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Résumé de thèse

Cette thèse porte sur le développement théorique et expérimental d'une nouvelle méthodologie de détection des gaz à effet de serre basée sur la spectroscopie optique d'absorption. La question posée était : est-il possible d'évaluer de manière univoque la concentration d'un gaz à partir d'une mesure par spectroscopie d'absorption différentielle, dans laquelle l'étendue spectrale de la source lumineuse est plus large que celle d'une ou de plusieurs raies d'absorption de la molécule considérée et que, de plus la détection n'est pas résolue spectralement ? La réponse à cette question permettra d'entrevoir à terme le développement d'un instrument de télédétection de terrain robuste sans contrainte opto-mécanique majeure aussi bien sur la source laser que sur la chaîne de détection. Ces travaux ont donné lieu au développement d'une nouvelle méthodologie que l'on dénomme « Optical Similitude Absorption Spectroscopy » (OSAS) ou spectroscopie d'absorption optique de similitude. Cette méthodologie permet donc de déterminer de manière quantitative une concentration d'un gaz à partir de mesures d'absorption différentielle non résolue spectralement sans procédure de calibration en concentration. Ceci demande alors une connaissance précise de la densité spectrale de la source lumineuse et du système de détection. D'une part, ces travaux ont permis de démontrer que cette nouvelle méthodologie est dans le domaine spectral du proche infrarouge peu sensible aux conditions thermodynamiques du gaz observé. D'autre part, ces travaux ont permis de mettre en exergue l'inversion de la Loi de Beer-Lambert non résolue spectralement ce qui donne lieu à la résolution d'un système analytique non linéaire. À cette fin, le développement d'un nouvel algorithme d'inversion de ce type de mesures a pu être vérifié expérimentalement en laboratoire sur le méthane, en exploitant aussi bien des sources à large bande spectrale cohérente et non cohérente. La télédétection de cette molécule dans l'atmosphère a pu être réalisée dans le cadre de ces travaux en couplant judicieusement la méthodologie OSAS avec la technique Lidar. Ces travaux ouvrent de nombreuses perspectives sur la détection de gaz à effet de serre dans le domaine spectral infrarouge ainsi que la possibilité de détecter plusieurs molécules d'intérêt atmosphérique simultanément.

Thesis abstract

This thesis concerns the theoretical and experimental development of a new methodology for the detection of greenhouse gases based on the optical absorption. The problem is based on the unambiguous retrieval of a gas concentration from differential absorption measurements, in which the spectral width of the light source is wider than one or several absorption lines of the considered target gas given that the detection is not spectrally resolved. This problem could lead to the development of a robust remote sensing instrument dedicated to greenhouse gas observation, without strong technology limitations on the laser source as well as on the detection system. If this problem were solved, we could propose a new methodology named: "Optical Similitude Absorption Spectroscopy" (OSAS). This methodology thus allows to determine a quantitative target gas concentration from nonresolved differential absorption measurements to be determined avoiding the use of a gas concentration calibration procedure. Thereby, a precise knowledge of the emitted power spectral density of the light source and the efficiency of the detection system is required. This work may demonstrate that this new methodology applied on the NIR remains accurate even in the presence of strong atmospheric pressure and temperature gradients. Moreover, we show that inverting spectrally integrated measurements which follow the Beer-Lambert law lead to solving a nonlinear system. In order to do this, a new inversion algorithm has been developed. It was experimentally verified in laboratory on methane by using coherent and noncoherent broadband light sources. The detection of methane in the atmosphere could also be realized by coupling the OSAS methodology and the Lidar technique. Outlooks are proposed, especially on the detection of greenhouse gases in the infrared spectral domain as well as the ability to simultaneously detect several atmospheric molecules of interest. Methane absorption cross-section σTG(λ)

List of variables

Target gas absorption cross-section σi(λ)

Absorption cross-section related to the molecular species with i-subscript Averaging time η(λ)

Opto-electronic efficiency λ Wavelength λ0

Central wavelength of a power spectral density λi Central wavelength related to the AM-function with i-subscript λcut Cut-off wavelength for short-pass filter (or cut-on for long-pass filter) The main constituents of the Earth's atmosphere are nitrogen (N2), oxygen (O2) and water vapor (H2O), the former two accounting for about 99 % (in volume) of the components of dry air. The main greenhouse gases such as water vapor, carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), ozone (O3) and chlorofluorocarbons (CFC) are minor components of the atmosphere. As is well known nowadays, the atmospheric abundance of carbon dioxide, methane and nitrous oxide have increased the atmospheric concentration since the industrial revolution. Fig. 1.1 shows globally averaged atmospheric CO2, CH4 and N2O gas concentrations. Although these greenhouse gases are only of minor abundance, by absorbing infrared radiation emitted from the Earth's surface, they play a significant role in the Earth's radiation budget influencing the Earth's surface temperature. One consequence of this effect is the "well-known" Earth's climate change. This means that the meteorological conditions (temperature, wind, humidity and rain) will change with variations considered on a time scale of a decade. Among the long-term effects of the Earth's surface temperature, there is an increase in energy (latent heat) of the different environments in different parts of the Earth. Fig. 1.1 (left panel) shows that oceans represent the main energy sink, which directly affect the sea level rise and consequently will cause strong changes in the Earth's climatology. The consequence of climate change will surely affect humans and their own environment. However, it is mainly the fauna and the natural environment that will suffer from this change (See Working Group II IPCC Report, "Climate Change 2014: Impacts, Adaptation, and Vulnerability"). The problematics of climate change is nowadays an important and global issue concerning not only the scientific community but also the social and economic elements of society. This wider implication was emphasized by the recent announcement that human activity contributes to climate change. Therefore, social and economic issues are important. Anthropogenic emissions should be reduced under strong constraints (carbon emission policy) and novel economy, under the "sustainable development" leitmotiv, should be reinforced. However, big uncertainties are still related to the evolution of the Earth's climate, which can be quantified in terms of atmospheric radiative forcing involving anthropogenic atmospheric compounds, as depicted in Fig. 1.2. It shows that not only human emission of greenhouse gases contributes to the global warming enhancement, but also particulate matter contained in atmospheric aerosols. Their contribution can directly enhance or decrease the warming effect. Indirect effects (cloud adjustment) can on the contrary, contribute to cooling down the Earth's atmosphere. One should note the amplitude of these uncertainties.

List of acronyms

These uncertainties are linked to numerous physical and chemical processes [START_REF] Stocker | Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change[END_REF]) and a complete description of these processes is of course out of the scope of this work. However, to reduce the uncertainty about the Earth's climate, a precise knowledge of greenhouse gases emission and sink is required. Methane concentration has recently raised numerous questions because its concentration has increased since the year 2000 after a negative trend of its emission growth rate as depicted in Fig. 1.3. This observed methane concentration growth has consequences that should be taken seriously, because methane is, after carbon dioxide, the second most important anthropogenic greenhouse gas. Indeed, methane contributes to more than 30 % of the total anthropogenic change in radiative forcing by well-mixed anthropogenic long-lived greenhouse gases. The lifetime of atmospheric methane is 10 ± 2 years. The methane concentration is subject to large spatio-temporal variations, which may be linked to numerous sources, either of anthropogenic or natural origin. Methane background concentrations exhibit seasonal [START_REF] Heimann | Atmospheric science: Enigma of the recent methane budget[END_REF]) and regional variations from wetlands, rice paddies, and permafrost [START_REF] Shakhova | Extensive methane venting to the atmosphere from sediments of the East Siberian Arctic Shelf[END_REF]. These variations are subject to large uncertainties due to the lack of observations at high latitude and to low-frequency observations [START_REF] Heimann | Atmospheric science: Enigma of the recent methane budget[END_REF][START_REF] Kiemle | Sensitivity studies for a space-based methane lidar mission[END_REF]. Anthropogenic methane emissions from agriculture, waste, and refinery sources, which are local and coupled with high concentrations (up to the tens of ppm), represent 40 % of the global methane budget [START_REF] Robinson | Infrared differential absorption Lidar (DIAL) measurements of hydrocarbon emissions[END_REF]. The uncertainty of this value is large, due to an inadequate emission inventory [START_REF] Shakhova | Extensive methane venting to the atmosphere from sediments of the East Siberian Arctic Shelf[END_REF]. The most important natural methane sources are wetlands, geological emissions, termites, freshwaters, and other minor sources, for example permafrost [START_REF] Kirschke | Three decades of global methane sources and sinks[END_REF].

Oxidation is the primary sink of atmospheric methane and accounts for about 90 % of atmospheric methane losses. Hydroxyl radicals, mainly in the troposphere, oxidize methane, creating water vapor and carbon dioxide. This is why CH4 has a negative impact on the change in radiative forcing for NOx (see Fig. 1.2).

