument on the satellite on the ground zenith angle (Fig. 4.6). In fact, the path s depends on the zenithal angle of the beam and Earth's curvature. Parallel plane approximation6 could be applied for IASI observations at nadir where properties depend only on altitude, but for large viewing angles, as for IASI's eld of views, the sphericity of the Earth should be taken into account.

In the rst term L ν (θ, 0) is the radiance at the Earth's surface at ν with a ground zenith angle of θ and is calculated as follows: 

L ν (θ, 0) = ν B ν (T skin ) + (1 -ν )L down + α ν L down (4.15)
Where B ν (T skin ) is the ground black-body Planck function at the ground temperature T skin .

The rest of the terms take into account the reected thermal radiation: assuming reection by a Lambertian surface, L down is the mean radiance associated to the total downward ux reaching the surface at the wavenumber ν, integrated up on all the geometries; and the last term α ν L down is the fraction of sunlight that is retro-reected in the direction of the sounding beam, which depends on the sun azimuthal angle and the surface eective reectivity α ν .

The second term of equation 4.13 (in the integral) is composed of 2 decoupled terms, one a function of the vertical distribution of temperature (T ) through the Planck's function, and the second a function of the absorption coecient associated with the density prole of the relevant absorbing gases. If all of these geophysical parameters in this equation are found, the radiance can be then calculated for every wavenumber. This is called the direct problem.

One should note here that all this formulation was done using a specic ν, i.e. for a monochromatic light. To integrate over all the spectral domain, the transmittance should be known across the spectral domain of interest to the sensor measurement. Width Observed spectral lines are always broadened, partly due to the nite resolution of the spectrometer and partly due to intrinsic physical causes. The principal physical causes of spectral line broadening in the IR are Doppler and pressure or collisional broadening which depend on pressure and temperature. Since these vary at the dierent altitude, this is where the height information on the concentration of the retrieved species at dierent altitudes comes from. More information on broadening eects can be found in Appendix B.

The IASI Atmospheric Spectra

Intensity corresponds to the integrated area under the spectral absorption line, directly related to the absorption coecient and therefore to the availability and concentration of the molecule. For large heavy molecules (such as PAN, methanol, CFC11 and CFC12), single line parameters fail to represent very dense spectral features. Heavy molecules have large moments of inertia, therefore the spacing between ro-vibrational lines of heavy molecules is very small, and the band structure is a blending of numerous individual spectral features.

For gases whose line parameters are not yet available, cross-sections derived from laboratory spectra measurements at dierent atmospheric pressures and temperatures are used.

Retrieval Algorithm

To derive the vertical proles, one should start by analyzing the atmospheric radiance. This is called the inverse problem. Given the non-linearity of the radiative transfer equation, relating the gaseous concentration prole to the spectral radiance is not an easy task.

The density values are hidden in the exponent of an integral which is further complicated by the spectral integration. Because of these complications, retrieval of the gaseous density prole is very dicult. Statistical and numerical assumptions should be taken into account (that is why this inverse problem is called ill-posed).

In this work, I use the Fast Optimal/Operational Retrieval on Layers for IASI (FORLI), a dedicated radiative transfer and retrieval software for IASI. Currently, it is used to retrieve O 3 , HNO 3 and CO. In this work, I will focus on the FORLI-O 3 retrievals and product.

It was developed at the Université Libre de Bruxelles (ULB; Hurtmans et al. [2012]) in collaboration with LATMOS, with the objective to provide global concentration distributions of atmospheric trace gases in near real time. To solve the radiative transfer equation, the atmosphere is discretized into layers of 1 km width, so that the whole atmosphere can be described by N levels from the surface to the top of the atmosphere (TOA). For each layer, average parameters (e.g. of temperature and pressure) are computed. For the inversion step, it relies on a scheme based on the widely used Optimal Estimation theory [Rodgers, 2000].

Look-up Tables for Fast Calculation

In FORLI, and to speed up the radiative transfer calculation, the line by line integrated absorption sections are pre-calculated at various temperatures and pressures and then stored in tables (also known as the Look Up Tables 

Auxiliary Parameters

Temperature and Pressure Proles

In order for atmospheric temperatures to be determined by measurements of thermal emission, the source of emission must be a gas of known and uniform distribution. Otherwise, the uncertainty in the abundance of the gas will make ambiguous the determination of temperature from the measurements. There are two gases in the Earth's atmosphere which have uniform abundance, and which also show emission bands in the spectral regions that are convenient for measurement. Oxygen, a major constituent satises the requirement of a uniform mixing ratio and has a microwave spin-rotational band and carbon dioxide (CO 2 ), which has infrared vibrational-rotational bands and is used in thermal emission spectrometers such as IASI to measure temperature. The detailed absorption characteristics of CO 2 in the infrared region are relatively well-understood and its absorption parameters are well known. Consequently, the measurements of the upwelling radiance in the CO 2 absorption band contain information regarding the temperature values. The temperature and pressure proles are used as state parameters in FORLI and are retrieved from IASI level 2 data (discussed in the previous chapter) by the operational processor [START_REF] Schlüssel | The operational IASI level 2 processor[END_REF], and disseminated in near-real-time through the EUMETCast system 7 , including ground temperature and relative humidity proles.

Fractional Cloud Cover

The cloud detection is performed with three concurrent cloud detection methods using AVHRR collocated cloud mask, the NWP forecasts and IASI measurements. In these IASI L2 Version 6 products, the cloud characterization solely comes from the exploitation of IASI measurements, through the CO 2 -slicing method and chi-square methods used to estimate the fractional cloud cover and the cloud top pressure for the IASI IFOVs. The CO 2 -slicing method is based upon a xed, pre-selected number of CO 2 channels and a reference channel. The eective cloud amount is estimated from the radiance within a window channel and by making use of the previously-retrieved cloud top pressure. The chi-square method is described in [START_REF] August | IASI on Metop-A: Operational Level 2 retrievals after ve years in orbit[END_REF]. In FORLI, the cloud cover is used as an input parameters and a threshold is specied for the dierent molecules with 13% for O 3 . These numbers were chosen after a series of tests, which have shown that scenes below this threshold could be treated as cloud free without signicant impact on the column retrievals. Above this value, a more specic treatment of clouds would be needed and data are disregarded for the moment.

Emissivity and Orography

For oceans, a single standard emissivity is used. For continental surfaces, a wavenumber dependent surface emissivity ν is considered. FORLI uses a climatology built by Zhou et al.

[2011], and the MODIS climatology of [START_REF] Wan | New renements and validation of the MODIS land-surface temperature/emissivity products[END_REF]. Orography in FORLI is based on the GTOPO30 global digital elevation model accessible online.

One should note here that errors from all these input parameters are propagated in the FORLI trace gas product error.

Forward Radiative Transfer

Given the general radiative transfer equation derived previously, the measurement y can be expressed as the vector of measured radiances. The direct radiative transfer equation can be then written as:

y = F (x, b) + η (4.16)
y is the measured vector of radiances: it refers to the quantities actually measured in order to retrieve x.

F is the forward radiative transfer function, with x being the vector of atmospheric states, for example, the trace gas concentration at dierent altitudes. b represents all the other xed parameters inuencing the measurement (temperature, pressure, instrumental parameters...), which are known to some accuracy, but are not intended as quantities to be retrieved. η includes forward model error, and the measurement or detector noise or random error, since measurements are made to a nite accuracy.

Optimal Estimation

The inverse problem of getting x in Eq. 4.16 is solved in FORLI using the widely used Optimal Estimation method which relies on nding an optimal solution of a state vector denoted

x (the circumex indicating an estimated quantity rather than a true state), starting from relevant apriori information (a certain prior knowledge of the atmospheric state), composed of a mean state x a . The measured radiances y are combined with the apriori state x a and both are weighted by covariance matrices, S a (n x n) 8 , the covariance matrix of x a , associated with an independent set of data used to generate the apriori state x a , meant to represent the natural variability of the gas considered. The elements of this covariance matrices can be expressed as follows:

S a (i, j) = E[(x i -x a,i )(x j -x a,j )] (4.17)
Where E is the expected value operator 9 .

Table 4.1: Summary of the input parameters used to construct x a , S a and Sη in FORLI-O 3 .

FORLI-O

3 ∆ν LU T s (cm -1 ) 960-1075 ∆ν retrieved (cm -1 ) 1025-1075 x a , S a
McPeters/Labow/Logan [START_REF] Mcpeters | Ozone climatological proles for satellite retrieval algorithms[END_REF])

Sη (W/(cm 2 cm -1 sr)) 2x10 -8
Table 4.1 shows that the spectral range used to retrieved O 3 is ∆ν retrieved =1025-1075 cm -1 . The IASI-O 3 spectra over this region can also be seen in Fig. 4.8. This range is mainly dominated by O 3 line signature, with few water lines of moderate intensity and a small 8. The covariance matrix is often also called variance-covariance matrix, to stress the variance, i.e. the diagonal elements of S a . 9. The expected value is a key aspect of how one characterizes a probability distribution. The expected value is also known as the expectation, mathematical expectation, EV, mean, or rst moment.

Chapter 4. Radiative Transfer and Inverse Theory contribution of methanol. The apriori covariance matrix S a is constructed from a climatology of O 3 proles which combines long term satellite limb measurements and measurement from ozonesondes. Sη is the approximate average noise in the retrieval spectral range and has an average value of 2 x 10 -8 W/(cm 2 cm -1 sr), which is close to the IASI instrumental noise. Figure 4.9 shows the prole of the apriori x a with its associated variance in shaded blue.

This prole is xed and is unique for all the globe. From the surface up to around 10 km, one can notice how the prole changes slowly and reaches its maximum in the middle stratosphere. S a on the right, is associated to x a . It represents the allowed variability around the apriori prole during the inversion. The variability or the square root of the variance on the diagonal elements is the highest in the UTLS region (0.6 or 60%).

Linear and Non-Linear Inverse Problems

A problem is called linear problem when the forward model can be put in the form y = F (x) + η = Kx + η, and any apriori is Gaussian. The retrieved state solution x, solution of the Optimal Estimation is given by:

x = x a + (K T S -1 η K + S -1 a ) -1 K T S -1 η (y -Kx a ) (4.18)
x is then the best estimation of x. It is a linear function of x a and y. K is the Jacobian of the forward model function F. It represents the matrix of measurement sensitivity to model parameters.

In fact, very few practical problems are linear. In our problem, the solution of the inverse radiative transfer is moderately non linear and hence the problem can be linearized to a certain extent. In a non-linear case, as in a linear case, the solution is to nd the best estimate x and its associated error. In order to do so, Eq. 4.18 is iteratively repeated using a Gauss-Newton method until convergence is achieved as follows:

x i+1 = x a + (K T i S -1 η K i + S -1 a ) -1 K T i S -1 η [y -F (x i ) + K(x j -x a )] (4.19)
The Gauss-Newton method consists of linearizing, at each iteration i + 1, the non-linear problem in the vicinity of the solution of the previous iteration i. The convergence can be achieved by imposing a maximum limit for the dierence between x i+1 -x i . After convergence, the covariance matrix can be found in exactly the same manner as in the linear case.

The Averaging Kernels

Let us consider the general case of a vector y with m degrees of freedom. The most probable state in the Gaussian linear case is the one which minimizes

χ 2 = (x -x a ) T S -1 a (x -x a ) + η T S -1 η η (4.20)
Where η = y -Kx. The minimum of Eq. 4.18 is at:

x -x a = (K T S -1 η K + S -1 a ) -1 K T S -1 η (y -Kx a ) = G(y -kx a ) (4.21)
Where G is dened as:

G = (K T S -1 η K + S -1 a ) -1 K T S -1 η (4.22)
G is called the gain matrix, or contribution function matrix. The averaging kernels matrix is dened as:

A = GK = (K T S -1 η K + S -1 a ) -1 K T S -1 η K (4.23)
For a linear model, y = Kx + η. Replacing y and G in the retrieved state of a linear problem (Eq 4.18) we get:

x = x a + G(Kx + η -Kx a ) = Ax + (I -A)x a + Gη (4.24)
Where I is the identity matrix. The averaging kernel matrix A is a very useful quantity which plays a signicant role in various descriptions of the information content. It represents the sensitivity of the retrieval to the true state. Eq. 4.24 shows that the retrieved prole at each altitude is the true prole weighted by the sensitivity, i.e. the averaging kernels at that altitude (the row of A). Figure 4.10 shows in panel (a), the ideal case of an observation. The dierent colors depict the dierent altitudes. In the ideal inverse method, A would be a unit matrix and the real prole would be exactly that retrieved from the instrument measurement.

In panel (b), a more realistic situation where the instrument's observation is sensitive only over a certain altitude. Since dierent instruments have dierent sensitivities, in reality, each row of A is a function, with a peak at a certain level indicating the altitude of maximal retrieval sensitivity, with a half-width equal to the spatial resolution of the instrument. The plot shows that there is little or no sensitivity towards the surface. At this altitude all/most of the information comes from the apriori. On the other hand, the averaging kernels in the lower troposphere (surface, 850 and 700 hPa) peak towards 500 hPa (∼ 5 km). 

Degrees of Freedom for Signal

The degree of freedom is dened as the number of independent pieces of information in a retrieval, more precisely how many of those are related to the signal. At the minimum, the expected value of χ 2 (Eq. 4.20) is equal to the number of degrees of freedom (or the number of m independent measurements), which can be divided into two parts: degrees of freedom for signal, and degrees of freedom for error. The rst term can be described as:

DOF S = E[(x -x a ) T S -1 a (x -x a )] (4.25)
Thus the DOFS term is attributable to a state vector and is a measure of information as can be seen in Fig. 4.10: it describes the number of useful independent quantities there are in a particular retrieval of a measurement. It could be a positive decimal or integer.

Rodgers [2000] shows that the relationship between the DOFS and the averaging kernel matrix is given by: thermal contrast and their eect on the retrieval. The dierent sections might be somewhat disconnected from one another, as this chapter gathers all the unpublished information and small analysis and studies done during my thesis. More focused and extended studies will be presented in the following 3 chapters. 

DOF S = tr(S xS -1 a ) = tr[K T S -1 η K + S -1 a ) -1 K T S -1 η K] = tr(GK) = tr(A)

Retrievals from IASI-A and IASI-B

Before looking at the O 3 product, I will show rst the spatio-temporal probing of the atmosphere by IASI, then discuss the sensitivity of the O 3 vertical distribution to these spatial and temporal variations.

Number of Observations per Day

In order to know how many times IASI will "see" a specic location on Earth per day, I plot in Fig. 5.1 the number of O 3 observations seen during one day (morning and evening) with IASI-A and IASI-B, as calculated by FORLI. I separate between day and night observation using the sun zenithal angle (sza). sza < 90 o corresponds to day observation and sza > 90 o are the night observations. One can see that there are more frequent overpasses around the poles both in the Northern and Southern Hemisphere. MetOp, with its polar orbit, makes 14 revolutions per day (anomalistic period, see section 3.1.3), and therefore will pass by the poles on each revolution. In the regions of small cloud cover, the IASI observation count is higher. Around the Equator, and due to the Intertropical Convergence Zone (ITCZ), this count is smaller. The plot also shows the added value and the advantage of using coupled IASI-A and IASI-B data to have (almost) twice more data. 

Sensitivity of IASI-Ozone in the Troposphere

The averaging kernel (AK) functions, as shown in section 4.5.6, represent the sensitivity of the retrieval to the true state. These AK are highly variable in space and time. The shape of the AKs can change to peak to lower altitudes in certain conditions. The AKs and their shape sensitivity is described hereafter. The daily values were found by calculating the rst local maximum in the kernel summed function over the [START_REF] Co;2 | A review of surface ozone background levels and trends[END_REF][START_REF] Webster | The coupled monsoon system[END_REF][2][3][4][5][6][START_REF] Summertime Trop | Impact of forest fires, biogenic emissions and high temperatures on the elevated Eastern Mediterranean ozone levels during the hot summer of 2007[END_REF][8] km column. The result was then averaged for the month of August 2013 over a grid of 2x2 degrees as shown here. The plot shows that on average, the altitude of maximal sensitivity is in general from 5 to 8 km, making the average maximal sensitivity of IASI-O 3 in the free to upper free troposphere. One can notice how the sensitivity is lower in altitude in the troposphere over land than water (of the Northern Hemisphere in particular -as August is a summer month).

Tropospheric Averaging Kernel Functions

The Thermal Contrast from IASI

Dened as the dierence between the surface temperature and the temperature of the rst atmospheric layer, the thermal contrast plays an essential role in the sensitivity of thermal infrared instruments. In fact, with the Sun rise, the Earth starts to absorb ultra-violet radiations in a spectral region where the atmosphere is relatively transparent. When the day progresses, Earth and atmosphere absorb solar radiation. Land (more than water) can heat up and cool down faster than the atmosphere making the thermal contrast more pronounced during the day and over land. This thermal contrast depends as well on location, temperature, type of surface and time of the day. For a given thermal contrast, the spectral resolution and radiometric noise of the IR instrument determines the amount of vertical information that can be retrieved for a given species. One can notice several things in this gure:

1-Higher surface temperature during the day than during night, making the diurnal variation quite prominent.

2-Positive thermal contrast during the day (over land in general, but can be also negative),

and both negative and positive thermal contrast during the night, though negative thermal contrast is more prominent.

3-Higher thermal contrast (in absolute value) during the day than the night. Higher thermal contrast tends to increase the sensitivity towards the surface.

Fig. 5.6 shows the relationship between the increase in thermal contrast (for randomly selected observations), and its eect on the shape of the averaging kernel functions of the O 3 retrieval. Though this relationship is not linear, one can see that when the thermal contrast increase, the AK tend to have higher values towards the surface with the peak shifted to lower altitudes. I note here that the [6][START_REF] Summertime Trop | Impact of forest fires, biogenic emissions and high temperatures on the elevated Eastern Mediterranean ozone levels during the hot summer of 2007[END_REF][8][9] km or [10][11][12] km AK functions do not really depend on thermal contrast change as the gures show. In fact, in the mid and upper free troposphere, the ozone product from IASI is more robust, as it is less dependent on surface properties.