The above considerations and their related issues are the main motivation for this thesis. This work should in the future contribute to a better estimation of methane sources. Special care has been taken to achieve an instrument that can observe high methane concentrations from methane point or diffuse sources, following in-situ gas monitoring or remote sensing measurement techniques. This thesis has been carried out in the framework of an industrial cooperation between the Institute of Light and Matter and the French Leosphere company. This relationship has involved following certain industrial constraints: the methodology had to be based on reliable and robust material. As we will see later on, a major consequence is that, to evaluate high methane concentrations from methane spectroscopy, a spectrally broad light source should be considered and the detector should be non-dispersive. As detailed here in this thesis, these restrictions on samples have important consequences on the concentration retrieval from light absorption measurements. Basically, a non-linear equation depending on the gas concentration should then be solved and a precise knowledge of the light source power spectral density and of the detector spectral efficiency is required. To solve this problem, we may count on the cooperation of the Camille Jordan Institute for mathematics. By benefiting from this mathematical formalism, and by coupling it to highly accurate laboratory light absorption measurements, has allowed a new methodology, allowing the evaluation of gas concentration from non-spectrally resolved differential absorption measurements. We named this novel measurement methodology Optical Similitude Absorption Spectroscopy (OSAS), as the methane gas concentration is derived by achieving a similitude between the light source and the target gas spectrum.

This thesis is focused on the development of a new methodology, based on optical absorption, for detecting greenhouse gases. More precisely, the main problem consists in unambiguously retrieving a gas concentration from differential light absorption measurements, when the spectral width of the light source is larger than one or several absorption lines of the target gas, given that the detector is not-spectrally resolved. As detailed below, a wide selection of literature is available on non-dispersive spectroscopy. The latter methodology, based on a gas calibration curve, is however, for several reasons, not suitable for remote sensing measurements such as range-resolved lidar remote sensing measurements. In addition, the differential absorption lidar methodology often relies on the approximation of an effective cross-section, which may then lead to potentially high systematic errors when using broadband light sources. Hence, the aim of this thesis is to develop a robust concentration retrieval methodology that can be coupled with the lidar technique. The inherent objectives are twofold: i) the experimental verification of the OSAS-methodology in laboratory on methane, ii) the development of a lidar system for atmospheric measurements.

The manuscript is organized as follows. The next sections of this introductory chapter present the state-of-the-art bibliography on the detection of gaseous methane with special emphasis on non-dispersive absorption spectroscopy. The basics of molecular spectroscopy are then presented in Chapter 2, which reviews the fundamental aspects of absorption spectroscopy for optical gas detection. Using the methane absorption cross-section from the HITRAN database, the manuscript then describes the computation of the methane absorption cross-section and its dependence on the environment, in terms of temperature and pressure.

The basis of the OSAS-methodology is presented in Chapter 3. Since OSAS deals with spectrally integrated measurements, to retrieve the target gas concentration, the use of the monochromatic Beer-Lambert law cannot be further applied. Hence, a quantitative evaluation of the TG-concentration with the proposed inversion algorithm is presented. Moreover, a numerical model has been developed and a sensitivity study was carried out, prior to the OSASmethodology experimental proof.

Chapter 4 is dedicated to the experimental proof of the OSAS-methodology in laboratory for high methane concentrations. To compare OSAS with other existing arrangements, three different optical arrangements, based on standard modulation techniques, were developed and tested by applying the OSAS concentration retrieval methodology. These experimental set-ups rely on a compact Superluminescent Light Emitting Diode emitting in the Near-IR within the 2 3 methane absorption band at 1667 nm. By applying our OSAS-inversion algorithm, all three arrangements provide consistent methane gas concentrations within their respective error bars.

In the framework of the lidar application, another set-up based on a femtosecond laser is also presented.

In the final Chapter 5, the OSAS-methodology coupled with lidar is proposed and the first OSAS-lidar experiment is carried out, by benefiting from both the mathematical formalism and the laboratory findings presented in Chapters 3 and 4. In more detail, the basics of lidar are first recalled, before describing the OSAS-lidar formalism. Then, the OSAS-lidar optical set-up is presented and used to carry out the first methane measurements by applying the OSAS-lidar methodology. The manuscript ends with a conclusion and proposes some outlooks.

Methane gas sensing

As discussed above, the detection and the long-term observation of atmospheric trace gases concentrations is of prime importance for the Earth's climate. Table 1 underlines that the expected accuracy of a methane sensor over different concentration ranges depends on the intended application for the methane case study. As an example, a sensor dedicated to the detection of gas leaks should provide accurate measurements in the range of 1 ppm -10 4 ppm.

Precise and accurate instruments are mainly based on optical spectroscopy. A comprehensive review, providing the state-of-the-art techniques on optical gas sensing, can be found in the paper by [START_REF] Hodgkinson | Optical gas sensing: a review[END_REF]. To monitor atmospheric gases, several monitoring devices have been proposed, based on high resolution spectroscopy (e.g. with cavity ring down spectroscopy [START_REF] Fawcett | Trace detection of methane using continuous wave cavity ring-down spectroscopy at 1.65 μm[END_REF]) or non-dispersive absorption spectroscopy, either with point source measurement or laser-based stand-off arrangements. In non-dispersive absorption spectroscopy, the trace gas concentration is evaluated from absorbance measurements, which require an absolute gas calibration procedure. It uses a light source whose spectral width is larger than the TG-absorption spectral linewidths. The optical correlation spectroscopy technique is a particular arrangement of non-dispersive absorption spectroscopy in which a reference cell, filled with the target gas, acts as a spectral filter. For field or airborne applications, it should then be limited to non-explosive gases, different from methane for example. Absorption spectroscopy is generally based on the Beer-Lambert law 1 , which describes the exponential decay of an electromagnetic intensity I0 transmitted through an absorbing medium along a path length ℓ. Quantitatively, after attenuation of the incident radiation I0 by absorption of the gas of interest, the measured absorption is given by: where the exponential defines the target gas transmittance TTG (i.e. the ratio of the transmitted radiation I to that of the incident radiation I0), ℓ is the optical path length (in cm), TG is the absorption cross section of the gas of interest (in cm 2 per molecule) and NTG the target gas density (in number of molecules per cm 3 ). The gas absorption cross section is determined by the molecular absorption line strength and the spectral line shape profile, while A(ν) is the absorbance, which depends on the radiation wavelength λ (or alternately its frequency ν). In this context, a useful term is the volume mixing ratio. If we define (ν) = σ(ν)⁄(kBT) by dividing σ(ν) with the product of Boltzmann's constant and thermodynamic temperature, by applying the ideal gas law p = NkBT, the absorbance A(ν) can be written in an alternative form as:
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where p0 is the total gas mixture pressure, C is the target gas concentration (in units of mixing ratio), generally expressed as a proportion in air by volume, e.g. % vol (% by volume), ppm (parts per million by volume; 1 part in 10 6 ), ppb (parts per billion by volume; 1 part in 10 9 ). The molecule partial pressure is p = p0 × C. An interesting parameter, to be used in the next chapters, is the path-integrated concentration (PIC) which is useful to compare remote sensor performance. This value is calculated with the product Cℓ, which expresses in ppm.m or ppb.km. Other interesting physical quantities which are commonly used in optical gas sensing are the optical depth OD ℓ (or optical thickness) and the absorption coefficient = measured in cm -1 .

Optical gas sensors based on absorption measurements from broadband illumination can be classified in many different ways [START_REF] James | The design of optical spectrometers[END_REF]). For our purpose, infrared spectrometers can be divided into three selected categories: dispersive; Fourier Transform; and nondispersive. As suggested by these names, dispersive spectrometers generate spectra by optically dispersing the incoming radiation. Common dispersive elements include gratings, acoustic gratings or prisms to achieve wavelength selection [START_REF] Stuart | Infrared Spectroscopy: Fundamentals and Applications[END_REF]. Fourier Transform InfraRed (FTIR) spectrometers, use a Michelson interferometer with a single photodetector to modulate the intensity of the infrared radiation as a function of frequency, and then employ Fourier transform algorithms to convert the resulting time dependent spectrum into a standard wavenumber spectrum [START_REF] Bak | FTIR emission spectroscopy methods and procedures for real time quantitative gas analysis in industrial environments[END_REF]. In opposition to dispersive instruments, nondispersive instruments have a much simpler design than both dispersive or FTIR instruments. They do not use any gratings of prisms to achieve wavelength selection or employ the use of an interferometer. Non-dispersive infrared spectrometers tend to be robust, compact and less expensive than other infrared spectrometers [START_REF] Hodgkinson | Optical gas sensing: a review[END_REF]. The next section is devoted to the NDIR instruments. Note that a comprehensive review, providing the state-ofthe-art techniques on optical gas sensing, can be found in the work latterly cited.

Non-dispersive spectroscopy

Non-Dispersive spectroscopy is one of the most widely used optical gas detection methodologies for measuring hydrocarbons, carbon oxides and combustion gases. It relies on a simple concept by using a broadband light emitter which covers all of the wavelengths of interest for a given set of gases to be measured. The traditional NDIR acronym stands for Non-Dispersive InfraRed because of its popular use in this spectral range. However, the development of a formaldehyde (CH2O) sensor operating at 340 nm has been reported in the UV domain [START_REF] Davenport | A measurement strategy for non-dispersive ultra-violet detection of formaldehyde in indoor air : spectral analysis and interferent gases[END_REF]. Thus, for the sake of simplicity, the NDIR acronym will be used in this thesis to refer to the non-dispersive methodology.

In non-dispersive spectroscopy, light from a broadband light source is transmitted through a measured sample and optically filtered with an interference filter that overlaps the absorption band of the target gas (the active channel). A second reference channel, using a filter that is set to a region of negligible absorption, compensates the changes in the intensity of the light source and long term drifts. Fig. 1.4 shows the concept of spectral filtering of a broadband light source (a microbulb here) in the case of carbon dioxide gas monitoring [START_REF] Hodgkinson | Optical gas sensing: a review[END_REF]. The typical filter characteristics in the 4.2 μm region superimposed with the target gas absorption spectrum are shown. One limitation of NDIR gas sensors is the possible cross-sensitivity or unwanted absorption by interfering species. This cross-sensitivity is caused by the overlap with the absorption band used for the target gas detection and the presence of absorption lines that belong to other gases. In order to accurately measure the TG-concentration, the chosen active and reference channel filters should not exhibit significant extinction from other gaseous compounds. A NDIR optical gas sensor is typically composed of a broadband light source, a gas cell containing the air sample to be measured, two optical filters and an infrared detector where the transmitted radiation is measured. An example of an NDIR sensor, based on these optical elements, is shown in Fig. 1.5. NDIR instruments can take various optical designs and a race exists towards miniaturization and integration into small packages, which will not however be discussed here. In a more general way, in the absence of interfering species, the recorded signal from a unique channel can be expressed as:
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where I0( ) is the power spectral density of the light source, TF( ) is the transmission of a channel filter and R( ) is the detector responsivity. For accurate measurements, it is desirable to ensure that the spectral envelope of the emitting light source closely overlaps the spectral lines of the target gas. To match the specific absorption band of the gas of interest, optical filters are commonly used. Because all mechanical or optical parts of the sensor are subject to changes with time due to drifts or aging, the measurement needs to be referenced. As a consequence, the quantitative retrieval of NTG is achieved by modulating one of the parameters involved in Eq. (1.3). Hence, the retrieval is made by means of gas calibration curves. This gas concentration procedure is made by linearly changing the value of NTG and by recording the corresponding electric signals for both active and reference channels. The calibration curve (absorbance versus TG concentration) then allows the retrieval of the gas concentration in a gas mixture. The corresponding modulation techniques can be performed with several instruments, each having their advantages and drawbacks. As non-exhaustively listed, three different types of modulation are usually performed and consist in:

(a) Changing the spectral shape after the probed volume, by using different filters set between the probed volume and the detector(s). Hence, the detection part admits a specific responsivity for each detected channel. Depending on the configuration, the modulating parameter is either R( ) or TF( ). This type of modulation corresponds to the examples presented in Fig. 1.5. (b) Changing the spectral shape of the light source, before the probed volume. It can be done by filtering the power spectral density with optical filters or by detuning the light source or by using correlation cells (this particular case is discussed in subsection 1.2.2) or even by using two different light sources (e.g. [START_REF] Massie | Design of a portable optical sensor for methane gas detection[END_REF]. Depending on the design of the system, the modulating parameter is either I0( ) or TF( ). (c) Varying the length of the optical path ℓ. In this technique, two optical paths are considered and each one has its own length. This can be achieved by using a specific gas cell design [START_REF] Wong | Zero drift NDIR gas sensors[END_REF][START_REF] Antón | Optical cavity for auto-referenced gas detection[END_REF]. These designs have the potential to be less sensitive to spectral changes such as spectral drifts induced by temperature change. However, the modulation of the optical path ℓ can hardly be considered for remote sensing.

Concerning methane sensing with NDIR, Table 2 reports several sensors presenting different detection limits and spectral absorption bands. The detection limit spans from several ppm to 170 ppm. NDIR using incandescent light source shows the lowest detection limit (1 ppm) and is related to high performance lock-in signal processing. These studies show that the device detection limit performance is mainly related to the measurement signal quality and the longterm light source stability. 

Light source type

Detector

Wavelength of operation

Light pathlength

Detection limit

Optical Correlation Spectroscopy

The concept of Optical Correlation Spectroscopy (OCS) was first introduced by Goody (1968) as a cross correlating spectrometer and has been further developed over the last decades. The concept of OCS can be either used with non-dispersive elements such as a reference gas cell containing a known quantity of the target gas or used with dispersive elements as in a correlated mask spectrometer, e.g. [START_REF] Milláan | Dispersive correlation spectroscopy: a study of mask optimization procedures[END_REF]. Concerning the non-dispersive method, the OCS principle can be considered as a development of NDIR [START_REF] Hodgkinson | Optical gas sensing: a review[END_REF]. Instead of a band-pass filter, a reference gas cell containing a known quantity of the target gas is implemented in the reference channel. However, depending on the configuration, a band-pass filter may either be retained or not to reduce the spectral width of the light source. Thus, the detected signal presents an intensity modulation whose frequency is equal to the on/off switching frequency. In turn, a modulation function m can be defined as the peak-to-peak AC signal on the measured detected signal, when the target is present in the measurement cell, normalized by division by the mean detected DC signal:

1 2 1 2 2 I I m I I (1.4)
where I1 and I2 are respectively given by:
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In the two above equations, I0;1 and I0;2 are the spectral power distributions of the two optical sources, TF(λ) is the optical transmission of a filter, Tcell(λ) is the reference cell transmission, and R(λ) is the spectral responsivity of the detector. The gas density or concentration is then retrieved from the comparison of the measured modulation index with a prior gas calibration function. It is practically desirable to have a high modulation index [START_REF] Chambers | Theoretical analysis of a methane gas detection system, using the complementary source modulation method of correlation spectroscopy[END_REF]). As in NDIR, various designs of OCS sensors exist. An example of an OCS experimental setup for methane detection is depicted in Fig. 1.6. The reference cell is 1-meter long and contains 100% of CH4 at 1.013 bar and 20°C. The central wavelength of the optical filter is = 1666 nm. Other intersting designs relying on a unique optical path for the reduction of instrumental drifts inherent to the separation of the beams have been developed. We can quote the pressure modulation on the reference cell by applying the Stark effect. This effect modulates the actual gas absorption tranmission within the reference cell itself and gives well-matched reference and active beams, separated in time (at different phases) rather than space [START_REF] Dakin | Progress with optical gas sensors using correlation spectroscopy[END_REF]. However, the limitation with the correlation approach can be the same as with NDIR, the gas selectivity is reduced if a proportion of target gas lines overlap with those of other species. In addition, changes in atmospheric temperature and pressure in either the sample or reference cells can affect the linewidth of narrow gas absorption lines and therefore introduce calibration error [START_REF] Hodgkinson | Optical gas sensing: a review[END_REF].

For the detection of hazardous or toxic gases, the elimination of the reference gas cell from the experimental setup is highly desirable. [START_REF] Sinclair | Synthetic infrared spectra[END_REF] designed and characterized a method to substitute the reference cell with a synthetic reference spectrum by using a diffractive optical element that reproduces the infrared spectrum of hydrogen fluoride (HF). However, this approach comes from the non-dispersive principle. A similar correlation principle that is nondispersive can be done by using a Fabry-Perot interferometer to mimic the gas reference spectrum. This technique can only be used to detect gases with evenly spaced absorption lines whose spacing corresponds to the free spectral range (FSR) of a Fabry-Perot interferometer. Vargas-Rodriguez and Rutt (2009) have built an optimized sensor on this basis which relies on the fine rotational structure of CH4, CO and CO2. An interesting design, making the whole setup entirely fiber-based, has been made by replacing the two straight tube gas cells with two hollow-core photonic bandgap fibers for the measurement of acetylene (C2H2) [START_REF] Van Brakel | Photonic bandgap fiber optical correlation spectroscopy gas sensor[END_REF].