Global Seasonal Variation

The day-time seasonally averaged O 3 [START_REF] Co;2 | A review of surface ozone background levels and trends[END_REF][START_REF] Webster | The coupled monsoon system[END_REF][2][3][4][5][6][START_REF] Summertime Trop | Impact of forest fires, biogenic emissions and high temperatures on the elevated Eastern Mediterranean ozone levels during the hot summer of 2007[END_REF][8] 

Tropics and Sub-Tropics

The O 3 minimum over the tropical/sub-tropical Pacic is due to the photochemical destruction of O 3 by ultraviolet light. Biomass burning is one of the major forcings of tropical tropospheric chemistry. This can be seen with the high values recorded above central Africa and the Amazon rainforest. Tropical Atlantic O 3 distribution is characterized by two maxima, the rst in the lower troposphere, predominantly over the biomass burning region and just to the south of it, and a second in the mid troposphere in the southern tropical Atlantic [START_REF] Heald | Asian outow and trans-pacic transport of carbon monoxide and ozone pollution: An integrated satellite, aircraft, and model perspective[END_REF]. Since the maximum lightning inuence is found in the Southern Hemisphere, O 3 availability over this part of the globe is suggested to be highly dependent on lighting NO x [Lamarque et al., 1996a[START_REF] Jacob | Origin of ozone and NOx in the tropical troposphere: A photochemical analysis of aircraft observations over the South Atlantic basin[END_REF]. In fact, lightning NO x is shown to account for > 39% of the south Atlantic O 3 burden in DJF, and > 30% in JJA [START_REF] Sauvage | Quantication of the factors controlling tropical tropospheric ozone and the south atlantic maximum[END_REF]. In absence of all tropical NO x sources (from biomass burning and lightning), an important (though smaller) inuence of background O 3 remains, reecting transport and chemical production from extra-tropical sources [START_REF] Sauvage | Quantication of the factors controlling tropical tropospheric ozone and the south atlantic maximum[END_REF].

IASI-A and IASI-B Comparison

Since two copies of the IASI instrument are on board of the two MetOp satellites, it is wise to compare the two instruments products. To accomplish this, I will take the average observation gridded on a 1x1 grid, both on a regional and global scale.

Regional Comparison

The location of the regions taken for this regional comparison is shown on The gure shows that in general, we have good agreement between the two products. It also highlights that on some occasions, one instrument might have a valid observation when the other doesn't. This is a great advantage when studying local pollution episodes that are usually accompanied with smog, making the retrieval of O 3 more challenging. However, more local sounding opportunities are oered with the two (and in the future three) IASI The gures show the well-known seasonal cycle at mid-latitudes in the troposphere with maxima observed in spring-summer. Running 3-months mean and 1-year mean have been added to try to deduce a "trend". Despite the fact that more than 10 years of observations, corresponding to the large scale of solar cycle, is usually required to perform a trend analysis, I will make the assumption that statistically relevant information might be derived from the six years of the available IASI observations.

In the tropospheric [START_REF] Co;2 | A review of surface ozone background levels and trends[END_REF][START_REF] Webster | The coupled monsoon system[END_REF][2][3][4][5][6][START_REF] Summertime Trop | Impact of forest fires, biogenic emissions and high temperatures on the elevated Eastern Mediterranean ozone levels during the hot summer of 2007[END_REF][8] as dierent news sources reported. All of these disasters occurred as a result of unusually heavy monsoon rains, depicted in Fig. 5.12. If we look at the Russian region during the same period, we can see that during summer 2010, a second peak appears, that is not seen during the other years. This is due to the Russian heat wave, that persisted starting late June which had catastrophic eects, and lead to massive res. In Moscow alone, an estimated 300 people a day have died.

Figure 5.12: Rain rates (the intensity with which rain was falling) between August 1 and August 9, 2010, compared to average rain rates for the same period. Blue reveals areas where rain was much more intense than normal, while brown points to less intense rain. Figure from http://earthobservatory.nasa.gov/NaturalHazards/view.php?id=45177.

One would ask if these 2 events are actually linked. A study by [START_REF] Trenberth | Climate extremes and climate change: The Russian heat wave and other climate extremes of 2010[END_REF] shows that record high surface sea temperatures were recorded in the Northern Indian Ocean in May 2010 which provided a source of unusual abundant atmospheric moisture for the monsoon. The result was an anomalous diabatic heating forcing quasi-stationary Rossby waves 1 which altered the monsoon strength, extended to Europe and Russia where it created a persistent anti-cyclonic 2 regime creating a heat wave.

If we look now to Fig. 5.13, over the East coat of the US, a summer peak during 2010 (for the 3-month average) is detected. In fact, this could be related to the same reason, as the region was under the inuence of the same Rossby wave that extended to Europe and Russia.

If we look also closely, one can notice how the west coast of the US, over the same period shows an increase O 3 concentrations in summer. This could suggest eective transport of pollution from East Asia to the west coast due to the high monsoon power, though more detailed analysis, that I do not present here, is required to conrm it. As for the other regions' variability, Northern Hemisphere regions presented here present a slight downward "trend", that is clear with the 1-year moving average, with the exception of China. Downwind the US, this decrease is the most clear (Fig. 5.13, middle panel). Given that this area is subjected to mainly the transport from North America (as explained in the transatlantic transport of 1. In planetary atmospheres, Rossby waves are due to the variation in the Coriolis eect with latitude.

2. Anticyclones are stable areas of high pressure. High pressure at the surface of Earth results from air that is descending from high in the atmosphere and is stable. Descending air discourages condensation so there will be little cloud cover. Anticyclonic conditions in summer bring clear skies, sunshine, low wind speeds, high temperatures and dry weather. As Seen By IASI And GOME-2

Motivation

As seen in the introduction, the present day atmosphere is more complex due to human activity, notably in urban areas giving rise to spatially and temporally varying inorganic and organic gases whose mixing ratios are small but vary in time and space. Table 6.1 lists the concentrations of the principle gases that might be expected in the clean and polluted (urban) troposphere. When one tries to compare a clean and a polluted atmosphere, many of the pollutants concentrations increase up to 2 orders of magnitude.

Pollutants can be transported from their urban sources by winds, depending on their lifetime. O 3 lifetime in the troposphere depends on several factors, but in many cases, it can survive in pollution plumes or even get formed in them. In fact, and in contrast to other pollutants, O 3 levels in downwind plumes can be higher than in the surrounding urban area during meteorological conditions that favor its formation (high sunlight and warm temperatures) [START_REF] Miller | Ozone formation related to power plant REFERENCES emissions[END_REF][START_REF] Sillman | The relation between ozone, NOx and hydrocarbons in urban and polluted rural environments[END_REF], Xu et al., 2011[START_REF] Pires | Surface ozone behaviour at rural sites in Portugal[END_REF][START_REF] Cooper | Long-term ozone trends at rural ozone monitoring sites across the United States, 19902010[END_REF] (among many others). In urban centers, and at short distances from strong 

Wind Pattern Analysis

The cities studied can be located in Fig. 6.1. After testing dierent locations, those were chosen because they have high anthropogenic emissions (when looking at NO 2 maps), good seasonal variability and good thermal contrast near the ground allowing the detection of O 3 in the low troposphere. The wind patterns were those blowing from the city during the study period which is from 2008-2011. The wind patterns have various diurnal, seasonal, and vertical variations so that in this study I had to choose a "prevailing" wind direction.

Monthly averaged wind directions were extracted and a general wind pattern was chosen.

The wind roses for dierent cities are shown in Fig. 6.2. Tehran and Istanbul are the 2 cities for which the winds take frequent completely opposite wind directions, where the assumption of a prevailing wind direction was based on the highest frequency of occurrence. 

Introduction

Global monitoring of tropospheric O 3 is essential as it is an important greenhouse gas and air pollutant [Jacobson, 2012]. It is a significant absorber of infrared and ultraviolet radiation, and a primary source of the most important oxidant in the atmosphere, the hydroxyl radical OH, that is highly reactive with organic and inorganic compounds [START_REF] Levy | Tropospheric ozone: The role of transport[END_REF][START_REF] Finlayson-Pitts | Tropospheric air pollution: Ozone, airborne toxics, polycyclic aromatic hydrocarbons, and particles[END_REF]Jacob, 2000]. Exposure to high levels of O 3 is associated with pulmonary and chronic respiratory diseases as well as premature mortality [START_REF] Bell | Ozone and mortality in 95 US urban communities, 1987 to 2000[END_REF][START_REF] Bell | Climate change, ambient ozone, and health in 50 US cities[END_REF][START_REF] Ito | Associations between ozone and daily mortality: analysis and meta-analysis[END_REF][START_REF] Ebi | Climate change, tropospheric ozone and particulate matter, and health impacts[END_REF]. Economic concerns are also raised because of the negative effect of O 3 on vegetation, ecosystems, crops production and yield [START_REF] Reich | Effects of low concentrations of O3 on net photosynthesis, dark respiration, and chlorophyll contents in aging hybrid poplar leaves[END_REF][START_REF] Chappelka | Mature black cherry used as a bioindicator of ozone injury[END_REF][START_REF] Collins | The European regional ozone distribution and its links with the global scale for the years 1992 and 2015[END_REF][START_REF] Fuhrer | Ecological issues related to ozone: agricultural issues[END_REF][START_REF] Schaub | Physiological and foliar symptom response in the crowns of prunus serotina, fraxinus americana and acer rubrum canopy trees to ambient ozone under forest conditions[END_REF][START_REF] Karnosky | Perspectives regarding 50 years of research on effects of tropospheric ozone air pollution on US forests[END_REF]. Sources of O 3 in the troposphere are either due to natural intrusion from the stratosphere, where most of the O 3 resides, or to photochemical production from precursors. These precursors are pollutants emitted mainly during anthropogenic urban activities and include carbon monoxide (CO), peroxy radicals generated by the photochemical oxidation of VOCs (such as hydrocarbons and aldehydes) and nitrogen oxides ( Chapter 6. Trop. O 3 And NO 2 In Urban And Rural Areas
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). The main sources of NO x are either anthropogenic such as the result of the combustion of fossil fuels and biomass burning, or natural from wildfires, soil emissions and lighting. Most of the NO 2 in urban air results from the rapid oxidation of NO which is the major nitrogenous product emitted from combustion [START_REF] Finlayson-Pitts | Tropospheric air pollution: Ozone, airborne toxics, polycyclic aromatic hydrocarbons, and particles[END_REF][START_REF] Klonecki | Tropospheric chemical ozone tendencies in CO-CH4-NOy-H2O system: Their sensitivity to variations in environmental parameters and their application to a global chemistry transport model study[END_REF]Jacob, 2000;[START_REF] Seinfeld | Atmospheric Chemistry and Physics From Air Pollution to Climate Change[END_REF]Jacobson, 2012]. One can distinguish 2 regimes with different O 3 -NO x -VOC sensitivity. The first one is the NO x -limited regime where O 3 concentrations increase with increasing NO x ; and the second one is the VOC-limited (NO x -saturated) regime, where O 3 production rate increases with increasing VOCs concentrations. Generally, urban centers are found to be in a VOC limited regime while rural regions downwind are found to be in a NOx-limited regime [START_REF] Milford | A new approach to photochemical pollution control: implications of spatial patterns in pollutant responses to reductions in nitrogen oxides and reactive organic gas emissions[END_REF][START_REF] Milford | Total reactive nitrogen (NOy) as an indicator for the sensitivity of ozone to NOx and hydrocarbons[END_REF][START_REF] Sillman | The relation between ozone, NOx and hydrocarbons in urban and polluted rural environments[END_REF][START_REF] Duncan | Application of OMI observations to a space -based indicator of NOx and VOC controls on surface ozone formation[END_REF]. In fact, O 3 concentrations in rural sites are frequently found to be higher than the values found near anthropogenic activity, with peak values in spring and summer [START_REF] Logan | Tropospheric ozone: seasonal behavior, trends, and anthropogenic influence[END_REF][START_REF] Logan | Ozone in rural areas of the united states[END_REF][START_REF] Sillman | The sensitivity of ozone to nitrogen oxides and hydrocarbons in regional ozone episodes[END_REF]. The measurement of tropospheric O 3 and NO 2 by satellite is shown to be efficient since it provides a good way to get regional and global information on O 3 and NO 2 distribution, transport and variability [START_REF] Tie | Satellite Measurements of Tropospheric Column O3 and NO2 in Eastern and Southeastern Asia:Comparison with a Global Model (MOZART-2)[END_REF]. Tropospheric O 3 retrievals from satellites have been possible by subtracting the stratospheric O 3 column with UV sounders [e.g. [START_REF] Fishman | Distribution of total ozone and stratospheric ozone in the tropics: Implications for the distribution of tropospheric ozone[END_REF][START_REF] Schoeberl | A trajectory-based estimate of the tropospheric ozone column using the residual method[END_REF], directly from measurements in the UV [START_REF] Liu | First directly retrieved global distribution of tropospheric column ozone from GOME: Comparison with the geos-chem model[END_REF] and from high resolution infrared sounders like IMG (Interferometric Monitor for Greenhouse gases), TES (Tropospheric Emission Spectrometer) and IASI (Infrared Atmospheric Sounding Interferometer) [START_REF] Coheur | Retrieval and characterization of ozone vertical profiles from a thermal infrared nadir sounder[END_REF][START_REF] Worden | Comparisons of tropospheric emission spectrometer (TES) ozone profiles to ozonesondes: Methods and initial results[END_REF][START_REF] Eremenko | Tropospheric ozone distributions over Europe during the heat wave in July 2007 observed from infrared nadir spectra recorded by IASI[END_REF].

In this paper we analyze the seasonal variations of O 3 and NO 2 in the troposphere, over 4 years (2008)(2009)(2010)(2011) above specific urban and rural areas of the Northern Hemisphere (NH), using data provided by IASI and GOME-2 (Global Ozone Monitoring Experiment) instruments on the MetOp-A (Meteorological Operational) satellite along with wind patterns provided by ECMWF (European Centre for Medium-Range Weather Forecasts) ReAnalysis (ERA). Section 2 details the study area selection and how measurements data are collocated above cities. In section 3 we explain the method used to extract wind directions, the tropospheric O 3 retrieval from the IASI mission as well as GOME-2 retrievals of the tropospheric NO 2 columns. We discuss the results in section 4 and list our conclusions in section 5.

Study Area Selection

In order to understand the effect of local pollution, we chose to focus in this study on a selected set of big cities, listed in Table 1, known for their high anthropogenic emissions in different locations in the NH and over three continents: North America, Europe and Asia. 

Measurements

High pollution episodes are notably detected above and around cities. During such events, elevated values of NO 2 and O 3 can be observed by satellite in the troposphere [e.g. [START_REF] Tie | Satellite Measurements of Tropospheric Column O3 and NO2 in Eastern and Southeastern Asia:Comparison with a Global Model (MOZART-2)[END_REF][START_REF] Dufour | IASI observations of seasonal and day-to-day variations of tropospheric ozone over three highly populated areas of China: Beijing, Shanghai, and Hong Kong[END_REF]. In this study we aim at investigating the relation between O 3 and NO 2 pollution over cities and their corresponding rural areas using satellite data: we use in particular IASI tropospheric O 3 column and GOME-2 tropospheric NO 2 column data. In addition we use wind fields from ECMWF reanalysis to locate the rural areas where the formation or transport of O 3 is important.

Wind Directions

Wind direction patterns used in this study are from ERA-Interim archive at ECMWF (u-and v-components of horizontal wind). The data assimilation produces 4 analyses per day at 00, 06, 12 and 18 UTC at 37 pressure levels from 1000 to 1 hPa with a Gaussian grid with a resolution of 0.7 o at the Equator. Data Services associated with wind data sets apply an interpolation scheme to make it adaptable to requested resolutions and representation forms [START_REF] Berrisford | The ERA-Interim archive[END_REF][START_REF] Dee | The ERA-Interim reanalysis: configuration and performance of the data assimilation system[END_REF]. In the ERA-Interim database, monthly means of wind directions patterns are interpolated and extracted over a grid size of 0.75 o x 0.75 o . In this study, we attempt to analyze the prevailing wind directions from each studied urban city of Table 1. We averaged monthly wind patterns over the 4-year period of the study in the boundary layer (surface to 750 hPa) where the production and transport of pollutants is the most important. The result is inserted in as "rural" region in Table 1.
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IASI Ozone Measurements

Instrumentation

The IASI instrument launched on board the MetOp-A platform on 19 October 2006, is a nadir looking Fourier transform spectrometer that probes the Earth's atmosphere in the thermal infrared spectral range between 645 and 2760 cm -1 , with a spectral resolution of 0.5 cm -1 (apodized) and a 0.25 cm -1 spectral sampling. Three IASI instruments have been assigned for a span of at least 15 years. The second one was launched on 17 September 2012 on board of MetOp-B and a third instrument is scheduled for 2016-2017. IASI footprint is a matrix of 2x2 pixels, each with 12 km diameter at nadir. IASI monitors the atmospheric composition at any location two times per day with a swath width of 2200 km corresponding to a total of 120 views. IASI can as well measure many of the chemical components that play a key role in the climate system and are responsible of atmospheric pollution [Clerbaux et al., 2009;Coheur et al., 2009;Turquety et al., 2009;Clarisse et al., 2011]. As far as O 3 is concerned, vertical information has been demonstrated to be sufficient to study separately stratospheric O 3 [START_REF] Scannell | Antarctic ozone hole as observed by IASI/MetOp for 2008-2010[END_REF], O 3 in the upper troposphere/lower stratosphere [START_REF] Barret | The detection of post-monsoon tropospheric ozone variability over south Asia using IASI data[END_REF] and O 3 in the troposphere [START_REF] Boynard | Measurements of total and tropospheric ozone from IASI: comparison with correlative satellite, ground-based and ozonesonde observations[END_REF][START_REF] Dufour | IASI observations of seasonal and day-to-day variations of tropospheric ozone over three highly populated areas of China: Beijing, Shanghai, and Hong Kong[END_REF]Wespes et al., 2012].