Fig. 1.6. Layout of an optical correlation spectroscopy sensor for methane [START_REF] Chambers | Theoretical analysis of a methane gas detection system, using the complementary source modulation method of correlation spectroscopy[END_REF]). For measuring the gas concentration in the measurement cell, a reference signal modulated by a reference cell (optical source 1) and a second signal (optical source 2) are recorded and compared by the two detectors.

Remote sensing

Remote sensors can be classified as active or passive depending on whether an artificial source is required or not. Most passive remote sensors measure the reflected sunlight. Active remote sensors have their own source of light or illumination and the reflected light is measured. The wavelength regions in the electromagnetic spectrum usable for remote sensing are determined by their ability to penetrate the Earth's atmosphere.

For methane monitoring on a global scale, several satellite-based measurement campaigns have been carried out during the last few decades in order to evaluate the temporal and spatial variations of atmospheric methane concentrations. The most prominent satellite-based methane detection instruments are SCIAMACHY on ENVISAT [START_REF] Frankenberg | Satellite chartography of atmospheric methane from SCIAMACHY on board ENVISAT: Analysis of the years 2003 and 2004[END_REF]) and GOSAT [START_REF] Morino | Preliminary validation of column-averaged volume mixing ratios of carbon dioxide and methane retrieved from GOSAT short-wavelength infrared spectra[END_REF]. The measurement instrument MOPITT [START_REF] Pan | Satellite remote sensing of tropospheric CO and CH4: forward model studies of the MOPITT instrument[END_REF] was launched on board the satellite Terra in 1999 for measuring carbon monoxide and methane. However, so far, to our knowledge, only results for carbon dioxide concentration have been obtained. Compared to air-based remote sensing (on board an aircraft or satellite), surface measurements have the main advantage of being obtained with moderate e ort while providing precise and accurate results. However, they may be influenced by local sources and sinks. The Total Carbon Observing Network (TCCON), an international network of ground-based Fourier Transform Spectrometer, retrieves column-averaged abundances of atmospheric constituents, including methane, from near-infrared spectra. One of the missions of the TCCON network is the validation of satellite data from SCIAMACHY and GOSAT [START_REF] Parker | Methane observations from the Greenhouse Gases Observing SATellite: Comparison to ground-based TCCON data and model calculations[END_REF]).

An active remote sensing technique for airborne or ground-based detection providing rangeresolved measurements is the lidar that stands for Light Detection and Ranging. The lidar technique stands as a reference for trace gas concentration remote sensing over a long range, mostly using two different lidar methodologies, the differential absorption lidar and the Raman scattering lidar [START_REF] Weitkamp | Lidar : range-resolved optical remote sensing of the atmosphere[END_REF]. The latter is based on the inelastic Stokes scattering that may reduce the lidar system complexity [START_REF] Houston | Raman lidar system for methane gas concentration measurements[END_REF]). However, the methane Raman backscattering cross-section is low compared with the absorption cross-section. A DIAL gas detection system is based on two pulsed quasi-monochromatic lasers that are transmitted through the atmosphere, one being tuned to a strongly absorbing spectral location of the target gas of interest (online, on) while the second is tuned on a low absorbing spectral position (o line, off). From the reflected or backscattered online Pon(z) and o line Poff(z) lidar signals and the differential effective absorption cross-section of the target gas of interest, range resolved NTG(z) or integrated path gas profiles can be retrieved:
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The differential absorption cross-section is calculated with Δσ = σ( on) -σ( off) and the crosssection are evaluated by assuming an effective cross-section (the convolution between the laser spectral width and the TG absorption linewidth). Advantages of the DIAL-methodology for atmospheric methane detection include high sensitivity measurements when optimizing the spectral location of both online and o line laser wavelengths, so as to minimize interferences from other atmospheric absorbing gases. Furthermore, being a self-referenced method, no calibration is necessary. CH4 DIAL has found great interest in atmospheric monitoring as well as in industrial analysis, for example fossil fuel leakage. [START_REF] Refaat | Self-calibration and laser energy monitor validations for a double-pulsed 2μm CO2 integrated path differential absorption lidar application[END_REF] presented a methane DIAL system at 1645 nm. Operating in ground-based mode, the system delivers rangeresolved methane profiles with a total error of less than 1.0 % up to 4.5 km. Operated from airborne platforms in integrated path DIAL (IPDA) mode, the system delivers a total column dry mixing ratio of less than 0.3 %. The application of active remote sensing methane measurements is planned using a DIAL system on board of the satellite MERLIN (MEthane Remote sensing Lidar missioN) [START_REF] Kiemle | Sensitivity studies for a space-based methane lidar mission[END_REF].

2 Greenhouse gases: near infrared absorption spectroscopy Chapter 2

Greenhouse gases: near infrared absorption spectroscopy

Infrared spectroscopy is an important spectral range used for a variety of qualitative and quantitative applications. By applying absorption spectroscopy, greenhouse gases can be detected in the atmosphere and precisely monitored. Absorption spectroscopy is based on the excitation of molecules from a ground state into an excited state, whereby the molecule absorbs the photon energy. Depending on the photon energy, the molecule changes its rotational, vibrational, or electronic energy. Due to the unique properties (i.e., mass distribution and atomic-bond strength) of the different molecules, the absorption spectra in the infrared spectral region have a very distinct shape that is characteristic to the specific molecule. This "fingerprint" can be used to identify the molecules of an unknown gas or to quantify the concentration of molecules in a gas mixture. The energy of a molecule depends on its mass distribution, i.e., the mass of the atoms and their distance from the center of gravity, which is expressed as the mass moment of inertia of the molecule. Electromagnetic radiation with its electric vector oscillating at the same frequency can interact and be absorbed by the molecule, resulting in a change in the energy level and increasing the vibrational and/or rotational quantum number.

In this thesis, we will only consider molecular interaction in gas phase and photon energies with a corresponding wavelength λ in the near-infrared spectral region. The infrared region in the electromagnetic spectrum, where rotational and vibrational absorption transitions are excited, ranges from 13000 cm -1 to 10 cm -1 (between λ = 780 nm and λ = 1 mm). This region is divided into three sub-regions (near-, mid-and far-infrared) which require different instrumentation and have different uses. According to the ISO 20473 scheme for optics and photonics, the near-IR region ranges from 13000 cm -1 to 3300 cm -1 , the mid-IR region ranges from 3300 cm -1 to 200 cm -1 and the far-IR region ranges from 200 cm -1 to 10 cm -1 .

For remote sensing, an essential prerequisite is the accurate knowledge of the absorption properties of atmospheric compounds, i.e. the data mandatory to link the characteristic spectral signature with the absorption measurements. This chapter first briefly recalls the fundamentals of absorption mechanisms. Secondly, the line parameters that significantly change the absorption cross-sections (i.e., line positions, line strengths, sources of line broadening, etc.) are presented. Finally, the spectral properties of methane and its interfering molecules in the 2 3 band are introduced by using spectroscopic databases.

Molecular spectroscopy

The vibrations of molecules and how they produce infrared absorption spectra are examined in this section. The various factors such as coupling, vibration-rotation bands and overtone bands that are responsible for the position and intensity of infrared modes are briefly described. For further reference, a wide range of literature is available which provides an overview of the theory behind infrared spectroscopy [START_REF] Demtröder | Laser spectroscopy: basic concepts and instrumentation[END_REF].

Energy levels

The transition wavenumber 0 is determined by the energies Ei, Ef of the initial and final state respectively and according to the Planck-Einstein relation: 0 1 ( )

f i E E hc (2.1)
The relationship between wavenumber and wavelength is:

1 n (2.2)
where n is the refractive index of the medium. Energy of a molecule in the approximation of Born-Oppenheimer can be written as the sum of three contributions treated separately:

el vib rot E E E E (2.3)
Where Eel is the electronic energy stored as potential energy in excited electronic configurations, Evib is the vibrational energy (atoms or groups within a molecule are in periodic motion) and Erot is the kinetic energy associated with the tumbling motion of molecules (rotational energy). These three contributions are quantized. Each term in the sum of the second member of the equation is small with respect to the preceding one: el vib rot E E E . The energy gap associated with a spectral transition is written, according to Planck's law:

el vib rot h E E E E (2.4)
The energy differences between the electronic, vibrational and rotational levels lead to absorption transitions in three spectral regions relatively separated:

-Electronic spectrum ( Eel ≠ 0), from UV to visible: 10 4 to 10 5 cm -1 -Pure rotational spectrum ( Eel = Evib = 0), from far-IR to microwaves: 0.5 to 10 cm -1 -Vibration-rotation spectrum ( Eel = 0): from near-IR to far-IR: 10 to 10 4 cm -1 Electronic transitions are highly energetic; thus, the emitted or absorbed radiations are in the ultra-violet or visible spectral range. Vibrational and rotational transitions are less energetic and concern the low frequency part of the visible spectrum and the infrared spectrum. It the vibration-rotation contribution in the near-IR domain that concern us in this thesis. As detailed in the following subsections, the different energy levels are described by their quantum number, written J and v for rotational and vibrational levels respectively.

Rotational spectroscopy

In the gas phase, a molecule is free to rotate due to the absence of intermolecular forces, as opposed to the liquid and solid thermodynamic phases. If we consider a diatomic molecule, the rotational energy levels Erot depends on the rotational quantum number J and a constant B depending on the molecule moment of inertia:

rot ( ) 1 E J h c B J J (2.5)
Here c is the speed of light. When considering polyatomic molecules, many more rotational modes have to be considered since there is more than one rotation axis. In this case, the rotational energy level Erot analytical expression differs depending on the geometry of the molecule, symmetric or asymmetric, linear or not, number of atoms. Moreover, some transitions between two rotational energy levels are not possible. The quantum theory related to rotational transitions implies selection rules. These selection rules depend on the dipolar momentum of the molecule. If it is parallel to the molecular axis, then the selection rule is given by ΔJ = ± 1. If it is perpendicular, then ΔJ = 0, ± 1.

With the exclusion of Raman effects (as these are beyond the scope of this thesis) the values of J that give rise to the absorption spectrum are: J = -1 (P-branch) J = 0 (Q-branch, this only occurs in molecules that are not symmetric) J = +1 (R-branch)

Vibrational spectroscopy

A molecular vibration occurs when atoms in a molecule behave as if they have a periodic motion. The frequencies of molecular vibrations, hereafter noted νvib, typically range from less than 10 12 to approximately 10 14 Hz. Vibrations of a simple molecule such as diatomic molecules are well described by the harmonic oscillator theory. The vibrational energy level Evib( ) can be written as a function of the vibration frequency νvib and the quantum number v:

vib vib 1 (v) ν v , 0,1, 2,... 2 E h v (2.6)
However, this expression is a primary approximation since diatomic molecule energy changes cannot be perfectly described by the harmonic oscillators, so that Equation (2.6) is usually completed by adding anharmonic terms that will not be detailed here.

When considering a polyatomic molecule, its vibrational motion is described by fundamental frequencies (modes), corresponding to different types of vibration. As a result, several vibrational frequencies have to be considered. Every atom has 3 degrees of freedom, corresponding to the 3 dimensions of space, leading to 3Na degrees of freedom where Na is the number of atoms of a molecule. Of these degrees of freedom, three describe rotation around a center of mass, which does not correspond to any vibrational motion. A further three degrees of freedom describe a translational motion which also does not give rise to any vibrational movement. Hence, the number of possible vibrational modes depends on the geometry both of the molecule and its number of atoms. A linear2 molecule has 3Na-5 vibrational modes because only two independent rotational movements exist. Polyatomic non-linear molecules have 3Na-6 possible vibration modes. For example, methane (CH4) has nine vibrational modes. However due to its spherical symmetry, only four of these modes are independent, so that the vibrational modes of the methane molecule are denoted ν1, ν2, ν3 and ν4 and are presented in Fig. 2.2. The corresponding fundamental wavenumber of the four vibration modes are listed in Table 3. For other hydrocarbon compounds, the number of independent vibrational modes are twelve for the ethane molecule (C2H6) and twenty seven for propane (C3H8) [START_REF] Shimanouchi | Tables of molecular vibrational frequencies. Consolidated volume II[END_REF]. Multiples of each fundamental frequency (or wavenumber) also exist, which are known as overtones. Theses overtones occur when a vibrational mode is excited from v = 0 to v = 2, which is called the first overtone, or v = 0 to v = 3, the second overtone. The fundamental transitions, v = ± 1, occur the most frequently, and the probability of overtones rapidly decreases as v = ± n. These overtones are normally denoted by placing an integer before the term for the fundamental vibration. For example, the second harmonic of the 3 fundamental vibrational mode is denoted 2 3. In addition, combinations between these modes are possible. Vibrational energy transitions may also occur between energy levels that are not involved with the ground state and they are designated "hot-bands". Other hydrocarbon compounds exhibit similar vibration bands to those of methane because of their C-H bonds. However, there are a number of other factors complicating the interpretation of infrared spectra that will not be detailed in this thesis as it is beyond its scope.

Ro-vibrational spectroscopy

Vibrational and rotational transitions can simultaneously occur, and correspond to the transitions between an energy level characterized by its quantum numbers (v", J") and energy level having (v', J') for ro-vibrational quantum numbers. These transitions are called rovibrational transitions. Since the difference in energy between two vibrational levels is larger than between two rotational levels, rotational transitions give a fine structure for each vibrational transition. The resulting spectrum involving vibrational transitions having the same rotational quantum number (ΔJ = J" -J' = 0) in the ground (v", J") and excited (v', J') state is called the Q-branch. On the high frequency side of the Q-branch, the energy of rotational transitions is added to the energy of the vibrational transition. This is known as the R-branch of the spectrum for ΔJ = +1. The P-branch for ΔJ = -1 lies on the low wavenumber side of the Qbranch. Fig. 2.3 presents a typical energy level diagram for ro-vibrational transitions. 

Absorption cross-section: line strength and broadening

The energy transition process described in the previous section implies that each molecule has an absorption line spectrum. Hence, to each spectral line, hereafter noted k, corresponds a unique frequency and a strength, written as 0;k and Sk respectively. However, these absorption lines have a finite spectral width. This spectral width is described by the lineshape profile gk which depends on the considered transition line and essentially3 on the atmospheric temperature T and pressure p. The probability of absorption is given by the absorption cross-section as previously related with the Beer-Lambert law. It is often expressed in cm 2 /molecule. The absorption cross-section for a single line is defined as the product of the temperature dependent line strength Sk and the lineshape function gk(ν). The absorption cross-section spectrum ( ) is obtained by summing up the contributions from many lines: 0, ( , , ) ( ) ( , , )
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The lineshape profile function is normalized and verify:
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As an example, the absorption cross-section of the methane molecule at different thermodynamic conditions is depicted in Fig. 2.4. The following subsections present the basics of line strength intensity and the lineshape profile by recalling the different sources of broadening.

Fig. 2.4. Calculated CH4 absorption cross-section at different thermodynamic conditions within the 2 3 Q-branch.

Line strength

Each Ro-vibrational transition is characterized by a probability of absorbing light defined as the intensity Sk called line strength expressed in cm -1 /(molecule.cm -2 ). This probability is temperature dependent and can be expressed as the following equation at thermodynamic equilibrium:

3/2 0 0 0 0 0 0 1 1 ( , ) ( , ) exp k k B T h cE S T S T T k T T (2.9)
where the first term Sk(T0) is the intensity of the transition at the reference temperature, conventionally taken at T0 = 296 K in the HITRAN database, the second term is an approximation of the rotational partition function for a non-linear molecule and the third term reproduces the population of the ground state characterized by the Boltzmann distribution. E'' is the ground state energy according to the transition, c0 is the speed of light in vacuum, h and kB are respectively Planck and Boltzmann constants. The energy difference between the two states defines the transition frequency 0. Generally, E" and 0 are given in cm -1 units. This temperature-dependent line strength is the key feature for temperature profiling with instruments such as DIAL [START_REF] Theopold | Differential Absorption Lidar Measurements of Atmospheric Temperature Profiles: Theory and Experiment[END_REF].

Natural Broadening

As a consequence of the Heisenberg uncertainty principle, .

t E

(2.10) the energy level of the excited state of an atom or ion can never be determined precisely because its life time t is finite. Ro-vibrational energy transitions have a natural broadening relating the lifetime of the excited state to the uncertainty on its energy, so that the difference in wavenumbers becomes (by using the Planck-Einstein relation):
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where Δti and Δtf denote the lifetime of the ground state and excited state, respectively. As a consequence, the absorption transition is broadened. Its half width at half maximum (HWHM) is γN, and the lineshape takes the form of a Lorentzian lineshape profile written gN:

2 2 0 1 ( ) ( ) N N N g (2.12)
where ν0 denotes the wavenumber at the center of the absorption transition, i.e., the maximum of the Lorentzian function. This lineshape profile is normalized so that its area is 1.

In the infrared spectral region, the typical life time for molecular vibrational transitions to occur is quite long, in the range of 10 -3 s, leading to narrow spectral lines, with a natural broadening in the range of 100 Hz. However, the line natural broadening is hidden when molecules are observed at atmospheric temperatures. In addition to the natural line broadening, absorption lines are further broadened by Doppler broadening and by collisional broadening. These forms of spectral broadening that result from the gas temperature and pressure are detailed below.