Retrievals

The IASI level 1C radiance data (1.3 million spectra per day) are distributed by EumetCast, the EUMETSAT's Data Distribution system and global distributions of O 3 vertical profiles are retrieved in near real time using an exclusive radiative transfer and retrieval software for the IASI O 3 product, the Fast Optimal Retrievals on Layers for IASI (FORLI-O 3 ) [Hurtmans et al., 2012]. FORLI radiative transfer model uses pre-calculated tables of absorbance of the O 3 band (1025-1075 cm -1 ) at different pressures and temperatures. It provides profiles over 39 layers from the surface up to 39 km based on the inversion scheme of the Optimal Estimation Theory [Rodgers, 2000]. Details and description of FORLI are given by Hurtmans et al. [2012] and a comparison of performances with other retrieval algorithms is provided by [START_REF] Dufour | Validation of three different scientific ozone products retrieved from IASI spectra using ozonesondes[END_REF]. The IASI FORLI-O 3 observations are selected for scenes with cloud coverage below 13%, and with RMS of the spectral fit residual lower than 3.5 x10 -8 W/cm 2 .sr.cm -1 . The O 3 apriori profile (plotted in black in Figure 1) and associated apriori covariance matrix are constructed from the McPeters/Labow/Logan climatology of O 3 profiles, which combines long term satellite limb measurements and measurements from ozone sondes [START_REF] Turner | Systematic errors inherent in the current modeling of the reflected downward flux term used by remote sensing models[END_REF]Hurtmans et al., 2012]. The constraint on the measurement has an average value of 2 x 10 -8 W/(cm 2 .sr.cm -1 ) which is close to the instrumental noise. Profiles and partial column products have been validated and compared with available ground-based, aircraft, O 3 sonde and other satellite observations [START_REF] Anton | Validation of the Metop-A total ozone data from GOME-2 and IASI using reference ground-based measurements at the Iberian peninsula[END_REF][START_REF] Gazeaux | Intercomparison of polar ozone profiles by IASI/Metop sounder with 2010 concordiasi ozonesonde observations[END_REF]Parrington et al., 2012;[START_REF] Pommier | Analysis of IASI tropospheric O3 data over the arctic during POLARCAT campaigns in 2008[END_REF]. These analysis show a good agreement in the troposphere (below 10 km) and middle stratosphere (25-40 km), where the differences are lower than 10% on average. However a significant positive bias of about 10-26% is found between 10 and 25 km. The same bias is reported when using different retrieval algorithms [START_REF] Dufour | Validation of three different scientific ozone products retrieved from IASI spectra using ozonesondes[END_REF]. Interestingly, [START_REF] Eremenko | Tropospheric ozone distributions over Europe during the heat wave in July 2007 observed from infrared nadir spectra recorded by IASI[END_REF] have shown that it was possible to study, with infrared sounders, the variation of the tropospheric O 3 column around cities in particular since high thermal contrast (the temperature difference between that of the surface and that of the first atmospheric layer), and thus more information in the boundary layer, is usually associated to the spring-summer photochemical pollution events. We plot in Figure 1 January and June 2011 above the urban regions of Table 1. Vertical profiles in panel (a), show an expected higher O 3 mixing ratio values in June than in January. A significant increase in surface O 3 values between January and June is recorded for all the cities, reflecting high surface O 3 production in summer along with a high thermal contrast. In this study, we use IASI day observations of the 0-8 km tropospheric O 3 column since the information content of IASI data is shown to be higher during the day [Clerbaux et al., 2009]. Panel (b) shows that the averaging kernels are more sensitive to the lower troposphere in summer because of higher surface temperature and better thermal contrast, leading to a smaller contribution of the apriori to the retrieved profiles. We chose the 0-8 km column because it provides above 0.5 degrees of freedom (the trace of the averaging kernel matrix) in the troposphere and avoids having to define a variable tropopause height, which impacts on quantifying the O 3 content in the troposphere [START_REF] Held | On the height of the tropopause and the static stability of the troposphere[END_REF][START_REF] Bethan | A comparison of ozone and thermal tropopause heights and the impact of tropopause definition on quantifying the ozone content of the troposphere[END_REF]Hoinka, 1997;[START_REF] Reichler | Determining the tropopause height from gridded data[END_REF]: since the cities selected for this study (see Table 1) fall in a latitude range between 19 o and 41 o N, this choice thus provides a good mean to maximize the tropospheric information content while minimizing the stratospheric contamination. 

GOME-2 Nitrogen Dioxide Measurements

Instrumentation

In this study, we analyze the relationship between the tropospheric O 3 columns retrieved from IASI and GOME-2 NO 2 tropospheric columns in a polluted environment. We use GOME-2 data since it is on board of the MetOp-A platform as well, and offer one of the first opportunities to study the O 3 -NO 2 relationship with coincident measurements. GOME-2 is a Chapter 6. Trop. O 3 And NO 2 In Urban And Rural Areas 95 nadir-scanning UV/visible spectrometer with a swath width of 1920 km with a nominal ground pixel size of 80x40 km 2 which allows global coverage every 1.5 days. The spectral range covered by the GOME-2 instrument is from 240 to 790 nm distributed on 4 main optical channels, with a spectral resolution between 0.26 nm and 0.51 nm [START_REF] Munro | The influence of boreal biomass burning emissions on the distribution of tropospheric ozone over north America and the north Atlantic during 2010[END_REF][START_REF] Valks | Operational total and tropospheric NO2 column retrieval for GOME-2[END_REF]. 

Retrievals

The operational tropospheric NO 2 product is provided by the German Aerospace center, in the framework of the EUMETSAT O3M-SAF (Satellite Application Facility on Ozone and Atmospheric Chemistry Monitoring). The differential optical absorption spectroscopy (DOAS) method is used to determine NO 2 slant columns from GOME-2 (ir)radiance data in the 425-450 nm range. Initial total NO 2 columns are computed using stratospheric air mass factors, and GOME-2 derived cloud properties are used to calculate the air mass factors for scenarios in the presence of clouds. To obtain the stratospheric NO 2 component, a spatial filtering approach is used. Tropospheric air mass factors are computed using monthly averaged NO 2 profiles from the MOZART-2 chemistry transport model [START_REF] Valks | Operational total and tropospheric NO2 column retrieval for GOME-2[END_REF].

Figure 4 shows the GOME-2 tropospheric NO 2 column during January and June 2011. Anthropogenic sources of NO 2 are notably detected in mid-latitudes especially near populated regions with high anthropogenic activity such as in Northern America, Europe, and Eastern Asia. In comparing the two Hemispheres, we note that the NH has in both months larger NO 2 concentrations. This is also seen in Figure 5 

Results

Seasonal Cycling of Ozone in Urban Regions

O 3 in the troposphere shows a slower photochemistry in winter and faster in spring and summer [START_REF] Levy | Tropospheric ozone: The role of transport[END_REF][START_REF] Klonecki | Tropospheric chemical ozone tendencies in CO-CH4-NOy-H2O system: Their sensitivity to variations in environmental parameters and their application to a global chemistry transport model study[END_REF]. Figure 6 illustrates the seasonal variation of the 0-8 km O 3 column over the nine cities listed in Table 1. Both panel (a) and (b) show a typical seasonal behavior with increasing values of O 3 in late spring (April-May) that could be associated with the transport of O 3 from the lower stratosphere to the troposphere [START_REF] Logan | Tropospheric ozone: seasonal behavior, trends, and anthropogenic influence[END_REF]. Cities located at high latitudes are subject to larger stratospheric contamination. This can be seen in winter for the first In New Delhi, the monsoon starts in mid June and lasts until end of August [START_REF] Varshney | Ozone pollution in the urban atmosphere of Delhi[END_REF]. In Beijing and Shanghai, the East Asian summer monsoon falls in July-August and mid June-mid July respectively [START_REF] Wang | Rainy season at Beijing and Shanghai since 1736[END_REF]. The drop observed is latitude dependent: since New Delhi and Shanghai lie closer to tropical latitudes, the intensity of the drop is larger than the one in Beijing which is on the other hand, more susceptible to stratospheric contamination [START_REF] Dufour | IASI observations of seasonal and day-to-day variations of tropospheric ozone over three highly populated areas of China: Beijing, Shanghai, and Hong Kong[END_REF].

Seasonal Cycling of Nitrogen Dioxide in Urban Regions

The NO 2 lifetime is shorter than the one for O 3 and depends on many factors such as meteorological conditions and OH concentrations. Sunlight triggers OH production, causing NO 2 to be removed from the atmosphere [Jacobs, 2000;[START_REF] Van Der | Detection of the trend and seasonal variation in tropospheric NO2 over China[END_REF]. All cities plotted in Figure 7 show indeed a minima in summer since anthropogenic NO 2 is destroyed when exposed to sunlight. On the other hand, higher values of NO 2 are expected in winter, when the days are shorter and the solar activity and OH concentrations are lower. Moreover, winter is the season with the strongest anthropogenic emissions in the NH because of heating. For all the cities, we notice that the NO 2 values are relatively higher in winter than summer. For both tropospheric O 3 and NO 2 , we notice that the columns are the highest in the economic centers of China with the highest industrial activity: Shanghai and Beijing, with average values over the 4 years of 31.2 and 29.3 DU for O 3 in June and 32.2 x 10 15 and 24.5 x 10 15 molecules/cm 2 for NO 2 in December, respectively. It is important to note that over highly polluted regions, most of the tropospheric NO 2 accumulates in the boundary layer [START_REF] Ma | Comparison of model-simulated tropospheric NO2 over China with GOME-satellite data[END_REF], while the 0-8 km O 3 column accounts for the boundary layer contribution as well as the contribution from the long range transport in the free troposphere. 

Tropospheric Ozone and Nitrogen Dioxide in Rural Regions

As explained in section 1, production of O 3 is directly related to the presence of NO x . For low NO x values observed in rural areas, an increase in NO x values leads to an increase in O 3 production. This effect is better in Figure 8, which shows the O 3 0-8 km column versus the tropospheric NO 2 column over rural areas surrounding the different cities of the study for the span of 2008 to 2011. 11

The figure shows a reasonably linear behavior with a Pearson correlation coefficient of 0.52 in summer and 0.61 in winter where O 3 increases as NO 2 increases. Note that the scatter in the data is likely due in part to the difference in lifetime between the two gases: NO 2 in rural areas reflects generally local sources while O 3 is influenced by photochemical formation from NO 2 , the transport from urban regions and the long range transport in the free troposphere that is integrated in the 0-8 km column, add to that the error on IASI and GOME-2 measurements and on wind directions. In fact, the approach used to determine the rural region using the prevailing wind direction may cause further uncertainties since the boundary layer winds can have strong diurnal and seasonal variations [START_REF] Lin | Contributions of pollutants from North China Plain to surface ozone at the Shangdianzi GAW Station[END_REF][START_REF] Lin | Characteristics of gaseous pollutants at Gucheng, a rural site southwest of Beijing[END_REF]. The figure represents the NOx-limited regime (section 1) since in these regions the O 3 production is partially dependent and limited by the availability of NO 2 , and increases with increasing NO 2 values.

Figure 9 shows the time series from 2008 to 2011 of urban and rural tropospheric O 3 and NO 2 in the cities of Table 

Case Study of the Beijing Olympic Games of 2008

In this part of the study, we focus on the analysis of the tropospheric NO 2 and O 3 column within China by studying the case of the Olympic Games (8-24 August 2008) and the Paralympics (9-17 September 2008). Previous studies have shown, at different background sites, up to 200 km away from urban centers in China, a significant transport of O 3 and enhancement in the surface O 3 [START_REF] Xu | Long-term trend of surface ozone at a regional background station in Eastern China 1991-2006: enhanced variability[END_REF]. For the past few decades, Chinese cities, such as Beijing, have been suffering from deterioration of air quality, because of the massive population and industrial growth [START_REF] Hao | Improving urban air quality in China: Beijing case study[END_REF]. Strict emissions control measures on vehicles and industries have been implemented between July and September 2008 for the summer Olympics and Paralympics games in Beijing. The World Health Organization 2000 Air Quality Guidelines were used as standards for the Beijing's strategy to control air quality [START_REF] Unep) | Independent environmental assessment: Beijing 2008 Olympic games[END_REF]. From July 1 to September 20, these standards were applied on circulating vehicles and traffic was reduced by 22% during the Olympics [Wang et al., 2009]. Strict restrictions were applied on polluting industries in Beijing and surrounding provinces, starting August 8 th , the first day of the Olympics [START_REF] Li | Air quality and outpatient visits for asthma in adults during the 2008 summer Olympic games in Beijing[END_REF]. These standards do not include surface O 3 limitations, however because of the limitations on NO 2 , O 3 values were expected to be indirectly affected. During this period, the Ozone Monitoring Instrument showed a significant decrease of around 60% in NO 2 concentrations [START_REF] Mijling | Reductions of NO2 detected from space during the 2008 Beijing Olympic games[END_REF]. After the Olympic Games, NO 2 values were observed to return comparable to the years before [START_REF] Witte | The unique OMI HCHO/NO2 feature during the 2008 Beijing Olympics: Implications for ozone production sensitivity[END_REF]. 2), the effect on the O 3 column is not similar. In fact, an increase of around 12% is observed in the month of July, and a slight decrease of around 5 and 6% for the months of August and September. The increase in July could be interpreted as either the O 3 was transported by winds from nearby polluted areas such as the North China Plain [Wang et al., 2009[START_REF] Wang | Air quality during the 2008 Beijing Olympics: secondary pollutants and regional impact[END_REF], or the fact that O 3 was formed in the boundary layer since the photostationary state of the nitrogen cycle was perturbed and the reduction of the emitted NO led to an accumulation of O 3 [START_REF] Wang | Assessment of traffic-related air pollution in the urban streets before and during the 2008 Beijing Olympic games traffic control period[END_REF]. 

Conclusions and perspectives

In this work 4 years of tropospheric O 3 observations provided by the IASI mission are analyzed. Our results show that latitudinal and seasonal variations can be observed at the city scale. This dataset was studied along with the NO 2 product provided by the GOME-2 mission flying on the same platform, both over urban and rural regions. Our data shows that the assessment of tropospheric O 3 and NO 2 budgets in urban cities and rural regions is not straightforward and depends on complex photochemistry and transport processes.

Tropospheric O 3 in different cities in the Northern Hemisphere shows a consistent seasonal behavior over the 4 years. Main features correspond to a peak in spring due to stratospheric intrusion and another higher one in summer due to the photochemical production of O 3 by its precursors. The seasonal variations of the 0-8 km O 3 column over New Delhi, Shanghai and Beijing show the influence of the Asian summer monsoon that brings clean air masses from the Pacific. Tropospheric NO 2 over the same cities shows a different seasonal behavior with higher values during winter, and lower during summer. A reasonable correlation is detected in summer and winter between O 3 and NO 2 . We anticipate that analyzing the effect of VOCs on the formation of O 3 would help to better explain and assess this relationship.

By studying the case of Olympic Games of summer 2008 in Beijing, we show that even when the concentration of NO 2 was well decreased in the city and its vicinity, no significant decrease of tropospheric O 3 was observed. We also suggest to compare the IASI observations with atmospheric chemistry models to see if the spatial and temporal variability agree with the satellite observations, such as the comparison made by Wespes et al. [2012].

More generally, the results presented in this paper, which focus on the analyses of the 0-8 km O 3 columns, further confirm that IASI is able to discriminate the tropospheric O 3 column from the total O 3 . While tropospheric O 3 forecasts nowadays rely solely on regional modeling and ground based measurements, this work is thus a new step showing that infrared satellite spectrometers, such as IASI, are capable to track pollution by tropospheric O 3 on a city scale and provide relevant information for air quality studies. From 2014 and onwards, the FORLI-O 3 profile and partial column products will be operationally distributed through the EumetCast near real time data distribution service in the framework of the O3M-SAF project. to Europe where the largest NO 2 sources are observed (as in DJF for latitudes above 40N).

Comparing O 3 and NO 2 plots, once can see that the high O 3 values recorded in summer over the basin, are not in direct agreement with those of NO 2 , suggesting that there are perhaps other sources or regimes responsible for the tropospheric O 3 increase during summer.

IASI Sensitivity above the Mediterranean

I plot in Fig. 7.4 the seasonal degrees of freedom of signal (DOFS) for the [START_REF] Co;2 | A review of surface ozone background levels and trends[END_REF][START_REF] Webster | The coupled monsoon system[END_REF][2][3][4][5][6][START_REF] Summertime Trop | Impact of forest fires, biogenic emissions and high temperatures on the elevated Eastern Mediterranean ozone levels during the hot summer of 2007[END_REF][8] km O 3 column, as well as the seasonal surface temperature.

Looking at the summer DOFS and surface temperature, one can see that the highest values are recorded in summer above land since summer is the season with the highest IASI sensitivity to the lower tropospheric O 3 . However, over the sea, it is noticed that the DOFS above water, even in summer, are between 0.3 and 0.5, and less that 0.4 for the eastern part of the basin. Comparing averaging kernels functions (Figure 3 of the attached paper, not shown here) also shows that the IASI averaging kernels functions have the maximum sensitivity above land (in comparison with water). In fact, the air immediately above the water surface over the sea, will heat through the contact with the water. In summer the temperature is roughly constant with little variation and so is the temperature of the air just above the sea surface especially when there are no winds to change the air masses above it.

This leads to a small thermal contrast and therefore lower sensitivity (and smaller DOFS in summer) in the troposphere. On the other hand in SON, for example, the temperature gradient from day to day is larger. The water heats up much more slowly than land, but air changes temperature faster than water. This leads to a larger thermal contrast, and hence larger DOFS in particular over the water.

The summertime plots with lower IASI sensitivity over the sea, led to the conclusion that in order to better analyze tropospheric O 3 especially in the lower troposphere and above the whole Mediterranean region, including the sea, one should resort to another independent set of data and for that the WRF-Chem model was used. 7.6 Advantage of Using a Regional Model Generally global models have 1-2 pressure levels in the boundary layer whereas in regional models, such as WRF-Chem, there are around 10. This leads to a better representation of the photochemistry in the lower troposphere with an eective representation of the pollution plumes and their transport and mixing in the boundary layer especially in an urban regime.

Moreover, when the model grid is ner the clouds are better resolved with a better representation of the complex terrain. To better see the advantage of using a regional model such as WRF-Chem, as compared a global model, I compare in Fig. 

Introduction

Tropospheric ozone (O 3 ) is a greenhouse gas, air pollutant, and a primary source of the hydroxyl radical (OH), the most important oxidant in the atmosphere [START_REF] Chameides | A photochemical theory of tropospheric ozone[END_REF]Crutzen, 1973). Previous observations and studies have shown that tropospheric O 3 over the Mediterranean exhibits a significant increase during summertime, especially in the east of the basin [START_REF] Kouvarakis | Temporal variations of surface regional background ozone over Crete Island in the southeast Mediterranean[END_REF][START_REF] Im | The impact of temperature changes on summer time ozone and its precursors in the Eastern Mediterranean[END_REF][START_REF] Gerasopoulos | Ozone variability in the marine boundary layer of the Eastern Mediterranean based on 7-year observations[END_REF]Gerasopoulos et al., , 2006a;;[START_REF] Richards | The Mediterranean summertime ozone maximum: global emission sensitivities and radiative impacts[END_REF][START_REF] Zanis | Summertime free-tropospheric ozone pool over the eastern Mediterranean/Middle East[END_REF]. Meteorological conditions such as frequent clear-sky conditions (Fig. 1a) and high exposure to solar radiation (Fig. 1b) in summer enhance the formation of photochemical O 3 due to the availability of its precursors. These precursors include carbon monoxide (CO), peroxyl radicals generated by the photochemical oxidation of volatile organic compounds (VOCs) and nitrogen oxides (NO x = NO + NO 2 ). Locally, the eastern part of the basin is surrounded by megacities such as Cairo, Istanbul, and Athens that are large sources of local anthropogenic emissions. The geographic location of the basin makes it a receptor for anthropogenic pollution from Europe both in the boundary layer (Fig. 1c) and the mid-troposphere (Fig. 1d).

The threshold O 3 value for air quality standards for the European Union (of daily maximum of running 8 h mean values of 60 ppbv) is exceeded on more than 25 days per year at a large number of stations across Europe, many of which are

Published by Copernicus Publications on behalf of the European Geosciences Union. , 2012). The dynamical processes of the summer circulation over the Mediterranean were previously attributed to the Hadley cell considered as the driver of the major subtropical dry zones. [START_REF] Rodwell | Monsoons and the dynamics of deserts[END_REF] argued that, during the June-August period, the zonal mean Hadley circulation has very little motion and cannot explain the dry season of North Africa and the Mediterranean. Rodwell andHoskins (1996, 2001) suggested, through numerical simulations, that the Asian monsoon heating induces an equatorially trapped Rossby wave to its west that interacts with the midlatitude westerlies, producing a region of adiabatic descent and triggering subsidence. Long-term analysis of dP / dt (unit: Pa s -1 , used to represent subsidence) indeed shows a positive enhancement over the Mediterranean region [START_REF] Ziv | The factors governing the summer regime of the Eastern Mediterranean[END_REF], making the South Asian monsoon a fundamental driver of the summer circulation over the eastern Mediterranean [START_REF] Tyrlis | The summer circulation in the eastern Mediterranean and the Middle East: influence of the South Asian Monsoon[END_REF]. High O 3 values in the Mediterranean troposphere in the literature are attributed to different sources. [START_REF] Lelieveld | Global air pollution crossroads over the mediterranean[END_REF] showed that, in the upper troposphere, Asian pollution is transported from the east by the monsoon across the Mediterranean tropopause into the lower stratosphere. [START_REF] Liu | Influence of interannual variations in transport on summertime abundances of ozone over the Middle East[END_REF] showed with longterm model analysis that the dominant sources of O 3 in the Middle East (including the Mediterranean) are the transport from Asia and local production. On the other hand, Gerasopoulos et al. ( 2005) have shown that the mechanism that controls surface O 3 seasonal variability in the eastern basin during summer is mainly the transport from Europe. Using lidar measurements, [START_REF] Galani | Observations of stratospheretroposphere transport events over the eastern Mediterranean using a ground-based lidar system[END_REF] detected an increase of 10 % of tropospheric O 3 between 4.5 and 6.5 km due to stratosphere-to-troposphere exchange (STE) events. [START_REF] Zbinden | Climatology of pure tropospheric profiles and column contents of ozone and carbon monoxide using MOZAIC in the mid-northern latitudes (24 • N to 50 • N) from 1994 to 2009[END_REF], using aircraft data from the MOZAIC (Measurements of OZone and water vapour by in-service AIrbus airCraft) program over 15 years (1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009), showed that the tropospheric O 3 columns in the east of the Mediterranean reached a maximum of 43.2 DU (Dobson units) during June-July. This recorded maximum exceeds the maximum recorded for Beijing for the same period, for example. Model calculation using WRF-Chem (Weather Research and Forecasting model coupled with Chemistry) and EMEP (European Monitoring and Evaluation Programme) MSC-W (Meteorological Synthesizing Centre -West) models of the eastern Mediterranean during heat waves in 2007 showed that the daily maximum near-surface O 3 is mostly sensitive to anthropogenic emissions of O 3 precursors (Hodnebrog et al., 2012). [START_REF] Im | The impact of temperature changes on summer time ozone and its precursors in the Eastern Mediterranean[END_REF] found that the near-surface ozone mixing ratios increase almost linearly with temperature by 1.0±0.1 ppb O 3 per kelvin. STE processes can affect the tropospheric O 3 budget and impact air quality if transported to the boundary layer [START_REF] Fiore | Background ozone over the United States in summer: Origin, trend, and contribution to pollution episodes[END_REF]. Stratospheric intrusions have been detected in the Mediterranean region, especially on the eastern side [START_REF] Galani | Observations of stratospheretroposphere transport events over the eastern Mediterranean using a ground-based lidar system[END_REF][START_REF] Zanis | Summertime free-tropospheric ozone pool over the eastern Mediterranean/Middle East[END_REF], because it lies to the south of the Northern Hemisphere polar jet flowing over midlatitudes [START_REF] Stohl | The influence of stratospheric intrusions on alpine ozone concentrations[END_REF]; 2 Model and observational data

WRF-Chem model

In this study, we use the regional chemistry transport model WRF-Chem, version 3.2 [START_REF] Grell | Fully coupled "online" chemistry within the WRF model[END_REF], to assess the budget and spatiotemporal variability of O 3 over the Mediterranean during summer 2010. The model domain shown in Fig. 2a is over Europe and the Mediterranean Basin, the latter being the focus of this study (Fig. 2b). The horizontal resolution is of 50 km × 50 km and the vertical resolution is of 28 levels between the surface and 10 hPa. The meteorological initial and boundary conditions are based on the National Centers for Environmental Prediction (NCEP) Final (FNL) analyses with analysis nudging for wind, temperature, and humidity applied. Fields are provided every 6 h with 1 • horizontal resolution and 27 vertical levels from the surface up to 10 hPa. The chemical initial and boundary conditions, spatially and temporally varying (6 h), are constrained by global chemical transport simulations from MOZART-4/GEOS-5 with 1.9 • × 2.5 • horizontal resolution (Emmons et al., 2010a). The WRF-Chem gas-phase chemical mechanism is that from Model for Ozone and Related Chemical Tracers, version 4 (MOZART-4) (Emmons et al., 2010a), which is coupled to the aerosol scheme Goddard Chemistry Aerosol Radiation and Transport (GOCART) model [START_REF] Chin | Tropospheric aerosol optical thickness from the GOCART model and comparisons with satellite and Sun photometer measurements[END_REF]. The model also includes anthropogenic and fire emissions that are calculated offline. The anthropogenic emissions used within the WRF-Chem model were developed within the context of the ECLIPSE European project using the Greenhouse gas and Air pollution Interactions and Synergies (GAINS) model. In addition to the ECLIPSE V4.0 anthropogenic emissions, ship emissions from the RCP 6.0 scenario [START_REF] Fujino | Multi-gas mitigation analysis on stabilization scenarios using AIM global model, multigas mitigation and climate policy[END_REF][START_REF] Hijioka | Global GHG emissions scenarios under GHG concentration stabilization targets[END_REF] were used. Biomass burning emissions are obtained from the Fire Inventory from NCAR (FINN V1) [START_REF] Wiedinmyer | The Fire INventory from NCAR (FINN): a high resolution global model to estimate the emissions from open burning[END_REF]. Biogenic emissions are calculated online from the Model of Emissions of Gases and Aerosols from Nature (MEGAN) [START_REF] Guenther | Estimates of global terrestrial isoprene emissions using MEGAN (Model of Emissions of Gases and Aerosols from Nature)[END_REF]. The WRF-Chem simulation outputs are saved every 2 h from 1 June until 31 August 2010.

Atmos

In this study, we use a tagging method for O 3 [START_REF] Emmons | Tagged ozone mechanism for MOZART-4, CAM-chem and other chemical transport models[END_REF], which has been applied in global models for diagnosing contributions for individual sources to O 3 (e.g., [START_REF] Lamarque | Tropospheric ozone evolution between 1890 and 1990[END_REF][START_REF] Pfister | Ozone production from the 2004 North American boreal fires[END_REF][START_REF] Pfister | Analysis of the summer 2004 ozone budget over the United States using Intercontinental Transport Experiment Ozonesonde Network Study (IONS) observations and Model of Ozone and Related Tracers (MOZART-4) simulations[END_REF]Emmons et al., 2010b;Wespes et al., 2012), as well as in other global and regional chemical transport models [START_REF] Ma | Summertime tropospheric ozone over China simulated with a regional chemical transport model, Part 2. Source contribution and budget[END_REF][START_REF] Hess | Stratospheric impact on tropospheric ozone variability and trends: 1990-2009[END_REF]. Recently, this scheme was used for the first time in the WRF-Chem model to quantify the contribution of transport on surface O 3 over California [START_REF] Pfister | Quantifying the contribution of inflow on surface ozone over California during summer 2008[END_REF]. Here, we apply this scheme to keep track of the contribution of O 3 within the WRF-Chem domain. To determine O 3 sources, tagged NO x is traced through the odd nitrogen species (e.g., PAN, HNO 3 , organic nitrates) to account for NO x recycling [START_REF] Emmons | Tagged ozone mechanism for MOZART-4, CAM-chem and other chemical transport models[END_REF]. Two separate tracer runs were conducted with the same emissions and initial and boundary conditions. In the first one, the O 3-ANTHRO tracer accounts for the anthropogenic regional tagged NO x , while the second one, the O 3-INFLOW tracer, accounts for tagged O 3 as well as all nitrogen species at the lateral boundaries of the regional model domain. The O 3-INFLOW tracer includes O 3 and O 3 precursors from all natural (including lightning and stratospheric O 3 ) and anthropogenic sources outside the regional modeling domain. Within the regional modeling domain, O 3-INFLOW undergoes transport and chemical processes but is not produced from sources other than from reactions including the tagged species. Since the stratospheric O 3 is controlled by the lateral boundaries in this version of WRF-Chem, O 3 from stratospheric intrusions within the regional domain would be labeled as O 3-INFLOW as well. More details about the tagging scheme are provided in [START_REF] Emmons | Tagged ozone mechanism for MOZART-4, CAM-chem and other chemical transport models[END_REF]. Two more tracers are available to complete the O 3 budget: O 3 from biogenic sources and O 3 from fires. Given that their contribution to the total budget in comparison with the O 3-INFLOW and O 3-ANTHRO tracers is small (< 10 %), they are analyzed together in this study as "residuals" to the total budget and their contribution is defined as 100 % -(O 3-ANTHRO % + O 3-INFLOW %). We focus our analysis on summer 2010, which corresponds to the year of the anthropogenic emission inventory used in the model. During July-August 2010, a heat wave occurred in Russia that caused severe fires with high O 3 and O 3 precursor emissions that were probably transported to the Mediterranean region; this will be further investigated in this study.

EMEP data

The EMEP (European Monitoring and Evaluation Programme) O 3 hourly data (http://ebas.nilu.no/) are used to validate the WRF-Chem model at the surface. All ozone measurements within EMEP are done with UV monitors. In this study, measurements at eight ground rural background sites during the summer of 2010 are used. Details on the EMEP observation system can be found in [START_REF] Hjellbrekke | Ozone measurements[END_REF]. The geographic locations of the eight stations used for validation are plotted in Fig. 2, and the corresponding details are listed in Table 1. Two more station data sets were available, GR01-Aliartos (38.37 • N, 23.11 • E) and IT01-Montelibretti (42.1 • N, 12.63 • E), for the same period. We disregarded the data from these stations because they show a strong diurnal variation of 80-90 ppbv amplitude and recurrent near-zero O 3 concentrations throughout the period of the study, and were thus considered unreliable. , [6][START_REF] Summertime Trop | Impact of forest fires, biogenic emissions and high temperatures on the elevated Eastern Mediterranean ozone levels during the hot summer of 2007[END_REF][8][9], and [10][11][12] km partial columns characterizing a retrieval for an observation chosen randomly above land (Greece, left panel) and above the sea (right panel) during June 2010.

IASI satellite measurements

The MetOp satellites, launched in October 2006 and September 2012, each carry an IASI instrument, which have been operationally sounding the atmosphere since June 2007 (IASI-1) and January 2013 (IASI-2). The IASI instruments are nadir-looking Fourier transform spectrometers that probe the Earth's atmosphere in the thermal infrared spectral range between 645 and 2760 cm -1 , with a spectral resolution of 0.5 cm -1 (apodized) and 0.25 cm -1 spectral sampling. Global distributions of O 3 vertical profiles are retrieved in near-real time using a dedicated radiative transfer and retrieval software for the IASI O 3 product, the Fast Optimal Retrievals on Layers for IASI (FORLI-O 3 ) (Hurtmans et al., 2012). The IASI FORLI-O 3 observations are selected for scenes with cloud coverage below 13 % and with root mean square (rms) of the spectral fit residual lower than 3.5×10 -8 W cm -2 sr cm -1 . Details about the chemical com-ponents that can be measured by IASI can be found in Clerbaux et al. (2009), Coheur et al. (2009), Turquety et al. (2009), and Clarisse et al. (2011). IASI has the highest O 3 sensitivity in the mid-to upper troposphere [START_REF] Safieddine | Tropospheric ozone and nitrogen dioxide measurements in urban and rural regions as seen by IASI and GOME-2[END_REF]. Figure 3 shows the partial column averaging kernel function for two specific observations above land and sea during June 2010. It can be seen that the sensitivity to the O 3 profile is maximal around 4-10 km for both observations. IASI sensitivity near the surface is usually limited above the sea, as seen on the right panel of Fig. 3, and better over land, as seen in the left panel, and with corresponding better thermal contrast (7.8 • above land, and 1.2 • above sea). IASI is able to detect several pollutants (e.g., carbon monoxide, ammonia, sulfur dioxide, and ammonium sulfate aerosols), especially when a large thermal contrast is combined with stable meteorological conditions, leading to the accumulation of pollutants near the surface [START_REF] Boynard | First simultaneous space measurements of atmospheric pollutants in the boundary layer from IASI: a case study in the North China Plain[END_REF]. From this section onwards, we focus our analysis on summer 2010, the year of the anthropogenic emission inventory used in the model. We evaluate the model then we discuss the O 3 budget at different altitude levels in the Mediterranean troposphere.

Model evaluation: comparison to EMEP and IASI

The model is evaluated by comparing O 3 concentrations with ground O 3 data from the EMEP stations (Sect. 

Comparison to EMEP surface monitoring stations

Linear spatial interpolation was applied to WRF-Chem data in order to correlate the model outputs and the EMEP data that were averaged every 2 h to coincide with the model run output data. Figure 6 shows the individual time series of the data of the eight stations used for the validation. Table 2 shows the individual O 3 correlation and bias between WRF-Chem and the EMEP for each of the stations used in this study during JJA 2010. The model simulates the surface O 3 with a correlation ranging from 0.41 (ES06) to 0.80 (ES12) and a mean value of 0.52. Figure 6 and Table 2 show that the model reasonably well reproduces the average amplitude of the daily cycle seen in the observation. For all stations except ES06 and ES10, the model underestimates the ground observation during the summer period with a mean relative error between -23.9 and -6.4 %. The biases reported may be due to the resolution of the model resulting in a grid of around 50 km around the EMEP rural sites that may include other surface O 3 contributions. Other possible reasons include difficulties in simulating local flow patterns due to topography and land-sea circulation, as well as uncertainties in emissions and NO x concentrations [START_REF] Pfister | Quantifying the contribution of inflow on surface ozone over California during summer 2008[END_REF] 80 ppbv, is for the station ES06-Mahon (39.87 • N, 4.32 • E), which might be due a particular uncertainty in the model emissions or dry deposition over this area.

Comparison to IASI observations

Averaged data for summer 2010 are used for the comparison of WRF-Chem and IASI O 3 [4][5][6][START_REF] Summertime Trop | Impact of forest fires, biogenic emissions and high temperatures on the elevated Eastern Mediterranean ozone levels during the hot summer of 2007[END_REF][8][9][10] km free-tropospheric column. The modeled profile is first linearly interpolated to the time and location of the retrieval. Then, the averaging kernels associated with each IASI measurement and its a priori profile are applied to the interpolated modeled profile (of around seven layers between 4 and 10 km). [START_REF] Pfister | Quantifying the contribution of inflow on surface ozone over California during summer 2008[END_REF]. On the other hand, the high discrepancies seen over northern Africa might be due to poor spectral fits from IASI above surfaces with sharp emissivity variations, particularly above the desert (Hurtmans et al., 2012), leading to a possible overestimation of the real profile. We analyzed the IASI total retrieval error for the [4-10] km partial column (not shown here) and found that it is on average around 7 % in the model domain, and between 7 and 12 % where the discrepancies between the model and IASI are the highest.

Origins of boundary layer O 3 over the Mediterranean

Modeled O 3 concentrations are illustrated in Fig. 8a-c The high values are likely due to long-range transport of pollution from outside the study region or transport of air masses from the stratosphere, which we will discuss in the following section. The low values recorded in the residual plots in panels j-l show that the O 3 budget in the free troposphere over this region is controlled almost exclusively by local anthropogenic sources and transport.

Figures 4 and 5 and Fig. 9a-c showed that the eastern part of the Mediterranean Basin in summer is subject to high O 3 mixing ratios at 4, 6, and 8 km. In order to further investigate the sources and processes responsible for these enhancements, modeled and observed IASI O 3 vertical profiles in the troposphere were examined, during summer 2010, to try to detect possible STE events.

Figure 10 shows the tropospheric O 3 vertical distributions along 15 • E (mid-Mediterranean) and 30 • E (eastern Mediterranean) for IASI (panels a and b) and WRF-Chem, smoothed with the IASI averaging kernels (panels c and d) for JJA 2010. Between 4 and 8 km, panels b and d show higher values of O 3 in the eastern part of the basin (30 • E), with concentrations ranging between 50 and 100 ppbv for IASI and 40 to 100 ppbv for WRF-Chem (WRF-Chem underestimates IASI as shown in Fig. 7).

Since stratospheric intrusions within the regional domain are included in the O 3-INFLOW tracer, it is useful to use other stratospheric tracers to distinguish the transport from the stratosphere. The potential vorticity (PV) and the water vapor mixing ratio (Q vap ) measurements can be used as markers of transport from the upper troposphere-lower stratosphere (UTLS) to the troposphere: elevated O 3 and PV, as well as low Q vap values, would indicate that high freetropospheric values are due to downward transport from the UTLS [START_REF] Holton | Stratosphere-troposphere exchange[END_REF]. Here, we study PV and Q vap at 4, 6, 8, and 10 km calculated from the WRF-Chem model run parameters. Figure 11 shows that, starting at 4 km, higher PV and lower Q vap values start to develop to the east of the basin. At 8 and 10 km, the highest PV values (1.5 to 2 potential vorticity units (pvu); 1 pvu = 10 -6 m 2 K kg -1 s -1 ) and the lowest Q vap values (0-0.10 g kg -1 ) are recorded to the east of the basin, in comparison with low PV values in the middle of and to the west of the basin (0.5-1) with high Q vap values (0.1-0.15). The high PV/low Q vap values to the east are in accordance with Figs. 9 and 10, strongly suggesting that this part of the basin is subject to transport from the UTLS into the free troposphere. In fact, at 30 • E and around 37-39 • N (panels b and d of Fig. 10), both IASI and the model suggest a stratospheric intrusion. This intrusion corresponds to PV values between 1.4 and 2 pvu at 8 km and Q vap values around 0.05 g kg -1 . In a recent study, [START_REF] Zanis | Summertime free-tropospheric ozone pool over the eastern Mediterranean/Middle East[END_REF], using a 12year climatology (1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009) of the ERA-interim reanalysis, also detected frequent events of STE with PV ranging between 0.4 and 1.4 pvu and specific humidity values between 0.01 and 2 g kg -1 between 700 and 250 hPa during July and August to the east of the basin, in accordance with our results for summer 2010 at 4, 6, and 8 km. 