Doppler broadening

The thermal motion of the molecules leads to a Doppler broadening of the spectral lines. Since the rotational and vibrational state distribution in the electronic ground state changes with temperature, the absorption line strength varies with the gas temperature, assumed in our case to be equal to the atmospheric temperature T at local thermal equilibrium. As expressed by the Maxwell-Boltzmann statistic, the temperature T and the difference of energy between the two levels E2 -E1 define the population ratio 2 1 / N N , which is related to the line strength:

2 2 1 1 exp B N E E N k T (2.13)
Moreover, when considering an ensemble of molecules in the gas phase, the distribution of the velocity of each molecule induces a Doppler effect. The higher the temperature of the gas, the wider the distribution of the velocity becomes. Assuming that each molecule moves in a random direction, the Doppler shift is seen as a broadening effect. Doppler broadening is well suited to describe the lineshape in high atmospheric layers, or gas molecules at low pressure. This behavior is described by a Gaussian lineshape gD and expressed as follows:

2 0 1 ln2 ( ) exp ln 2 D D D g (2.14)
The half width D (FWHM) is essentially determined by the line position 0, the temperature T, and the molecular mass M:

0 2 ln 2 B D k T c M (2.15)
At 300 K, the Doppler broadening leads to a ro-vibrational transition lineshape profile that has a width in the range of 100 MHz, i.e. 10 6 times higher than the natural broadening effect.

Collisional broadening

When the pressure increases, the collisions between the molecules are more frequent. The kinetic energy transferred during the collision process causes electrons in an excited state to drop down to a lower energy level, as in the stimulated emission process. Therefore, the characteristic life time of the excited state becomes shorter. As for natural broadening, this shorter life time increases the uncertainty in the emitted energy. As a consequence, the pressure of the atmosphere and the partial pressure of the dedicated gas cause a line broadening described by a Lorentzian line profile.
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The Lorentz half width (HWHM) C is proportional to the pressure p and decreases with increasing temperature. In the case of a gas mixture with total pressure p and partial pressure pi of the absorber molecule the total width is given by the sum of a self-broadening contribution due to collisions between the absorber molecules and an air-broadening contribution due to collisions with other molecules. , 0 , , 0 0 0 ( , ) ( , )
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Where C,i is the collision broadening coefficient at standard condition (p0 and T0), nc,i is the exponent describing the temperature dependence of the collision broadening. It is so far known precisely for only a few transitions of the most important molecules and often given for γair only. The effective collisional broadening in a gas mixture is:

, C C i i i p (2.18)
Typical values of an air-broadening coefficient can reach widths in the range of 500 MHz at ground level. The HITRAN database provide collisional broadening for air and self-broadening.

However, the study realized by [START_REF] Delahaye | Measurements of H2O broadening coefficients of infrared methane lines[END_REF] shows that H2O-broadenings of methane lines are, on average, 34 % larger than those for dry air. Thus, the broadening coefficients of CH4 lines depending on the water vapor concentration may lead to a systematic bias on methane retrievals from remote sensors since the amount of H2O can be significant at low altitude.

Voigt lineshape profile

At very low and very high pressures, the line broadening profile can be modeled by a Gaussian or a Lorentzian function, respectively. At atmospheric conditions of temperature and pressure, these two broadening phenomena coexist and influence the spectral profile gk. Neither the Doppler broadening nor the collisional broadening is the dominant mechanism. If one assumes that these two effects are independent, gk can be described by a Voigt profile, defined as the convolution of a Gaussian and a Lorentzian profile, related to the thermal motion of molecules and molecular collisions respectively. This profile is generally well suited for the description of the spectral signatures observed in the atmosphere. The Voigt profile cannot be expressed in analytical form but can be numerically calculated by using:
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where gC and gD are the collisional profile and Doppler profile, respectively. The resulting line shape profile normalized is illustrated in Fig. 2.5. Other approaches exist to numerically calculate a Voigt profile and can be found elsewhere [START_REF] Armstrong | Spectrum line profiles: the Voigt unction[END_REF]. Depending on the measurement technique and the precision required, a more realistic lineshape profile can be used for the retrieval of gas concentrations. For example, considering the line mixing4 effect can lead to the reduction the amount of residuals in the treatment of atmospheric spectra and, consequently, minimize the systematic errors in the remote sensing retrieval of CH4 concentrations [START_REF] Tran | The 2ν3 band of CH4 revisited with line mixing: Consequences for spectroscopy and atmospheric retrievals at 1.67μm[END_REF]). In our case, using spectrally integrated broadband measurements on several absorption lines, our expected sensitivity with regard to this effect is too low: subsequently, a Voigt profile seems to be appropriate as pointed out by Tran et al. in their study on the 2 3 CH4 absorption band. 

Pressure shift

The line center position is shifted to a different, usually lower wavenumber at a non-negligible surrounding atmosphere pressure. It is related to the interaction between two collision partners that may perturb the intermolecular potential of the molecule and result in differences in the energy level spacing. The pressure shift of a transition line frequency with air pressure at p is described by a linear relation and this pressure shift is also temperature-dependent:
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Here, 0 is the transition frequency, is the pressure shift coefficient and dp is the exponent of the temperature dependence of the line shift. Hence, the line center positions involved in the calculation of the absorption cross-section must be replaced with its appropriate shifted transition frequency [START_REF] Weitkamp | Lidar : range-resolved optical remote sensing of the atmosphere[END_REF].

Spectroscopic data

As previously stated, remote sensing is a powerful and versatile tool to estimate profiles of atmospheric constituents such as trace gases. An essential prerequisite is the accurate and complete knowledge of the absorption properties of the atmospheric constituents and in particular for target gas to be evaluated quantitatively. In other words, the spectroscopic data are mandatory to link the characteristic spectral signature obtained by remote sensing to the trace gas distribution in the atmosphere. Laboratory spectroscopy in support of atmospheric remote sensing has greatly helped to compile several molecular spectroscopic databases of line parameters (i.e., line positions, line strengths, pressure broadening coefficients etc.) or absorption cross sections. In this section, the HITRAN (high-resolution transmission) database from which our methane absorption cross-section data originate is presented. Then, the PNNL (Pacific Northwest National Laboratory) database that is used to investigate the influence from other hydrocarbon compounds. Finally, some relevant methane spectra for our study are detailed. Interfering species that present non-negligible absorption in the same spectral range as methane are also discussed.

The HITRAN Database

The high-resolution transmission molecular absorption database attempts to give a comprehensive set of absorption lines, line-by-line for various molecular species. Different computer codes or retrieval software used this database to simulate the transmission and emission of the light in the atmosphere. The database is a long-running project started by the Air Force Cambridge Research Laboratories in the late 1960's in response to the need for detailed knowledge of the infrared properties of the atmosphere. HITRAN is now maintained and developed at the Harvard-Smithsonian Center for Astrophysics. Its current edition at the time of writing is 2012 and contains millions of spectral lines for 47 molecular species with 120 isotopologues [START_REF] Rothman | The HITRAN2012 molecular spectroscopic database[END_REF]. The line parameters in this database are mainly derived from Fourier transform spectroscopy measurements (e.g. [START_REF] Frankenberg | Pressure broadening in the 2ν3 band of methane and its implication on atmospheric retrievals[END_REF])) and also from theoretical calculations. This data are gathered into 19 parameters. The required spectroscopic parameters used to calculate the absorption cross-section spectrum σ(ν) are listed in Table 4.

The cross-section computations are made by using a customized version of the Py4CATS software which is under a GNU General Public License [START_REF] Schreier | Py4CAtS -Python tools for line-by-line modelling of infrared atmospheric radiative transfer[END_REF]. The grid defining the spectral resolution is set in the range of 2.10 -3 cm -1 under tropospheric values.

Parameter

Description Units 0 Transition wavenumber in vacuum cm -1 E"

Ground-state energy cm -1 S0 Line strength intensity cm -1 /(molecule.cm -2 ) c,air

Air-broadened width cm -1

.atm -1 at 296 K c,air

Temperature dependence of c,air unitless c,self

Self-broadened width cm -1 atm -1 at 296 K Air pressure-induced line shift cm -1 atm -1 at 296 K Table 4 -Parameters needed for the calculation of the absorption cross-section spectrum σ(ν).

Concerning the methane molecule, the HITRAN database benefits from numerous studies within the framework of improved accuracy of remote sensing in the Earth's atmosphere and also in extraterrestrial atmospheres. Details of the new methane line parameters in the HITRAN 2012 database is available in Brown et al. [START_REF] Brown | Methane line parameters in the HITRAN2012 database[END_REF].