Discussion and conclusions

Six years of tropospheric O 3 observations provided by the IASI mission above the Mediterranean are shown. Tropospheric [START_REF] Co;2 | A review of surface ozone background levels and trends[END_REF][START_REF] Webster | The coupled monsoon system[END_REF][2][3][4][5][6][START_REF] Summertime Trop | Impact of forest fires, biogenic emissions and high temperatures on the elevated Eastern Mediterranean ozone levels during the hot summer of 2007[END_REF][8] km O 3 columns show a consistent seasonal behavior over the period 2008-2013, with pronounced maxima in summer and with higher values to the east of the basin. A complementary study by [START_REF] Doche | Summertime tropospheric ozone variability over the Mediterranean basin observed with IASI[END_REF] using IASI data at 3 km height also showed 6-year recurrent O 3 summer maxima in July to the east of the basin. Since IASI has a lower sensitivity in the lower troposphere and above the sea, the anthropogenic emission contribution to the boundary layer O 3 is not well captured by the instrument. However, IASI is able to detect high tropospheric O 3 values in the free to upper troposphere, where its sensitivity is the highest, to the east of the basin during the 6 years. Focusing on summer 2010, we use IASI and the regional chemical transport model WRF-Chem to interpret these maxima. A tagging scheme is used to keep track of O 3 from anthropogenic sources in the domain (O 3-ANTHRO ) and O 3 from inflow at the domain boundaries and stratosphere (O 3-INFLOW ). Our results show that transport plays an essential role in the O 3 budget over the Mediterranean troposphere and that summer O 3 maxima over the region are especially recorded in the eastern part of the basin. Even though high local anthropogenic emissions are responsible for 60-100 % of O 3 in the boundary layer (surface-2 km), as demonstrated by the anthropogenic O 3 tracer of the WRF-Chem model, O 3 is mainly transported above 2 km. [START_REF] Kalabokas | Vertical ozone measurements in the troposphere over the Eastern Mediterranean and comparison with Central Europe[END_REF][START_REF] Kalabokas | Examination of the atmospheric conditions associated with high and low summer ozone levels in the lower troposphere over the eastern Mediterranean[END_REF] showed that the highest ozone concentrations in the lower troposphere are associated with large-scale subsidence of ozone-rich air masses from the upper troposphere. However, [START_REF] Zanis | Summertime free-tropospheric ozone pool over the eastern Mediterranean/Middle East[END_REF] showed important contributions to elevated O 3 in the middle troposphere by transport from the stratosphere. More recently, [START_REF] Hess | Stratospheric impact on tropospheric ozone variability and trends: 1990-2009[END_REF] showed that stratospheric interannual O 3 variability significantly drives the O 3 variability in the middle troposphere between 30 and 90 • N, but not the overall trend, which is largely affected by transport processes. The increase in O 3 seen by the model and the IASI instrument in the eastern part of the Mediterranean Basin suggests that stratosphere-to-troposphere exchange (STE) events contribute to elevated ozone in the upper free troposphere. This is further shown in the WRF-Chem simulations that predict elevated potential vorticity (PV) and water vapor mixing ratio (Q vap ) over the same region. This result is in agreement with many previous studies (e.g., [START_REF] Butkovic | Photochemical ozone in the Mediterranean[END_REF][START_REF] Kalabokas | Photochemical air pollution characteristics at the station of the NCSR-Demokritos, during the MEDCAPHOT-TRACE campaign in Athens, Greece (20 August to 20[END_REF][START_REF] Kalabokas | Mediterranean rural ozone characteristics around the urban area of Athens[END_REF][START_REF] Kalabokas | Vertical ozone measurements in the troposphere over the Eastern Mediterranean and comparison with Central Europe[END_REF][START_REF] Kouvarakis | Temporal variations of surface regional background ozone over Crete Island in the southeast Mediterranean[END_REF][START_REF] Lelieveld | Global air pollution crossroads over the mediterranean[END_REF][START_REF] Sprenger | A northern hemispheric climatology of cross-tropopause exchange for the ERA15 time period (1979-1993)[END_REF][START_REF] Papayannis | Sampling of an STT event over the Eastern Mediterranean region by lidar and electrochemical sonde[END_REF]Gerasopoulos et al., 2006b;[START_REF] Akritidis | A deep stratospheric intrusion event down to the earth's surface of the megacity of Athens[END_REF][START_REF] Zanis | Summertime free-tropospheric ozone pool over the eastern Mediterranean/Middle East[END_REF][START_REF] Doche | Summertime tropospheric ozone variability over the Mediterranean basin observed with IASI[END_REF] that have shown the occurrence of STE events in the eastern Mediterranean region in summer. Since O 3 maxima have the potential to strongly impact regional air quality and climate (e.g., [START_REF] Hauglustaine | Evolution of tropospheric ozone under anthropogenic activities and associated radiative forcing of climate[END_REF], the present study further demonstrates the importance of quantifying and analyzing O 3 and its sources at different altitudes in the atmosphere. [START_REF] Akimoto | Global air quality and pollution[END_REF], Richter et al., 2005[START_REF] Ohara | An asian emission inventory of anthropogenic emission sources for the period 1980-2020[END_REF].

For example, China shows an increase of NO 2 reaching 29% per year for the period 1996-2006 [van der A et al., 2008], and about 50% over the industrial areas of China over the period [START_REF] Salby | Fundamentals of Atmospheric Physics[END_REF][START_REF] Turner | Systematic errors inherent in the current modeling of the reflected downward flux term used by remote sensing models[END_REF][START_REF] Richter | Increase in tropospheric nitrogen dioxide over China observed from space[END_REF]. Over most India, increasing trends in tropospheric O 3 are consistent with the observed trends in emissions (from NO x and CO as well as coal and petroleum consumption) [START_REF] Lal | Tropospheric ozone and aerosol long-term trends over the Indo-Gangetic Plain (IGP), India[END_REF]. I presented in section 2.3, how this region is aected by many dynamical processes, with mainly deep convection, pushing O 3 and its precursors to be uplifted to the middle and upper troposphere, with subsequent advection across large distances and thus aecting global air quality. One can see how the two plots relate, reecting the high anthropogenic contribution to the regional pollution. The IASI plot has been calculated by taking only observations with |thermal contrast| > 8 kelvins, in order to highlight pollution in the boundary layer since the sensitivity towards the lower troposphere becomes higher for high thermal contrast especially over land. Shown here is a 3 month average since this method reduces considerably the number of points (by a factor of 4-5). 

The East Asian Monsoon Dynamics

The Asian summer monsoon plays an important role in the weather and climate over the monsoon regions as well as in the global climate system. The classical denition of a monsoon is based on the annual reversal of surface winds [START_REF] Ramage | Monsoon Meteorology[END_REF], though also extended to rainy season characteristics [START_REF] Wang | Rainy season of the Asian-Pacic summer monsoon[END_REF]. Numerous studies divide the Asian-Pacic summer monsoon system into three main subsystems: the Indian Summer Monsoon (ISM), the western North Pacic Summer Monsoon (WNPSM), and the East Asian Summer Monsoon (EASM) [START_REF] Zhu | Southeast monsoon and rainfall in China[END_REF][START_REF] Yeh | The abrupt change of circulation over the Northern Hemisphere during June and October[END_REF][START_REF] Tao | A review of recent research on the East Asian summer monsoon[END_REF][START_REF] Murakami | Summer monsoon over the Asian continent and western north Pacic[END_REF][START_REF] Wang | Rainy season of the Asian-Pacic summer monsoon[END_REF][START_REF] Yihui | The East Asian summer monsoon: an overview[END_REF][START_REF] Ding | The variability of the Asian Summer Monsoon[END_REF] (among others).

The three systems are plotted in Fig 8 .2.

The ISM and WNPSM are tropical monsoons with an Indochinese "corridor"(also called Indochinese Peninsula) separating them. The EASM is a subtropical monsoon sharing a borderline with the WNPSM [START_REF] Wang | Rainy season of the Asian-Pacic summer monsoon[END_REF].

The three are independent yet closely linked to one another and they all take part in the global climate system and are therefore aected by many dynamical processes: the El Niño-Southern Oscillation (ENSO), the changes in Sea Surface Temperature (SST) in the western Pacic and Indian oceans, and the Tropospheric Biennial Oscillation (TBO) [START_REF] Meehl | The south Asian monsoon and the tropospheric biennial oscillation[END_REF][START_REF] Meehl | The tropospheric biennial oscillation and indian monsoon rainfall[END_REF], 2002[START_REF] Webster | Monsoons: Processes, predictability, and the prospects for prediction[END_REF][START_REF] Rasmusson | The relationship between Eastern Equatorial Pacic sea surface temperatures and rainfall over India and Sri Lanka[END_REF] and 

ENSO

The large scale displacement of heat sources from the tropics to the west is described by El Niño-Southern Oscillation (ENSO) [START_REF] References | Eect of Arabian sea-surface temperature anomaly on Indian summer monsoon: a numerical experiment with the GFDL model[END_REF]. It was previously thought that El Niño warm events tend to weaken the summer rainfall in the East Asian monsoons with lower-than-normal rainfall and opposite in case of a La Niña events [Pant andParthasarathy, 1981, Rasmusson and[START_REF] Rasmusson | The relationship between Eastern Equatorial Pacic sea surface temperatures and rainfall over India and Sri Lanka[END_REF]. However, analysis over the last century shows that this inverse relationship has broken down in recent decades, starting 1988 [START_REF] References | On the weakening relationship between the indian monsoon and ENSO[END_REF], 2002[START_REF] Webster | The coupled monsoon system[END_REF]. This is due to the increase in surface temperature over Eurasia in winter and spring, leading to a high land-ocean thermal gradient and thus favoring a strong monsoon. Moreover, the southeastward shift in the Walker circulation1 anomalies associated with ENSO events may lead to a reduced subsidence over the Indian region, thus favoring normal monsoon conditions [START_REF] References | On the weakening relationship between the indian monsoon and ENSO[END_REF]. Also, evidence that anomalously high winter/spring Eurasian snow cover is linked to weak rainfall in the following summer

Indian monsoon [START_REF] Vernekar | The eect of eurasian snow cover on the indian monsoon[END_REF].

SST

Anomalies in Sea Surface Temperature (SST) in the oceans around the monsoon land regions may inuence monsoon strength by aecting the moisture supply [START_REF] Webster | The coupled monsoon system[END_REF]. Studies have found a statistically signicant relationship between SST and monsoon rainfall [START_REF] References | Eect of Arabian sea-surface temperature anomaly on Indian summer monsoon: a numerical experiment with the GFDL model[END_REF][START_REF] Sadhuram | Predicting monsoon rainfall and pressure indices from sea surface temperature[END_REF][START_REF] Clark | Indian ocean SST and Indian summer rainfall: predictive relationships and their decadal variability[END_REF][START_REF] Kucharski | SST forcing of decadal Indian Monsoon rainfall variability[END_REF], with correlations reaching +0.8 between equatorial Indian ocean SST and Indian precipitation in the season prior to monsoon [START_REF] Clark | Indian ocean SST and Indian summer rainfall: predictive relationships and their decadal variability[END_REF].

TBO

The Tropospheric Biennial Oscillation (TBO) is dened as the biennial variability of monsoon rainfall over monsoon regions dened with a tendency for a relatively strong monsoon to be followed by a relatively weak one, and vice versa [START_REF] Meehl | The south Asian monsoon and the tropospheric biennial oscillation[END_REF][START_REF] Webster | The coupled monsoon system[END_REF].

EQUINOO

The EQUatorial Indian Ocean Oscillation (EQUINOO) is related to the pressure gradients and the winds along the equator. The term "oscillation" refers to the changes in the convection anomalies in the equatorial Indian Ocean during the summer monsoon period. When the convection is enhanced over the western part of the equatorial Indian Ocean (50E-70E and 10S-10N), it leads to an anomalous surface pressure gradient to the west pushing surface winds along the equator to the east. The inverse eect is when the convection is suppressed leading to an easterly surface pressure gradient, and the anomalous surface winds along the equator becomes westerly [START_REF] Sulochana Gadgil | Extremes of the Indian summer monsoon rainfall, ENSO and equatorial Indian Ocean oscillation[END_REF].

Six-year Seasonal Variation

Given the six-year IASI data available so far, the rst step to assess the monsoon strength is to look at spatio-temporal maps of pollutants concentrations over the monsoon period. In the following 2 sections, I will also add to the analysis the CO product from IASI. CO is formed during incomplete combustion of fossil-fuel or from res. It is also produced in the atmosphere via the oxidation of methane and non-methane hydrocarbons by the hydroxyl radical (OH) [START_REF] Duncan | Model analysis of the factors regulating the trends and variability of carbon monoxide between 1988 and 1997[END_REF]. Because of its relatively long lifetime (a few weeks to a few months depending on latitude and time of year), CO can therefore be used as an atmospheric tracer of transport and it can therefore provide some useful information on the transport of pollutants during the monsoon.

Tropospheric Ozone

To look at the general monthly variation of the monsoon on the IASI tropospheric O 3 product, I plot in Fig. 8.3 the average monthly variations (May-September) over the period 2008-2013.

IASI daytime observations are used, since as seen in Chapter 5, better thermal contrast, and hence better sensitivity in the lower troposphere, is usually recorded during the day.

The IASI data show similar seasonal behavior over dierent months from one year to the other. Two eects play a role in the seasonal variability of O 3 over this region. First is the normal seasonal variability of O 3 and its photochemical production and availability with respect to its precursors. This can be summarized as an increase starting the end of the spring to reach a peak in summer and then decreasing values starting September (and was discussed thoroughly in previous chapters). The second eect is the summer Asian monsoon.

The 3 dierent subsystems of the Asian monsoon have onset dates around the end of May-June. The denition of the monsoon onset date is the rst Julian pentad (period of 5 days) in which monsoonal rainfall exceeds 5 mm/day [START_REF] Wang | Rainy season of the Asian-Pacic summer monsoon[END_REF]. In particular, the ISM arrives over the southern coasts of India around the end of May/beginning of June [Parthasarathy et al., 1994, Wang et al., 2009]. The EASM onset date is around mid-May [START_REF] Yang | Inuences of Sea Surface Temperature and Ground Wetness onAsian Summer Monsoon[END_REF]]. The WNPSM onset date exhibits more inter-annual variability than the other monsoons [START_REF] Murakami | Summer monsoon over the Asian continent and western north Pacic[END_REF], that might reach one month [START_REF] Yan | Observational study on the onset of the south china sea southwest monsoon[END_REF], with the earliest onset in mid-May [START_REF] Wu | Interannual variability of summer monsoon onset over the western north pacic and the underlying processes[END_REF]. It is worth noting here that [START_REF] Kajikawa | Advanced Asian summer monsoon onset in recent decades[END_REF] show that over the bay of Bengal2 , the Indochinese Peninsula storms [START_REF] Barret | The detection of post-monsoon tropospheric ozone variability over south Asia using IASI data[END_REF]. Given that CO has a larger lifetime than that of O 3 , the values of CO show a decrease in northern India where the monsoon is stronger, however, over China, overestimates it while the diurnal and seasonal cycle is well reproduced. This wind bias is mainly due to the fact that the wind direction at the ground stations takes discrete values (such as North, South etc.. in the ground data) leading to a bias in calculating the wind speed which will also take discrete values (as opposed to the model with continuous distribution of wind direction and speed). Moreover, one could also argue that due to the coarse grid resolution of 50 km used here, averaged representation of topography and land surface characteristics might lead to uncertainties. Nevertheless, the result of the comparison of the dierent stations is satisfying and show the ability of the model to reproduce meteorological parameters that might be useful in the monsoon dynamics analysis.

Validation With Surface Ozone Measurements

To evaluate the WRF-Chem O 3 data at the surface during the monsoon period May- 

Validation With IASI

Unlike the comparison done with surface stations, satellite retrievals cannot be compared directly with the model output. The retrieval depends on the sensitivity of the instrument which can be described by the averaging kernel (AK) functions at the dierent altitudes (section 4.5.6). The modeled prole is rst linearly interpolated to the time and location of the retrieval. Then, the averaging kernels associated with each IASI measurement and its apriori prole are applied to the interpolated modeled prole (smoothing). Figure 8.15

shows the IASI and WRF-Chem (smoothed with IASI's AKs) [START_REF] Co;2 | A review of surface ozone background levels and trends[END_REF][START_REF] Webster | The coupled monsoon system[END_REF][2][3][4][5][6] and reach a minimum in July-August which is mostly prominent in south Asia where the monsoon is stronger. CO monthly variation does not show the same strong decreasing pattern. Given that the lifetime of CO is larger and that the seasonal variation of CO is such that it decreases in summer, the analysis of the monsoon eect on the CO total columns is not straightforward. The rather constant CO total columns values during the monsoon suggest that CO is not locally removed. For surface O 3 , both the ground stations and the My work for this study is not completed yet, and I plan to look at dierent other aspects of the monsoon notably:

Statistical and sensitivity analysis on the IASI daily data. Since these are provided with a cloud ag, and given that high rainfall would be accompanied with high cloud cover, it sounds counter-intuitive to use IASI data with cloud cover less than 13(24)<% for O 3 (CO), to compare with high cloud cover reanalysis data. However, even if rain is associated with high cloud cover and low IASI observation count, the IASI observation taken at relatively clear cloud scenes, will reect the status of the clean atmosphere after the rain. So roughly my approach in this study is valid but could be made better.

I will choose days where IASI data are available, and pick the corresponding days (or day before and after the observation is taken) for rainfall, and then compare to nd (better) correlations between the two products.

Vertical transport of pollutants as seen by IASI. This will be done using altitudelatitude (zonal) plots and prole analysis to track possible vertical transport of O 3 and CO from the boundary layer to the free troposphere. I will also study the [6][START_REF] Summertime Trop | Impact of forest fires, biogenic emissions and high temperatures on the elevated Eastern Mediterranean ozone levels during the hot summer of 2007[END_REF][8][9][10][11][12] km O 3 column and check if the O 3 column exhibits a decrease (due to transport by winds during the monsoon) or an increase (due to deep convection pushing air masses from the lower and middle troposphere to the upper troposphere).

Add NO 2 product from GOME-2. In order to look at the near-surface pollutants decrease in concentration, it is best if one looks at a short-lived species such as NO 2 that is also mostly found in the boundary layer.

Include O 3 and O 3 precursors tracers in the WRF-Chem model to assess transport. This would be done in a similar manner than that done in section 7.7 to assess sources of O 3 at dierent altitudes to try to nd how the variations in the monsoon re-distribute surface emissions into the free troposphere, i.e. is there a pulse of increased O 3 production after the monsoon due to lifting of non-soluble O 3 precursors into the free troposphere? Or do the precursors get there via other mechanisms? Even if there was a lot of good vertical mixing and uplift of O 3 precursors, it would be also counter-acted by the transport of O 3 itself as well as its non-soluble precursors from elsewhere given that the winds Chapter 9

General Conclusions and Discussion

Reducing tropospheric ozone values in the boundary layer in particular, will help improve air quality and public health [WHO, 2005]. The complexity in controlling O 3 concentrations lies in the diculty in attributing it to a source region, due to the interplay of the dierent processes that governs its production, loss, and transport. Background O 3 in the Northern Hemisphere from observation data is shown to be increasing, although estimates are variable, some even revealing little change e.g. [START_REF] Co;2 | A review of surface ozone background levels and trends[END_REF][START_REF] Oltmans | Long-term changes in tropospheric ozone[END_REF][START_REF] Derwent | Trends over a 20-year period from 1987 to 2007 in surface ozone at the atmospheric research station, Mace Head, Ireland[END_REF], despite the eorts (mainly in Europe and the US) for improving local and regional air quality by strict control of precursors emissions [START_REF] Yienger | The episodic nature of air pollution transport from Asia to North America[END_REF], Collins et al., 2000[START_REF] Dentener | The impact of air pollutant and methane emission controls on tropospheric ozone and radiative forcing: CTM calculations for the period 1990-2030[END_REF], Szopa et al., 2006]. For example, by 2030, [START_REF] Dentener | The global atmospheric environment for the next generation[END_REF] suggest an average O 3 surface concentration from 40 to 50 ppbv over large parts of North America, Southern Europe, and Asia.

Uncertainties in O 3 precursors and transport estimates are still a main challenge that hinder the complete rightful assessment of its budget. Current policies to reduce tropospheric O 3 levels, focus on reducing the traditional O 3 precursors such as NO x , NMVOC and CO. This is eective on the short term with hours-to-weeks response. However and as discussed in Chapter 2, the hydroxyl radical plays a crucial role in the production of O 3 . Altering the concentrations of OH, will perturb the emissions of the O 3 precursors and also aect the lifetime of methane, which is particularly the rst precursor of O 3 in the remote troposphere as it is the most abundant atmospheric VOC [Crutzen, 1973, Derwent et al., 2001, Fiore other pollutants), the last study in this work focuses on this region, during a special season: the summer monsoon. In fact, the monsoon system acts like a cleaning factor through the lower photochemistry leading to a lower production of O 3 while larger water vapor content also acts as a sink. On the other hand, it can also act as a good mixing tool by uplifting the pollutants into the mid and upper troposphere where they can be transported over large distances and aecting downwind regions air quality. By taking a case study and analyzing the monsoon of 2011, tropospheric O 3 from IASI shows a dependency on the meteorological dynamics of the monsoon, leading to a direct inverse relationship between monsoon strength and tropospheric ozone.

Future Work

This thesis helped the understanding of the tropospheric O 3 over dierent regions and time scales, using dierent datasets to dene its dierent sources and transport mechanisms.

However, a lot should yet be done to complete this understanding especially in the future with the long time series of O 3 that IASI will be able to provide. Many countries have for decades, regulation to improve air quality by reducing O 3 precursors emissions. The nancial cost of these regulations, counter-acted by the increase hemispheric background O 3 values is making an international approach to air quality management an attractive option which requires a deep understanding of the source-receptor relationships between countries and continents.

With MetOp-C due to be launched in 2018, IASI data will be available till at least 2023.

With the long-time series that will be available with the three IASI instruments (2007-2023), long-term changes in the global tropospheric O 3 and their response to changes in emissions will be better investigated in the future and trends will be deduced. Stratospheric O 3 recovery could be also better quantied. In fact, stratospheric recovery and climate change were found to contribute about equally to the increase in tropospheric O 3 during austral winter months [START_REF] Zeng | Impact of stratospheric ozone recovery on tropospheric ozone and its budget[END_REF]. So with a long time-series of tropospheric O 3 from space, will the eect of stratospheric O 3 recovery on the increase in tropospheric O 3 columns in the Southern Hemisphere in particular, and on the rest of the globe in general, will be seen by satellite data?

At favorable conditions, IASI can detect the lowermost tropospheric O 3 but currently instrumental limitations stands in the way of sucient vertical, spatial and temporal resolution to assess pollution events on a local scale. Monitoring air quality from space at all times is thus a valuable step towards a good understanding of pollution processes having an impact on the global climate system. This should be possible with the future Low Earth Orbit and Geostationary Earth Orbit missions oering more frequent observations with smaller footprints.

Example of this mission is the Eumetsat's thermal InfraRed Sounder (IRS), embarked on the Meteosat Third Generation (MTG) satellite of the Sentinel-4 mission and due to be launched in 2021 [START_REF] Clerbaux | New Directions: Infrared remote sensing of the troposphere from satellite: Less, but better[END_REF].

In polar orbit, IASI-NG on MetOp Second Generation satellites (as part of the EPS-Second Generation/Sentinel 5 program) is also due to be launched around 2022 and will oer global precise measurements. With the launch of three successive IASI-NG starting from 2022, more than 20 years of observations will be added to the 17 years from IASI. IASI-NG has a spectral resolution of 0.25 cm -1 after apodization (0.50 cm -1 for IASI) and a reduction of the radiometric noise by at least a factor of 2 as compared to IASI on MetOp [START_REF] Crevoisier | Towards IASI-New Generation (IASI-NG): impact of improved spectral resolution and radiometric noise on the retrieval of thermodynamic, chemistry and climate variables[END_REF]. With these new improvements, IASI-NG will provide better information on the vertical distributions of trace gases which will therefore be a novel step towards the characterization of the lower part of the troposphere, and more generally, of the full atmospheric column. With the improved precision, tropospheric O 3 monitoring from space for local and global air quality assessment would be achieved. Retrievals of new species might be also possible, opening a new era in atmospheric detection from space.

Chapter B. Spectral Lines Features ducing an uncertainty in the wavelength of the photon absorbed or emitted in transition.

Natural broadening is non-signicant for ro-vibrational transitions in the IR.

Pressure-Collisional Broadening At relatively high spectral resolution, individual molecular lines gets broadened when the total pressure increases in the Earth's atmosphere. The orbitals of an atom can be perturbed in a collision with a neutral atom or molecule or by a close encounter involving the electric eld of an ion. The results is called pressure broadening and is largely dependent on the average time between collisions or encounters. It leads to a

Lorentz prole with molecular linewidths of 0.2-0.4 cm -1 . The exact magnitude of this effect depends on the molecule and rotational quantum numbers and laboratory measurements and theoretical models are needed to determine the broadening. The values for natural and pressure broadening are of the same order, but the pressure prole could be wider.

Doppler/Thermal Broadening In a gas, the individual atoms, elements or molecules are continuously moving in random directions, with an average speed proportional to the temperature of the gas: 1 2 mv 2 = 3 2 kT . The term on the left-hand side is the mean kinetic energy. The individual gas particles (with mass m) follow a Maxwellian velocity distribution, resulting in a spread of velocities, v, about the average value. On the right hand side of the equation, T is the temperature of the gas and k the Stefan-Boltzmann constant. Compared to a stationary observer, any particular atom, element or molecule could be moving along the line-of-sight, perpendicular to the line-of-sight, or some combination of both. This means that every spectral line emitted is Doppler shifted relative to the observer, resulting in a small change in the observed wavelength. This spreading of a spectral line due to the temperature of the emitting medium is called "thermal Doppler broadening", which is signicant at high altitudes in the atmosphere, where the pressure decrease and the temperature-generated thermal velocities of the molecules become signicant.

Voigt Prole In the IR, and in atmospheric regions from about 20 to 50 km, the line shapes are determined by both collisional and Doppler-broadening processes. which combination is called the Voigt line shape and is shown in [2003] 

Figure 1 . 1 :

 11 Figure 1.1: (a) Temperature structure of the Earth's atmosphere. (b) Distribution of O 3 in the atmosphere. Figure from [WMO, 1994] 

  sphere favoring the development of PSCs, and the subsequent destruction of O 3 when the Sun begins to rise. Accordingly, a more severe O 3 depletion is seen over the Antarctic. Two years after the discovery of the Antarctic O 3 hole, the Montreal Protocol was signed to regulate emissions of ozone-depleting substances. Due to the long lifetimes of CFCs and other ozonedepleting substances in the stratosphere, the Antarctic O 3 hole continues to form during late winter and early spring. The 2014 World Meteorological Organization (WMO) Ozone

Brewer-

  Dobson circulation is driven in the extra-tropics by stationary planetary waves propagating from the troposphere to the stratosphere. Since these planetary waves require westerly winds to propagate upward, the Brewer-Dobson circulation only occurs in winter, when the stratospheric polar vortex has formed. The Brewer-Dobson circulation transports O 3 rich tropical air to the winter pole and O 3 poor air, from beneath the O 3 maximum, away from the winter pole. In the Northern Hemisphere, the Brewer-Dobson circulation is strengthened by planetary waves, which originate over large land masses and mountain ranges. Contrarily, in the Southern Hemisphere, limited topography leads to reduced Brewer-Dobson circulation.
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 12 Figure 1.2: Percentage of the EU urban population exposed to O 3 concentrations over the target value threshold set for protection of human health, 2001-2010. Figure from EEA [2012].
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 13 Figure 1.3: Fluorescence imaging technology captures soybean plant responses to change in levels of ozone. On the left: control chamber, and on the right: high exposure to ozone. Figure from Kim et al. [2001].
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 31 Figure 1.4: Bar chart for radiative forcing (RF-hatched) and eective radiative forcing (ERFsolid) for the period 19802011. Uncertainties (5 to 95% condence range) are given for RF (dotted lines) and ERF (solid lines). Figure from IPCC [2013].
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 15 Figure 1.5: Limb and nadir sounding from space.

  focusing on the role of the hydroxyl radical chemistry to introduce tropospheric O 3 sources Chapter 2. Tropospheric Ozone: Chemistry and Transport and sinks. The next part of this chapter discusses the various modes and dynamical processes leading to the long-range and intercontinental transport of O 3 in the troposphere.
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 21 Figure 2.1: Schematic of tropospheric O 3 chemistry illustrating the coupling between the chemical cycles of O 3 , HO x , and NO x . RO 2 refers to the ensemble of organic peroxy radicals.Figure from[Jacob, 2000].
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 22 photo-product O( 3 P) with O 2 (reactions 2.9 and 2.10) are the only known ways of producing O 3 in the troposphere. One can see from the reactions listed thus far that there is a balance
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 22 Figure 2.2: Dependence of the production of O 3 on NO x taken from a numerical model.Figure from[START_REF] Monks | Gas-phase radical chemistry in the troposphere[END_REF].
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 23 Figure 2.3: Isopleths giving net rate of O 3 production (ppb/h) as a function of VOC (ppbC 2 )and NO x (ppbv) for mean summer daytime meteorology and clear skies under urban conditions. Figure from[START_REF] Monks | Gas-phase radical chemistry in the troposphere[END_REF].

  to help the assessment of the circulation. It is determined by the dierence in pressure between the Azores High and the Icelandic Low. The clockwise rotation of the Azores High and the counterclockwise rotation of the Icelandic Low, as shown in Fig. 2.4, directs air eastward to Europe. The strength of this ow depends on the pressure dierence between the two. A well-developed Azores High (strong high pressure) and a well-developed Icelandic Low (very low pressure) corresponds to the NAO positive (NAO+) phase. The NAO negative (NAO-) phase occurs when both systems are weak.
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 24 Figure 2.4: The pressure dierence between the Azores High and the Icelandic Low determines the phase of the NAO and inuences the ow of westerly winds toward Europe. Figure from http://www.air-worldwide.com/.

  Figure 2.5: Monthly averaged wind speed and direction (from ERA-interim) at 875 hPa, upper panel: January 2013, lower panel: June 2013.
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 26 Figure 2.6: Monthly averaged wind speed and direction (from ERA-interim) at 500 hPa, upper panel: January 2013, lower panel: June 2013.
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 27 Figure 2.7: Chemical tropopause (O 3 < 150 ppbv) height from IASI data.

Figure 2 .

 2 Figure 2.8: Polar and subtropical jet. Figure from http://www.srh.noaa.gov/jetstream/ global/jet.htm

  2.9 where a deep stratospheric intrusion event over Europe during June 2001 took place. A large cut-o low with high PV started developing over southeastern Europe and propagating slowly eastwards during the 20th and 21st of June as the upper panels show. The respective GOME total column ozone measurements show high values on 20 June (Fig. 2.9c) resembling the hook-shaped streamer of high PV on 20 June while the high total ozone values on 21 June (Fig. 2.9d) are clearly associated with the developed cut-o low over southeastern Europe.

Chapter 2 .Figure 2 . 9 :

 229 Figure 2.9: Isentropic PV on the 325K surface on 20 June 2001 12:00UTC (a) and on 21 June 2001 12:00UTC (b) based on the ECMWF global analysis data. The assimilated GOME total O 3 elds for 20 June 2001 (c) and 21 June 2001 (d) are additionally shown for comparison with the PV elds. Figure from Zanis et al. [2003].

2. 5

 5 Deep Convection of Tropospheric Ozone and its Precursors Over polluted continental areas, the transport of O 3 and its precursors, through deep convection, plays an important role for the upper tropospheric ozone budget. Deep convection can also bring O 3 -rich air from the lower stratosphere to the troposphere. Early work on the role of convection on the tropospheric O 3 budget showed that the upward transport of O 3

(

  with a model shown in Fig.3.1) carry each a payload of eight instruments for observing the planet, together with a range of communications and support services to provide detailed observations of the global atmosphere, oceans and continents.

Figure 3 .

 3 Figure 3.1: 1:1 model of the MetOp Satellite.
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 32 Figure 3.2: Time series of: left axis, MetOp-A inclination (in degrees) and right axis, altitude (in km).

  3.3 shows, the satellite crosses the Equator at around 21:30 local time (or MST). The descending node (not shown here) passes 12 hours later, at 9:30 local time.
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 33 Figure 3.3: Time series of MetOp-A time of ascending node (in mean solar time). Note that the change is small, of amplitude around 5 minutes only.
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 3 Figure 3.4: Apogee and perigee in an elliptic orbit.
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 35 Figure 3.5: Time series of: left axis, MetOp-A time anomalistic period (in minutes) and right axis, number of revolution per day.
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 36 Figure 3.6: The IASI instrument. Figure taken from www.cnes.fr/iasi.

(

  and thesis). The Fourier Transform Spectrometer is based on a Michelson interferometer, focal planes and cold optics are passively cooled to 93 K; on-board digital processing includes inverse Fourier Transform and radiometric calibration. The integrated infrared imager allows the co-registration of the IASI sounder with the MetOp's imager Advanced Very High Resolution Radiometer (AVHRR) for cloud detection.
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 37 Figure 3.7: IASI observing mode: swath width of around 2200 km, every 50 km at nadir (with 4 footprints of 12 km in diameter). Figure taken from Clerbaux et al. [2009].
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 38 Figure 3.8: Orthogonal swath of IASI/MetOp-A during half a day. One scan per minute represented.
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 39 Figure 3.9: Schematic view of the Michelson interferometer of IASI. Figure from[START_REF] Simeoni | Design and development of IASI instrument[END_REF].
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 3 Figure 3.10: IASI instrument spectral response function (ISRF) dependence on the wavenumber. Figure from Tournier et al. [2002].

Figure 3 .

 3 Figure 3.11: Nominal IASI instrumental spectral response function (ISRF) for a (a) the central wavenumber at 650 cm -1 . (b) The same function but but after apodization with a Gaussian function with half-width at half-height equal to 0.5 cm -1 . Figure from Amato et al. [1998].
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 41 Figure 4.1: Decomposition of the electromagnetic spectrum with a focus on the infrared range.

  (1/2)hυ 0 is the zero point energy of the molecular oscillator. At room temperature, most molecules are in the n = 0 state. Upon absorption of vibration energy, this vibrational quantum number can change by +1 unit. Molecules will absorb in the infrared if they have a permanent dipole moment or if the vibration generates a dipole moment. Thus symmetrical diatomic molecules like nitrogen, oxygen and hydrogen, do not absorb infrared radiation, because they are homonuclear diatomic molecules with no permanent dipole moment and lack a mechanism of interacting with the electric eld of the light.
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 42 Figure 4.2: Depiction of rotational energy levels, J, imposed on vibrational energy levels, n.The transitions between levels that would result in the P-and R-branches are depicted in purple and red, respectively, in addition to the theoretical Q-branch line in blue.

Chapter 4 .

 4 Radiative Transfer and Inverse Theory as seen in Fig. 4.2. The lines of the P-branch (represented by purple arrows) and R-branch (represented by red arrows) are separated by specic multiples of B (2B). Most molecules are in excited rotational states at room temperature, since these energies are of the order of the thermal kinetic energy of molecules at ambient conditions.4.1.2 Ro-Vibrational Spectrum of OzoneThe number of vibrations mode is 3N-6 for a molecule of N atoms and 3N-5 for a linear molecule of N atoms (diatomic molecules have one normal mode of vibration). Ozone is a triatomic non-linear molecule and therefore it possesses 3 vibration modes denoted ν 1

3

  modes are active in the infrared, with the ν 3 being the strongest with P, Q, and R allowed rotational transitions. The ro-vibrational spectra of O 3 is shown in Fig. 4.3 over the whole absorption spectral bands. In the lower panel, a zoom over the infrared region, in particular that of ν 1 and ν 3 .
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 43 Figure 4.3: Ro-vibrational spectra of O 3 from the HITRAN database with a zoom over the infrared region with υ 1 , υ 3 modes, the latter being the strongest and used in the inversion of O 3 .
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 44 Figure 4.4: Black body emission spectrum at 275 and 350 K. In red, the O 3 absorption band location.

Figure 4 . 6 :

 46 Figure 4.6: Viewing (ground) zenith angle and the solar zenith angle.

Figure 4 . 7

 47 Figure 4.7 shows an example of normalized radiance spectrum (normalized with Plank's function) measured by IASI in the infrared range with a spectral resolution of 0.5 cm -1 . The brightness temperature on the y-axis is dened as the temperature a black body would be in order to produce the radiance perceived by the sensor. The brightness temperature is
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 47 Figure 4.7: The recorded radiance spectra of IASI. It exhibits signatures associated with spectroscopic absorption/emission lines of molecules present along the optical path between the Earth's surface and IASI, from which geophysical data such as temperature proles and atmospheric concentrations can be derived in selected spectral windows.

Figure 4 .

 4 Figure 4.8 represents a part of the IASI spectrum where the atmospheric O 3 absorbs. The morning and the evening spectra show the eect of diurnal change in temperature on the IASI retrieved brightness temperature.

Figure 4

 4 Figure 4.8: Clear-sky IASI radiance spectra around the intense ozone absorption band at 9.6µm (1040 cm -1 ) recorded over Tehran on the morning and evening of 01/01/2011.
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 49 Figure 4.9: Left: Global O 3 apriori prole (blue line) with its variability (shaded blue, square root of the diagonal elements of the O 3 apriori covariance matrix). Right: correlation and global O 3 apriori covariance matrix constructed from climatology O 3 proles. Figure from Hurtmans et al. [2012].
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 410 Figure 4.10: Averaging kernels function for (a) an ideal observation case and (b) a more realistic observation where the DOFS are =1.5.