The PNNL Database

Since other hydrocarbon compounds have C-H bonds, other compounds from natural gas can have an influence on the same spectral range as methane and thus impact its concentration retrievals. Natural gas comprises mainly methane (CH4), with a small proportion of higher hydrocarbons such as ethane (C2H6), propane (C3H8), butane (C4H10) and so on [START_REF] Hodgkinson | Methane-specific gas detectors: the effect of natural gas composition[END_REF]. As an example the monitoring of methane and ethane in a close window near 1.67 μm have been reported by using a continuous-wave cavity ring down spectroscopy (cw-CRDS) by Oh et al. (2008). The strong absorption methane line that is used in this work is located at = 6002.59 cm -1 (inside the Q-branch of 2 3 band) and the line position for ethane is centered at = 5955.97.

To precisely evaluate the potential biases due to the presence of other trace gases when measuring methane, a precise knowledge of their absorption cross-section is required. For this reason, the absorption spectra from two main compounds of natural gas other than methane were used in this study. These retained compounds for this study are ethane: C2H6 and propane: C3H8. HITRAN 2012 database doesn't cover the spectral range for ethane and propane in the 2 3 methane spectral band. Its spectral coverage for ethane is limited to 706-3001 cm -1 .

However, there are public-domain cross-section spectra of these gases available from the Pacific Northwest National Laboratory (PNNL) [START_REF] Sharpe | Gas-phase databases for quantitative infrared spectroscopy[END_REF]). Unlike cross-section spectra calculated from HITRAN, here, the spectra are directly supplied at different measured temperatures: 5°C, 25°C and 50°C.

Absorption cross-section spectra

This section presents the methane molecule and its absorption spectrum in the near infrared spectral region. Attention is also paid to the other compounds that may exhibit non-negligible absorption in the same considered spectral range. It is important to note that despite the fact that atmospheric methane is composed of different isotopes, only the stable one: (12)CH4 which has a relative abundance of more than 0.988 is taken into consideration in this study [START_REF] De Bièvre | Isotopic abundances and atomic weights of the elements[END_REF]. In this work, for practical reasons, the spectra are given in wavelength units. The conversion from wavenumber to wavelength is made with Eq. ( 2.2) and by using the refractive index of dry air dispersion formula given by [START_REF] Ciddor | Refractive index of air: new equations for the visible and near infrared[END_REF].

As introduced in section 2.1.3, methane has four fundamental vibrational modes. In addition to the rotational modes, numerous harmonic modes and combinations between these modes are possible. As a result, the methane molecule has a complex absorption spectrum as can be seen in Fig. 2.6 where the methane absorption cross-section between 1000 and 4000 nm is presented. This spectrum is computed from the HITRAN database at standard value of 296 K and 1 atm. In this thesis, special interest has been given to the second harmonic of the ν3 vibrational band. This methane 2ν3 absorption band together with its P, Q and R branches are presented in Fig. 2.7. This absorption band is centered around 6000 cm -1 (about = 1666 nm) and located inside an infrared Earth's atmospheric window which is suitable for remote sensing. This spectrum is typical for a spherical top molecule [START_REF] Champion | Spectroscopy of the Earth's Atmosphere and Interstellar Medium[END_REF]) such as methane (or SCl6, SiH4, Ca4 for example), with a strong Q-branch composed of a high number of transitions. Depending on the temperature and pressure, the bandwidth of such lines is in the range of the picometer. This spectral range has been chosen because it corresponds to an absorption band, available to the laser emission in line with the photodetector spectral range used in the experiment presented in Chapter 4 and Chapter 5. Therefore, the choice of wavelength can mainly be guided by the availability of suitable laser sources. However, water vapor, which is well established to be the dominant gas in determining the radiative balance of the Earth and its atmosphere, has numerous absorption lines in the visible and infrared spectral region and also in this spectral window. Hence, the absorption cross section of water vapor and carbon dioxide are also presented in Fig. 2.7. Inside the CH4 2ν3 band, the absorption spectrum of water vapor exhibits several lines with globally more than two decades of difference in intensity. However, the water vapor density may be more than two decades above methane density.

Since the two other main hydrocarbon compounds contained in natural gas have C-H bonds, they may interfere with CH4 absorption measurements in its 2 3 band. The overall error on cross-section data from PNNL is too high to be properly reported on the semi-log scale of the Fig. 2.7. However, ethane (C2H6) and propane (C3H8) spectra are presented together with methane on a separated plot in Fig. 2.8. Concerning their respective overall absorption cross-section uncertainties, it is 4% for ethane (Harrison et al. 2010) and 3% for propane (Harrison & Bernath 2010). The treatment of the systematic biases induced by these interfering gases will be discussed in the next chapter. This second chapter has introduced the fundamentals of absorption spectroscopy applied in this work. Firstly, a brief review on vibrational and rotational spectroscopy is given with emphasis on the absorption cross-section and its thermodynamic dependence on pressure and temperature through the line strength and lineshape profiles. Then the spectral databases compiling line parameters from HITRAN database and the related absorption cross-section have been presented. Finally, methane absorption spectrum and its potential interfering compounds presenting absorption lines within the same spectral region have been investigated
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Gas sensing with Optical Similitude Absorption Spectroscopy

Introduction

As related in Chapter 1, the motivations of this work are twofold: the first is to evaluate the capabilities of optical absorption measurements to retrieve target gas (TG) concentration under atmospheric conditions in which, the spectral width of the light source is broader than the spectral width of one or several molecular absorption lines and the receiver is not spectrally resolved and even non-dispersive. The second is to evaluate the ability of combining these types of measurements with the lidar technique hence leading to a robust TG remote sensing methodology.

The current most appropriate methodology to deal with non-spectrally resolved absorption spectroscopy in the NIR is NDIR. Unfortunately, this methodology does not have the ability to retrieve the TG concentration with accuracy when it is coupled to active remote sensing such as lidar. Effectively, in NDIR, the target gas concentration is retrieved with a prior absolute gas concentration calibration which is feasible if the optical path length is kept constant. This condition cannot be respected in the case of lidar range resolved measurement A calibration graph of absorbance versus concentration cannot be produced at each range where the backscattering and the optical efficiency is not constant over range and time. The main reason is that in lidar technique, the light source is a laser pulse, which propagates to a dedicated direction into the atmosphere. There, its power spectral density is changing as a function of the distance due to the atmospheric absorption [START_REF] Weitkamp | Lidar : range-resolved optical remote sensing of the atmosphere[END_REF]). However, it can be interesting on non-range resolved standoff remote sensing configuration using a diffusing reflector, where the optical pathway remains constant [START_REF] Hodgkinson | Optical gas sensing: a review[END_REF].

Then, the calibration graph can be used to determine the unknown concentration within the sample volume. An example of calibration curve is depicted in Fig. 3.1. The experimental data points related to the signal absorbance SA are calculated with Eq. (3.1) and then fitted with a polynomial equation [START_REF] Hodgkinson | Optical gas sensing: a review[END_REF]
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where IA is the intensity measured on the active channel and IR the intensity of the reference channel. The value of I0;R/I0;A is determined by flushing the measurement cell with clean air. The behavior of the calibration curve in Fig. 3.1 highlights a characteristic nonlinearity at high concentrations. In fact, the so-called "absorbance signal" SA is more related to an integrated effective absorbance over the considered spectral band that reaches the detector and overlapping the absorption band [START_REF] Hodgkinson | Optical gas sensing: a review[END_REF]. At low concentrations, the response is linear and may be used to extrapolate the limit of detection. In this cited work, a carbon dioxide detection limit (at 1 of approximately 1 ppm is reported, whereby a precise calibration procedure is required. To retrieve gas concentration from non-dispersive differential absorption measurements without the use of a standard gas calibration procedure, we here introduce a new concentration retrieval methodology developed within the framework of this thesis. It relies on a prior spectral characterization of the optical setup as previously introduced by B. Thomas [START_REF] Thomas | Remote sensing of trace gases with optical correlation spectroscopy and lidar: theoretical and numerical approach[END_REF]. We named this novel methodology Optical Similitude Absorption Spectroscopy (OSAS), as the gas concentration is derived by achieving a similitude between the light source and the target gas spectra. The general principle is presented in section 3.2. Since OSAS deals with spectrally integrated measurements, the use of the monochromatic Beer-Lambert law cannot be further applied. Hence, a quantitative evaluation of the TG-concentration from OSAS-measurements is a priori not straightforward and the proposed inversion algorithm is presented in section 3.3. A numerical model has been developed to evaluate the performance of this approach prior to realizing an experimental demonstration as presented in section 3.4.