  After introducing the ozone chemistry in the troposphere, the remote sensing of atmospheric composition from space, and the methods used to retrieve concentrations of trace gases in the previous three chapters, this chapter will provide an overview and a general summary on what can be accomplished by IASI for O 3 measurement. In this thesis, I do not show any validation of the IASI proles and partial column products. This has been accomplished before by our group at LATMOS as well as by others. Comparison between FORLI-O 3 and ozonesondes is shown in Table5.1. The comparison shows a good agreement in the troposphere and middle stratosphere (<30 km) at mid-latitudes and tropics, where the dierences are lower than 10% on average. However, at high latitudes, a signicant positive bias is found both for the[START_REF] Co;2 | A review of surface ozone background levels and trends[END_REF][START_REF] Webster | The coupled monsoon system[END_REF][2][3][4][5][6][START_REF] Summertime Trop | Impact of forest fires, biogenic emissions and high temperatures on the elevated Eastern Mediterranean ozone levels during the hot summer of 2007[END_REF][8] km column (-25 to -15 %) and for proles between 10 and 25 km (about 10-26%).In this chapter, I will show and analyze the tropospheric O 3 product from IASI-A and IASI-B and use each of the two products separately or combined and look at tropospheric O 3 variability over dierent regions. I will also compare the IASI-A and IASI-B products globally and locally. To support my analysis, I use the ERA-interim reanalysis to retrieve wind pattern and the IASI-L2 temperature prole product to analyze surface temperature and
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 51 Figure 5.1: Number of IASI-O 3 observations per day (upper panel) and night (lower panel), for MetOp-A (left) and MetOp-B (right), over a grid of 1x1 degree.

Fig. 5

 5 Fig. 5.4 shows the global sensitivity of the IASI instrument to the O 3 in the troposphere averaged over the month of August 2013.

Figure 5

 5 Figure 5.4: The altitude corresponding to the rst peak in the O 3 averaging kernels function summed over the [0-8] km column of IASI and averaged over the month of August. No data (in white pixels) correspond to high altitudes or regions with emissivity issues (desert, snow).

  Fig. 5.5 shows the surface temperature and thermal contrast on the 25th of April 2013, from MetOp-A and MetOp-B joined observations on the region surrounding Beijing (plotted with the cross).
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 55 Figure 5.5: Surface temperature (TSurf) and thermal contrast (TC) during the day (upper panels) and night (lower panels) from IASI/MetOp-A (plotted with triangles) and IASI/MetOp-B (plotted with squares). Note that the colobar limits are dierent between day and night, implying larger TC (in absolute value) during the day.
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 56 Figure 5.6: Averaging kernel functions for observations with dierent thermal contrast (TC). Higher thermal contrast tends to increase the sensitivity towards the surface.

  km columns are shown in Fig.5.7 for the year 2013. Day-time observation is chosen because as seen in section 5.2, the IASI sensitivity to the troposphere is better during the day, where the thermal contrasts are usually higher.The unit used for O 3 is the Dobson Unit (DU), which is commonly used for the O 3 column concentration (total or tropospheric), with 1 DU=2.69 × 10 16 molec.cm -2 . The DU notation will be used in all the O 3 plots in this thesis work. More information on the Dobson Unit and its physical meaning can be found in Appendix A.
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 57 Figure 5.7: Day-time seasonally averaged tropospheric [0-8] km O 3 column for the year 2013. Grey pixels correspond to a ag due to emissivity issues in FORLI above the desert.

  Fig. 5.8.
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 5959 Figure 5.8: Location of the region used for comparison of the IASI-A and IASI-B products shown in Fig. 5.9
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 511 Figure 5.11: Time series of tropospheric O 3 column for the period 2008-2013 for each of the regions in the red box in the map above the plot. Daily, seasonally and yearly moving averages are shown.

  pollution) it is an interesting area for the study of the eect of reduction in O 3 precursor emissions on the transatlantic transport. Over this region, the average O 3 column was of 19.8 DU, and is plotted as a dashed line. Even though the decrease is small, it does nevertheless show a promising downward slope in the 1-year moving average of around 1 DU or 5% during the 6-year period. The downward variability seen over the dierent regions, especially those in Europe, are in agreement with the study by[START_REF] Logan | Changes in ozone over Europe: Analysis of ozone measurements from sondes, regular aircraft (MOZAIC) and alpine surface sites[END_REF] that showed that over Alpine stations, O 3 is actually decreasing in summer of the 2000's with no signicant trend in other seasons. Such tropospheric O 3 trends remain dicult to interpret but they are generally linked -as seen thus far-to the change in anthropogenic emissions of O 3 precursors, to long-range transport and to STE processes.

Figure 5 . 6 Tropospheric

 56 Figure 5.13: Same as for Fig. 5.11, but for dierent regions.

2. 1 )

 1 . In situations with signicant O 3 production (including most urban and polluted rural areas during meteorological conditions favorable to O 3 formation) this removal of O 3 is small compared to the rate of its production. The process of NO x titration can only remove at most one O 3 per emitted NO, whereas the process of O 3 formation typically produces four or more O 3 per emitted NO x .Thus the importance of the study of the dierence between urban and rural O 3 and its relationship to its precursors. As an O 3 precursor, NO 2 from space is a well dened product from dierent instruments such asGOME (1996GOME ( -2003)), SCanning Imaging Absorption spec-troMeter for Atmospheric CHartographY (SCIAMACHY) (2002-2012), OMI (2004-present), GOME-2 on MetOp-A (2007-present) and GOME-2 on MetOp-B (2013-present). GOME-2 and IASI are therefore on the same platform oering a good opportunity to study the relationship between NO 2 and O 3 with the same overpass time. If we want to study the urban and rural relationship in terms of pollution from space, a well dened geo-localisation is required. Given the resolution of the instruments on board of the satellite, the rural area dened should therefore be away from its corresponding urban region by at least the spatial resolution of the instrument. In this study, the rural areas were chosen this way. The exact Chapter 6. Trop. O 3 And NO 2 In Urban And Rural Areas direction with respect of the urban region is found by studying the wind patterns from the ERA-interim reanalysis. The resulting study assessing O 3 and NO 2 in urban and rural regions was published in 2013 in the Journal of Geophysical Research-Atmospheres and can be found attached in section 6.3.

Figure 6 . 1 :

 61 Figure 6.1: Location of the cities used in this study.

Figure 6 . 2 :

 62 Figure 6.2: The average 1000-750 hPa wind rose, for the monthly averaged observation of the 4-year study (48 observations for each city).

  O 3 vertical profiles (panel (a)) and the corresponding averaging kernel functions for the merged 0-8 km columns (panel (b)) for IASI observations recorded during Chapter 6. Trop. O 3 And NO 2 In Urban And Rural Areas 93

Figure 1 .

 1 Figure 1. (a) IASI mean O 3 mixing ratio (ppb) profile for the urban cities listed in Table 1 during January 2011 (in blue) and June 2011 (in red), with the apriori profile plotted in black. (b) Averaging kernel functions for the merged 0-8 km IASI O 3 partial columns for the same locations and period. Note that some cities have altitudes > 0.

Figure 2 .Figure 2

 22 Figure 2. Latitude-time plot of zonally-averaged 0-8 km O 3 column between 2008 and 2011 for the IASI day time observations. White vertical lines correspond to days with no data.

Figure 3 .

 3 Figure 3. IASI day-time tropospheric O 3 column averaged over a grid of 0.5 o x0.5 o for the months of January and June 2011. The white areas over the desert in North Africa and Saudi Arabia correspond to a filter applied on poor spectral fits, because of emissivity issues in the FORLI radiative transfer.

Figure 4 .

 4 Figure 4. Monthly averaged NO 2 tropospheric column over a 0.25 o x0.25 o grid for January and June 2011 as seen by GOME-2.

Figure 5 .

 5 Figure 5. Seasonal variation of the tropospheric NO 2 column for the years of 2008 to 2011 in the Northern and Southern Hemispheres.

  3 cities in panel (a): Mexico City with latitude defined between 19 o and 19.75 o N, has a smaller winter O 3 values than Los Angeles which location is defined between 33.5 o and 34.25 o N which in turn has a smaller winter column than Istanbul located at higher latitude (40.75 o -41.5 o N). The second prominent peak, seen for example in the cities of Los Angeles and Istanbul in summer, is likely due to high anthropogenic activity. Madrid, New York and Tehran exhibit a slightly shifted seasonal behavior, with increasing O 3 values from spring till summer and reaching its maximum in July and August where the solar activity is at its peak. Lower summer-time values of O 3 such as in Los Angeles and New York could be due to the photochemical destruction of O 3 , phenomena that is less prominent in spring than summer [Derwent et al., 1998]. Higher values are likely associated with increase in production of O 3 by its precursors and seen for example in Mexico City, Istanbul, Madrid and Tehran. Panel (b) shows cities where the summer season is the rainy one, such as in New Delhi, Shanghai and Beijing. In magnitude, the two Chinese cities presented, Shanghai and Beijing, have the highest tropospheric O 3 values, reaching 33 DU over Shanghai for the month of June 2011. The cities in panel (b), in particular New Delhi and Shanghai, are characterized by a strong depletion of O 3 values (around 8-9 DU) respectively between June on one hand and July and August on the other hand. This could be attributed to the summer monsoon, which brings clean air masses with lower values of tropospheric O 3 , as well as slower photochemical activity because of clouds and the wet scavenging of O 3 precursors by rains.

Chapter 6 .Figure 6 .

 66 Figure 6. Seasonal distribution of the IASI 0-8 km tropospheric O 3 in selected urban regions. Results are shown for the period 2008-2011. The shaded regions show the minimum and maximum values recorded during this period.

Chapter 6 .Figure 7 .

 67 Figure 7. Same as Figure 8 but for GOME-2 tropospheric NO 2 column.

Figure 8 .

 8 Figure 8. Summertime (June 1 to August 31) and wintertime (December 1 to February 28) O 3 and NO 2 relationship observed at rural sites for the years of 2008-2011.

Chapter 6 .Figure 9 .

 69 Figure 9. Time series (January 2008-December 2011) for urban and rural tropospheric O (left) and NO 2 (right) columns for cities listed in Table1. Tropospheric O 3 in rural areas persists whereas the rural tropospheric NO 2 is lower.

Figure 10 .

 10 Figure 10. Percentage change in the tropospheric O 3 (left) and NO 2 (right) column between 2008 and the average of the years 2009, 2010 and 2011. Large decrease in NO 2 is detected directly above Beijing (indicated with a "+" marker) while the same effect is not detected for O 3.

Figure 7 . 1 :

 71 Figure 7.1: Tropospheric [0-8] km O 3 column during summer 2013. High values are recorded in the Mediterranean, especially to the east of it.

Figure 7 . 2 :Figure 7 . 3 :

 7273 Figure 7.2: Seasonal variation during 2010 (the month number is on the x-axis) of: surface O 3 from the EMEP network in grey and IASI [0-6] km column in red.

Figure 7

 7 Figure 7.4: IASI seasonal variation during 2010 of the [0-8] km O 3 DOFS and surface temperature.

Figure 7 .

 7 Figure 7.5: Validation of the WRF-Chem model with surface meteorological stations. The temperature, relative humidity, wind direction and speed shown here are the average of all the stations shown in the map above the plots.

Figure 7 . 6 :

 76 Figure 7.6: Comparison of surface O 3 from WRF-Chem, ground observation (from EMEP, station ES12 which location can be found in Fig. 2 of the published article attached to this chapter), and MOZART.

  7.6 the surface O 3 distribution between the two, interpolated to the location of a ground O 3 station, taken as an example. The Model for OZone And Related chemical Tracers (MOZART) is the global chemical transport model that constrains the chemical initial and boundary conditions and provides the gas-phase chemical mechanism in the WRF-Chem model run used in this study. From this gure, one can see the advantage of using a regional model, where the local chemistry is better assessed. One can see in the gure how the WRF-Chem model is in better agreement with the EMEP ground station, and reproduces better O 3 at the surface than MOZART.7.7 Published ArticleThe following attached article present more details on the tropospheric O 3 IASI columns over the period 2008-2013 with a focus on summer 2010, the period selected for the WRF-Chem run. The model run included tracers to assess the dierent sources of O 3 at dierent atmospheric levels. Validation analysis for the model is presented, along with an attempt to explain the sources for the summertime O 3 maxima in particular over the east side of the Mediterranean basin. Main results show that in the boundary layer, most of the O 3 is produced locally. On the other hand, in the free troposphere, the contribution of transported O 3 becomes more important. This O 3 can be either transported from outside the region at the dierent altitudes, or transported from the stratosphere. In fact, both IASI and WRF-Chem show evidence of stratospheric intrusions into the mid-upper troposphere over the Mediterranean, in particular to the east of it.

10120S.

  Safieddine et al.: Summertime tropospheric ozone assessment over the Mediterranean region located to the south of Europe in the Mediterranean Basin (EEA

Figure 1 .

 1 Figure 1. An example of the ECMWF (European Centre for Medium-Range Weather Forecasts) Reanalysis (ERA-Interim) for the period June-July-August (JJA) 2010 for (a) total cloud coverage, (b) 12:00 UTC solar radiation reaching the surface, (c) wind speed and direction averaged from the surface to 750 hPa, and (d) wind speed and direction averaged from 750 to 400 hPa.

Figure 2 .

 2 Figure 2. (a) The enlarged WRF-Chem model run domain. (b) IASI and WRF-Chem domain used in this study. White dots correspond to the location of the EMEP ground stations and the orange strips correspond to the longitudinal transects used in Figs. 5 and 10.

Figure 3 .

 3 Figure 3. Random O 3 averaging kernels over the Mediterranean: the functions are for the [surface-3], [4-6],[6][START_REF] Summertime Trop | Impact of forest fires, biogenic emissions and high temperatures on the elevated Eastern Mediterranean ozone levels during the hot summer of 2007[END_REF][8][9], and[10][11][12] km partial columns characterizing a retrieval for an observation chosen randomly above land (Greece, left panel) and above the sea (right panel) during June 2010.

3Figure 4 .

 4 Figure 4. Six-year seasonal variation of [0-8] km integrated IASI O 3 column over the Mediterranean region for winter, spring, summer, and autumn. White pixels correspond to a filter applied to poor spectral fits because of emissivity issues in the FORLI radiative transfer above the Sahara.

Figure 5 .

 5 Figure 5. Six-year monthly variation of the integrated [0-8] km IASI O 3 column averaged over [30-45 • N] at 15 • E (in black) and 30 • E (in red). Higher summer values are observed to the east of the basin at 30 • E.

Figure 5

 5 Figure 5 shows that, during the period of 2008 to 2013, the summers in the east of the basin, notably at 30 • E (plotted in red), are marked by elevated tropospheric [0-8] km O 3 values. The difference between the two O 3 columns at the 2 different longitudes was highest (4.7 DU -22 %) during June 2012. The highest recorded values were up to 30 DU in July 2010 at 30 • E. This period coincides with the 2010 Russian heat wave (Schubert et al., 2011), which caused severe fires with high O 3 precursors emissions (R'Honi et al., 2013). Further discussion is provided in Sect. 4.2

Figure 6 .

 6 Figure 6. O 3 time series of EMEP and WRF-Chem data at the surface for the stations localized in Fig. 2 for the period JJA 2010.

Figure 7 .

 7 Figure 7. Average [4-10] km O 3 column for JJA 2010 from IASI and WRF-Chem and their relative difference (%). White pixels correspond to a filter applied to poor spectral fits above the Sahara.

Figure 8 .

 8 Figure 8. WRF-Chem spatial distributions of (a-c) O 3 mixing ratios (ppbv), (d-f) O 3 anthropogenic tracer relative contributions (%), (g-i) O 3 inflow tracer relative contribution, and (j-l) the residual (100 % -(O 3-ANTHRO % + O 3-INFLOW %)) averaged over the period JJA 2010 at the surface and 1 and 2 km. Note that the color bar for the residual plots is different.

Figure 9 .

 9 Figure 9. Same as Fig. 8 but for 4, 6, and 8 km.

Figure 10 .

 10 Figure 10. Mean latitude-altitude cross sections of IASI O 3 (ab) and modeled O 3 (c-d) averaged over JJA 2010 at 15 • E (left) and 30 • E (right). The black line corresponds to the dynamical tropopause height.

Figure 11 .

 11 Figure 11. WRF-Chem (a) potential vorticity (PV) at 4, 6, 8, and 10 km over the Mediterranean region for JJA 2010 and (b) the water vapor mixing ratio (Q vap ) for the same vertical levels and time period.

  Figure 8.1 shows tropospheric O 3 from IASI during summer 2013 over Asia and the population density for the year 2000.

Figure 8 . 1 :

 81 Figure 8.1: Left: Tropospheric O 3 from IASI. Right: population density over the same region, suggesting high anthropogenic sources of pollution.

Figure 8 . 2 :

 82 Figure 8.2: Asian-Pacic summer monsoon sub-systems. Figure from Wang and Lin [2002].

  Figure 8.3: Monthly averaged daytime tropospheric [0-6] km O 3 column from IASI over the monsoon period (May-September) of the years 2008-2013. The decrease due to the monsoon is more prominent in the south, and is well reproduced from year to year.

Fig. 8 . 3 ,

 83 Fig. 8.3, how after the settlement of the monsoon in May and June, the O 3 values start to decrease up to 50% of their May values starting the month of June. This is particularly seen over India, where high values up to 30 DU are recorded in May, then start decreasing afterward. Since the ISM starts at the south of India, the eect is most prominent there.

  Figure 8.5: Averaged seasonal variation during 2008-2013 of (a) ERA-interim wind patterns and (b) O 3 tropospheric columns and CO total columns as seen by IASI over the regions NCP, YRD and PRD which location can be found in the rst plot of panel (a).

Figure 8 . 6 :

 86 Figure 8.6: Monthly averaged tropospheric [0-6] km O 3 column, CO total columns both from IASI, total cloud cover, cumulative rainfall, relative humidity and winds at 875 hPa for each of the months of May to August 2011. Please refer to the text for the explanation of the dierent colored circles.

Figure 8 . 8 :

 88 Figure 8.8: Location of the NOAA stations used for validation of meteorological properties.

Figure 8 . 10 :

 810 Figure 8.10: Location of the stations used to validate the model in: (a) North China Plain, (b) Pearl River Delta and (c) Japan.

Figure 8 .

 8 Figure 8.11: O 3 time series of stations (in red) and WRF-Chem (in black) data at the surface for the period MJJA 2011 and for the stations in the North China Plain localized in panel (a) of Fig. 8.10.

Figs. 8 .

 8 Figs. 8.11 to 8.14 show in general that the model is able to reproduce fairly well the seasonal cycle of tropospheric O 3 at the surface. The gures also shows the seasonal behavior of tropospheric O 3 from model and ground measurements. What is interesting to note here, is that the drop in the tropospheric O 3 due to the monsoon at the surface is not always

Figure 8 .

 8 Figure 8.14: O 3 time series of stations (in red) and WRF-Chem (in black) data at the surface for the period MJJA 2011 and for the stations in Japan localized in panel (c) of Fig. 8.10.

  Figure 8.15: [06] km O 3 column for the period MJJA 2011 from IASI and WRF-Chem (both raw data and those smoothed with IASI's averaging kernel functions, and their absolute dierence (in DU).

Figure 8 .

 8 Figure 8.16: Relative dierence (%) (left) and correlation (right) of the [06] km O 3 column for the averaged period MJJA 2011 from IASI and WRF-Chem (smoothed with IASI's averaging kernel functions.

  Fig. B.1. The relative importance of each with respect to altitude is shown in Fig. B.2. Collisional broadening (with a Lorentz Chapter B. Spectral Lines Features prole) is mostly dominant at lower altitudes. At higher altitudes, the pressure is smaller and thus the thermal/Doppler broadening becomes important. When the Doppler and collisional broadening are of the same order, we get the Voigt prole. From here we can see how the shape of the spectral line includes information of the vertical distribution of the absorbing molecule.

Figure B. 1 :

 1 Figure B.1: Lorentz, Doppler and Voigt line shape. Figure from Salby [1996].

Figure B. 2 :

 2 Figure B.2: The importance of each of the line shapes with altitude. Figure from Turquety[2003] 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 1: Air quality standards for O 3 as dened in the Air Quality Directive[EEA, 2012] 

	Objective	Period	Threshold value (µg/m 3 )
	Human health Daily maximum 8-hour mean 2	120
	Information		

Table 3 .

 3 Since the internal black body reference source is not exactly unity, a hot black body emissivity function is also applied. The impact of the scanning mirror reectivity at dierent angles and its temperature dependency is accounted for. Finally, the correlation between two other instrument onboard Metop, the IASI Integrated Imager (ISS) and Advanced Very High Resolution Radiometer (AVHRR) allows the geo-localization of IASI.

	Band Wavenumbers (cm -1 ) Wavelength (µm)
	1	645.0 -1210.0	8.26 -15.50
	2	1210.0 -2000.0	5.00 -8.26
	3	2000.0 -2760.0	3.62 -5.00
	Level 1a		

1: IASI's three spectral bands. Spectral calibration and apodization functions are computed. A spectral calibration function is applied to Plank's function on-board and an appropriate correction is applied to the Chapter 3. IASI on MetOp spectra.

  or LUTs) for future reference. In FORLI, , in the absorption bands. In many atmospheric applications (in weather forecasting and climate prediction models, and in remote sensing applications), an adoption of a semi-empirical representation of the continuum is used. FORLI uses that of[START_REF] Clough | Atmospheric radiative transfer modeling: a summary of the AER codes[END_REF].

	the LUTs are computed using The HIgh resolution TRANsmission (HITRAN) spectroscopic
	database version 2004, with updates up to 2006 [Rothman et al., 2005]. The spectral range
	for LUTs used in FORLI is 960-1075 cm -1 for O

3 

. One should note here that in addition to modeling individual spectral lines and absorption cross sections in FORLI, special care is taken to account for absorption continua of molecules most importantly those of H 2 O and CO 2 . These are slowly varying components of absorption that are present, though with lesser atmospheric importance

Table 5 .

 5 1: FORLI-O 3 and ozonesondes bias at dierent latitudes for dierent partial columns and proles. Data are from Dufour et al. [2012] 1 , Pommier et al. [2012] 2 , Gazeaux et al. [2012] 3 , Scannell et al. [2012] 4 .

		Mid-latitudes 1	Tropics 1	High-latitudes
		(in %)	(in %)	(in %)
		[0 -6]km	-8±16.6	[0 -8]km	-6.7±10.6	
	Partial columns	[0 -11]km [16 -30]km [8 -16]km	1.6 ±15.3 2.4±5.4 10.6±15.1	[0 -16]km [16 -30]km [11 -20]km	3.6±9.2 5.7±5.8 13.5±15.6	[0 -8]km 2 -25 to -15
		[0 -30]km	3.3±5.1	[0 -30]km	4.7±5.4	
						[0 -10]km 3	<10
	Proles					[10 -25]km 3 [25 -40]km 3	10 to 26 <10
						[0 -40]km 4	<30

  km column, one can see that the variability based on daily observations are highly depending on the region of interest and season, with the seasonal variation discussed in section 5.3. Few features are noticeable in Fig 5.11: in the Chinese region, during summer 2010, the summer peaks are reduced in comparison with the other years. South East Asia witnessed in 2010 an unusual strong monsoon. Floods in North Korea and northeast China buried farmland and destroyed homes, factories, railroads, and bridges. And in northwest China, rain triggered a massive landslide that left 702 dead with 1,042 missing

Table 6 .

 6 

	1: Volume mixing ratios (VMR) of some spatially and temporally varying gases
	[Jacobson, 2012]			
	Gas name	Chemical	Clean trop. VMR(ppbv)	Polluted trop. VMR(ppbv)
	Inorganic			
	Water vapor	H 2 O(g)	3000-4x10 6	5x10 6 -4x10 7
	Carbon monoxide	CO(g)	40-200	2000-10000
	Ozone	O 3 (g)	10-100	10-350
	Sulfur dioxide	SO 2 (g)	0.02-1	1-30
	Nitric oxide	NO(g)	0.005-0.1	0.05-300
	Nitrogen dioxide	NO 2 (g)	0.01-0.3	0.2-200
	Organic			
	Methane	CH 4 (g)	1850	1850-2500
	Ethane	C 2 H 6 (g)	0-2.5	1-50
	Ethene	C 2 H 4 (g)	0-1	1-30
	Formaldehyde	HCHO(g)	0.1-1	1-200
	NO			

x sources, O 3 is depleted through titration by the freshly emitted NO (typically, 90% or more of total NO x emitted) which reacts rapidly with O 3 to produce NO 2 (see section

Table 1 .

 1 Chapter 6. Trop. O 3 And NO 2 In Urban And Rural Areas 91 Cities Location Used in this Study and the Corresponding Rural Areas (the Latter According to the Prevailing Wind Directions from the Urban Center).

	Over the period from January 2008 to December 2011, monthly averaged gridded
	tropospheric O 3 and NO 2 columns were calculated, over a grid size of 0.25 o	x0.25 o	. The
	corresponding rural area for each city was defined as the area downwind the city (see section
	3.1).		

  . Over the 4 years, IASI observations (on the left) show a consistent seasonal behavior for O 3 , both in urban and rural areas with maxima around spring-summer. Rural values observed are comparable to urban values, and exceeding the urban values (up to 7.3 DU in May 2011 in Shanghai city) several times during the study period for all the cities. GOME-2 observations (on the right) show a less marked seasonal behavior for NO 2 in the nine cities, with relatively higher winter values in comparison with summer ones. During the whole study period, rural NO 2 values were observed to be lower than urban ones, except for Beijing (due perhaps to the transport by strong winds or the availability of important local emissions). The urban-rural detected difference could be due to the absence of local NO 2 sources leading to a decrease in the rural concentrations. The largest difference is seen in New York City, where the difference reached 20.4x10 15 molecules/cm 2 in November 2011.

Table 2 .

 2 Percentage Change Between 2008 and the Average of 2009-2011 for the Area Above Beijing Which Location is Given in Table 1. Chapter 6. Trop. O 3 And NO 2 In Urban And Rural Areas 102

		% change of O 3	% change of NO 2
	July	+11.8	-37.7
	August	-5.1	-54.3
	September	-6.1	-41.3

2014 10122 S. Safieddine et al.: Summertime tropospheric ozone assessment over the Mediterranean regionTable 1 .

 1 List of geographic location of the EMEP O 3 monitoring ground stations used in this study, with the corresponding altitude above mean sea level.

	Code	Station name	Latitude ( • N) Longitude ( • E) Altitude (m)
	CY02	Ayia Marina	35.04	33.06	532
	ES06	Mahón	39.87	4.32	78
	ES07	Víznar	37.30	-3.53	1265
	ES10	Cabo de Creus	42.32	3.32	23
	ES12	Zarra	39.08	-1.10	885
	ES14	Els Torms	41.39	0.73	470
	GR02	Finokalia	35.31	25.66	250
	MK07 Lazaropole	41.32	20.42	1332

www.atmos-chem-phys.net/14/10119/2014/ Atmos. Chem. Phys., 14, 10119-10131,

  . Our results compare well with the study by Tuccella et al. (2012), which compared WRF-Chem to 75 EMEP stations over Europe during 2007 and found that hourly O 3 exhibits a correlation with observations ranging from 0.38 to 0.83. The largest discrepancy observed, with modeled O 3 values larger than

Table 2 .

 2 Pearson correlation coefficient, bias and the corresponding mean relative error (MRE) of each EMEP and WRF-Chem ground station data localized in Fig.2, for the period JJA 2010.

	Station name Corr. coeff. with	Bias	MRE
		WRF-Chem	(ppbv)	(%)
	CY02	0.63	7.78 -14.2
	ES06	0.41	+7.26 +20.9
	ES07	0.77	-7.24 -13.4
	ES10	0.72	+1.43	+3.6
	ES12	0.80	-5.96 -12.7
	ES14	0.78	-2.99	-6.4
	GR02	0.62	-7.38 -11.3
	MK07	0.57	-16.65 -23.9

  Quantification of long-term trends and distinguishing between the different sources are crucial. This should be possible with observations and model runs over longer timescales with additional tracers to identify all O 3 sources. concentrations over south and east Asia have signicantly increased over the past few decades as a result of rapid industrialization in these regions, with important implications on regional and global air quality. Signicant reductions in NO 2 from space are observed in Europe and part of the eastern coasts of the United States, while south and east Asian countries are experiencing increasing emissions of NO 2 as well as other pollutants, many of which are precursors of O 3

	Chapter 8. Trop. O 3 from IASI during the East Asian Summer Monsoon
	Chapter 8
	Tropospheric O 3 from IASI during the East
	Asian Summer Monsoon
	8.1 Motivation
	Tropospheric O 3

Not to exceed 25 days per year averaged over three years.

To be measured over three consecutive hours.

In chemistry, a radical (more precisely, a free radical) is an atom, molecule, or ion that has unpaired valence electrons or an open electron shell, and therefore may be seen as having one or more "dangling" covalent bonds. With some exceptions, these "dangling" bonds make free radicals highly chemically reactive towards other substances, or even towards themselves.

A Warm Conveyor Belt is dened as a layer of air which originates in a relative easterly to southeasterly ow within the lower levels of the troposphere in the ridge area ahead of the front, generally ascends poleward forming clouds then changes to descending motion where cloud dissolution takes place.

The infrared scattering cross-section for molecules is much smaller than the absorption cross-section; such that scattering can be neglected at the wavelengths of interest to IASI, and won't be therefore treated here.

The at-Earth (or, the plane-parallel) model of the atmosphere is satisfactory near the zenith/nadir(Fig. 4.6) where ds is equal to sec(θ).

Atmos. Chem. Phys., 14, 10119-10131, 2014 www.atmos-chem-phys.net/14/10119/2014/

WRF-Chem and IASI detection of STE events

The Walker circulation is seen at the surface as easterly trade winds which move water and air warmed by the sun towards the west. The western side of the equatorial Pacic is characterized by warm, wet and low pressure weather as the collected moisture is dumped in the form of typhoons and thunderstorms.

The bay of Bengal is the northeastern part of the Indian Ocean, bordered mostly by India and Sri Lanka to the west, Bangladesh to the north, and Burma/Myanmar to the east

In China, the term "Meiyu" is used for the rainy season from mid-June to mid-July over the Yangtze River Valley. In Japan, the term "Baiu" is used both for the rainy season over Okinawa region from early May to mid-June and over the Japanese Main Islands from mid-June to mid-July.
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Chapter 7

Summertime Tropospheric Ozone Assessment over the Mediterranean Region

Motivation

Looking closely at the global maps of tropospheric O 3 plotted in Chapter 5, and here in Fig. 7.1, one can notice that the Mediterranean region in summer has an interesting tropospheric O 3 maxima. In fact, as I will present hereafter, these summertime (JJA) maxima are recorded over the whole IASI period. To investigate the dynamics and sources leading to the O 3 maximum above this region, we used both IASI and the Weather Research and Forecasting model coupled with Chemistry (WRF-Chem) model [START_REF] Grell | Fully coupled "online" chemistry within the WRF model[END_REF]. The latter was compared and validated using surface stations and IASI. The results were published in the Journal of Atmospheric Chemistry and Physics in 2014, in the paper attached with this chapter in section 7.7. and CO peaks with a relatively small standard deviation suggesting a pattern of high O 3 and CO production or transport during this period. In their study, [START_REF] Dufour | IASI observations of seasonal and day-to-day variations of tropospheric ozone over three highly populated areas of China: Beijing, Shanghai, and Hong Kong[END_REF] showed the same seasonal variation of the [START_REF] Co;2 | A review of surface ozone background levels and trends[END_REF][START_REF] Webster | The coupled monsoon system[END_REF][2][3][4][5][6] km O 3 column of IASI (with a dierent retrieval especially for latitudes > 20N, the monsoon eect on the CO total columns is less clear. While CO values remain of the same order of magnitude, tropospheric O 3 in Korea and Japan (with the red circle), show a decreasing eect, in particular in July for O 3 where a clear decrease is detected coinciding with the high cloud cover/relative humidity (and localized with the total rainfall) in July. On the other hand, over the yellow circled region, mainly north west of India and part of Pakistan, there was no or little cloud cover and weaker winds, leading to the persistence and the continuous production of the summer O 3 and CO over this region especially with the availability of high local precursor emissions. Looking at the winds plots over the dierent months, one can notice how the monsoon is stronger at the lower latitudes.

Therefore the area of Beijing, Tianjin and the North China Plain are less aected by the monsoon and they show much weaker O 3 and CO decrease. The other interesting region in China that shows little or no change is the area between the Chongquing and Sichuan province (with the black circle in the month of August). One can notice how this region does not exhibit any monsoon characteristics with low cloud cover, relative humidity and weak winds. This region is also between 2 mountains (with low surface altitude as shown in Fig. 8.7 hereafter), making the persistence of O 3 and CO during summer favorable.

The WRF-Chem Model

In this study, we use the regional chemistry transport model WRF-Chem, version 3.4 [START_REF] Grell | Fully coupled "online" chemistry within the WRF model[END_REF] The WRF-Chem model has been used before over this region during and outside the monsoon period and was shown to capture well meteorology [Kumar et al., 2012a], tropospheric CO, O 3 and NO x [Kumar et al., 2012b[START_REF] Ghude | Satellite constraints of nitrogen oxide (NO x ) emissions from India based on OMI observations and WRF-Chem simulations[END_REF], aerosols and dust [START_REF] Dipu | Impact of elevated aerosol layer on the cloud macrophysical properties prior to monsoon onset[END_REF][START_REF] Kumar | WRF-Chem simulations of a typical pre-monsoon dust storm in northern India: inuences on aerosol optical properties and radiation budget[END_REF] over south Asia and the aerosols impact on precipitation over south and east Asia [START_REF] Wu | Regional simulation of aerosol impacts on precipitation during the East Asian summer monsoon[END_REF][START_REF] Wu | Regional simulation of aerosol impacts on precipitation during the East Asian summer monsoon[END_REF]. In order to establish the accuracy of the model's parameters, the WRF-Chem simulations were evaluated by comparing them with available meteorological and chemical observations.

Validation With Meteorology

The rst step to assess the model outputs, would be to evaluate it with meteorological properties. For this end, I extracted from the NOAA website (http://gis.ncdc.noaa.gov/) the temperature, relative humidity, wind speed and direction of randomly selected few surface [START_REF] Lee | Estimations of global NO emissions and their uncertainties[END_REF][START_REF] Boersma | Estimates of lightning NO x production from gome satellite observations[END_REF]. Another source of uncertainty lies in the budget of O 3 transported from STE inux. [START_REF] Jacob | Introduction to atmospheric chemistry[END_REF] suggested a wide range of STE inux from 400 to 1100 Tg O3 yr -1 .

Here lies the importance of the study of tropospheric O 3 from a local to a global scale as well as its relationship to its precursors and transport modes to eventually well assess its eect on global air quality. For this end, I present in this thesis work an overview on what could be accomplished with IASI and other supporting datasets to study the seasonal cycle of tropospheric O 3 at a city scale (9 cities in the Northern Hemisphere), regional scale (Mediterranean, south and east Asia) and on a global scale, over a period of 4-6 years. concentration as a function of altitude is n O 3 (z) (molecules cm -3 ), the O 3 column burden is:

To nd what this nO 3 (unit=molecules cm -2 ) translates into, in terms of DU, we need to determine the thickness of the layer of pure O 3 at 273 K and 1 atm corresponding to this burden. Over 1 cm 2 of area, this corresponds to nO 3 molecules of O 3 . The volume (cm 3 )

occupied by this number of molecules of O 3 can be written as V = 1(cm 3 ) x h(cm). One DU corresponds to a thickness, h, of 0.01 mm (0.001 cm).

From the ideal-gas law:

Where n O 3 /N A is the number of moles of O 3 , and the factor 10 6 is needed to convert m 3 to cm 3 . N A is the Avogadro constant and is = 6.02214129 x 10 23 mol -1 and R is the ideal gas constant and is = 8.3144621 J K -1 mol -1 .

At 273 K and 1 atm, the thickness of the layer of pure O 3 is:

for h=0.01 mm=10 -3 cm, the column burden of O 3 is:

Spectral Lines Features

Almost each molecule has its own characteristic spectral signature in the infrared (that needs to be measured rst in the laboratory). Hetero-nuclear diatomic molecules 1 such as CO or most of polyatomic molecules such as H 2 O, CO 2 , CH 4 , N 2 O, SO 2 etc... show good absorption in the thermal infrared. In order to predict the variation of the molecular spectra, it is essential to know the exact energy of the rotational-vibrational energy levels involved in the infrared transition (absorption or emission). For this purpose, quantum mechanical calculations are performed that provide these energy levels using theoretical models.

Basic properties to determine spectral features of an absorption line are: the central position of the line λ 0 or ν 0 , the strength or intensity of the line, and shape factor or prole of the line.

Observed spectral lines are always broadened, partly due to the nite resolution of the spectrometer and partly due to intrinsic physical causes, which can have dierent sources: quantum mechanical uncertainty in the energy E of levels also referred as natural broadening, collisional or pressure broadening and thermal or Doppler broadening.

Natural Broadening According to Heisenberg's Uncertainty Principle, as the time available for an energy measurement decreases, the inherent uncertainty of the result increases and electrons can make transitions from and to anywhere within "fuzzy" energy levels, pro-1. In contrast to homo-nuclear diatomic molecules such as N 2 or O 2 that are not IR active, since their charges are distributed symmetrically and molecules only absorb in the IR if they have a permanent dipole moment or if the vibration generates a dipole moment