Methodology

The OSAS-principle is shown in details in Fig. 3.2 when considering methane in its 2 3 absorption band. There, the power spectral density (PSD5 ) of a broadband light source (i.e. broader than the spectral width of one or several molecular absorption lines), is tuned or spectrally shaped to be similar with the TG-gas absorption spectrum (the active channel), while a second PSD is set or shaped in a less absorbing spectral region (the reference channel). Ideally, both PSD must be carefully set to ensure that no interfering species absorbs in their respective spectral ranges [START_REF] Hodgkinson | Optical gas sensing: a review[END_REF]. The active channel P0;1( ), which overlaps a high density of absorption lines, undergoes light absorption along the optical path, while the reference channel P0;2( ) experiences a lower light extinction. A smooth spectral distribution of P0;i( ) is assumed for simplicity. Hence, two different signals, S1 and S2, are detected after light absorption. In Fig. 3.2, ( ) is the spectrum of the opto-electronic efficiency of the detection part of the set-up. Signals are taken from a typical InGaAs detector with a wavelength cut-off at 1678 nm and peak sensitivity at 1550 nm. Following the Beer-Lambert law, the detected optical signals Si (i = 1, 2) can be expressed as follows in the absence of interfering species:
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where TTG( ) = exp(-TG( )Nℓ) is the optical transmission of the TG, N is the average gas density6 , TG( ) the TG absorption cross-section at wavelength and ℓ is the optical path length. The integral is considered to be taken over the wavelength range Δλ, extending over P0;1( ) and P0;2( ). K is an opto-electronic conversion factor assumed achromatic and constant during the measurements. The spectral shape or the position of P0;i( ) can be modified by tuning the light source or by applying several modulation techniques, such as a gas correlation cell with pressure modulation [START_REF] Dakin | Progress with optical gas sensors using correlation spectroscopy[END_REF] or a Fabry-Perot interferometer [START_REF] Vargas-Rodríguez | Design of CO, CO2 and CH4 gas sensors based on correlation spectroscopy using a Fabry-Perot interferometer[END_REF]. In this work, a broadband light source P0( ) is spectrally shaped by applying active or passive optical filters or by using a gas absorption cell. In these cases, the expression of P0;i( ) can be decomposed as follows:
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where the amplitude modulation (AM) functions Mi( ) depend on the amplitude modulator device, as detailed in the experimental set-up in Section 4.1. Note that it is possible to achieve AM on the detection part with e.g. an interference filter wheel, or a Fabry-Perot interferometer before the detector or even by splitting the reception part on two optical paths with two different detectors. Subsequently, the detected optical signals Si can be expressed as:
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where i(λ) is the opto-electronic detection efficiency for a dedicated channel. In the present chapter, AM at the emission was only considered.

Basically, OSAS can be described in the statistical theory as a non-zero similitude or covariance operator between the emitted power spectrum of the light source and the TG-absorption spectrum. This can be highlighted by evaluating the convolution between the PSD and the methane cross-section: 0; CH4 ( , ) ( ) i P is calculated by using the Gaussian function the light source power spectral density and is the spectral width. the convolution is normalized to 1 and the maximal of the convolution value is highlight with a red marker. Depending of one can see that the wavelength at this maximum is different. It is located within the Q-branch when > 0.25 nm. For spectral width values above 16 pm and less than 0.25 nm, the convolution is maximized on the R(6) absorption line7 (namely at ≈ 1645.6 nm) while for < 16 pm it is on R(4) line8 (namely at ≈ 1651.0 nm). A narrow spectral width brings up other spectral considerations such as temperature dependences to TG( ) and optical thickness optimization which lead not necessarily to the selection of these particular absorption lines. This study shows that whatever the AM spectral resolution is a non-zero covariance is available in the considered 2 3 CH4 absorption band. Phenomenologically, simulation results lead to the use of narrow AM of the PSD light source as used in high-resolution absorption spectroscopy methodology [START_REF] Hodgkinson | Optical gas sensing: a review[END_REF]. However, absorption line broadening renders this approach less robust for trace gases monitoring in industrial and urban sites but also in environments presenting poor infrastructures. Using low spectral resolution, it will raise other questions concerning the detection limit, the sensitivity of the methodology and on the concentration retrieval procedure, which will be described in the next sections.

Concentration retrievals

This section presents the work dedicated to the development of the inversion algorithm used to evaluate TG concentration from spectrally integrated absorption measurements as depicted in the previous sub-section. The concentration is evaluated by considering the signal ratio from two optical absorption measurements as in differential absorption methodology. It allows being independent in the retrievals from the unknown opto-electronic constant K (see Eq. (3.2)) by assuming that K remains constant in the dedicated spectral range. For narrow light source linewidth (e.g.

< 300 MHz9 in Numata et al. ( 2014)), cross-sections are generally approximated as monochromatic. Thereby, it greatly simplifies the inversion problem because the ratio S1/S2 is decreasing and considered as monotonic as the concentration is increasing. If the monochromatic approximation is not considered, the ratio may be non-monotonic. This behavior is evaluated from the theoretical ratio of the signals S1/S2 in absence of any bias when increasing the TG concentration. Thus, we define h(x) expressing the sensitivity to the differential absorption measurements as the ratio of two-signal models fi(x):
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where x is the concentration as a parameter and the fi(x) functions are defined with:
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The fi-functions are strictly decreasing as the concentration is increasing. It is verified with the first derivative of fi with respect to the parameter x:
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Moreover, the h-function is not necessarily monotonic and its behavior as a function of the concentration (in #.m -3 ) is presented in Fig. 3.4 by using P0;i( ) and TG( ) spectra from the Fig. 3.2. In this example, the h-function in solid black line is non-monotonic. For this simulation, a Lorentzian PSD with a spectral width = 2.5 nm is considered (black line). h(x) is slowly decreases as x increases in the low concentration domain (x < 10 24 #.m -3 ), h(x) is rapidly decreasing in the concentration domain ranging from 10 24 to 10 27 #.m -3 ). In the very high concentration domain (x > 10 27 #.m -3 ), the h(x) dependence with the concentration is inverted. This behavior comes from the decreasing exponential function to 0 at very high absorbance (saturation effect). However, the light extinction following Beer-Lambert law is not necessarily relevant in such an opaque medium because of possible multiple scattering. The monochromatic approximation that always has a monotonic trend is also shown on Fig. 3.4 (dotted line). Changing the spectral features of P0;i( ) can greatly modify the behavior of the h-function. Hence, the h-function is also plotted in case of a Gaussian PSD with the same spectral width ( = 2.5 nm, in red line). Its behavior is monotonic in the plotted concentration range but there is no guarantee that it will be for higher x values.

Because we do not realize an absolute calibration of gas concentration as in standard NDIR (see introduction of the present Chapter), the non-monotonic behavior of h(x) may have serious consequences for the concentration retrieval procedure being developed here. This means that from the measured ratio S1/S2, inverting h(x) to retrieve TG concentration, multiple solutions of the concentration could be retrieved. To address the issue of multiple solutions, the system must be restricted to a maximum concentration xmax that the instrument can encounter. Without considering noise, the concentration limit xmax can be easily numerically calculated by finding the first positive value of h'(x). As an example, the theoretical maximum path-integrated concentration by using spectral data from Fig. 3.2 is xmax = 8.9.10 7 ppm.m or xmax = 2.2.10 27 #.m -2 . It is acceptable as it is well above the expected values found in the atmosphere and it may be far above the fundamental limitations of the Beer-Lambert law because of possible multiple scattering. However, this aspect may be limiting when considering higher cross-section values. If the xmax value is not above the expected concentration range of the instrument, the P0;i( ) PSD should then be reconsidered. Currently, each system has its own xmax limitation and this value must be evaluated before realizing measurements. When considering the detector signal noise or inherent instrumental drift that will affect the measured time-series of Si signals, the following inequality should be always respected:
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If the condition of Eq. (3.8) is not fulfilled, as pointed out previously by numerical simulation (see Fig. 3.4), spurious concentration retrievals may appear. To prevent this undesirable effect, a value of xmax which is well above the working concentration domain (e.g. 0 to 10 26 #.m -2 ) is required. Depending mainly of the light source spectral width and the optical depth several approximations can be made that will render the retrieval easier. The different approaches are presented in the next sections. There, following assumptions are made: a) the detector and the instrument used to characterize the PSD must operate in the linear regime or have to be crosscalibrated. For the latter case, a correction factor may be included in the signal model functions. b) There is no stray light nor multiple scattering. c) Each term contained within the fi-functions have been properly assessed.

Effective cross-section

In differential absorption lidar, where the laser linewidth is in the order of < 0.1 of the absorption linewidth of the TG, it is common to use the monochromatic Beer-Lambert law (see Eq. (1.1)) [START_REF] Cahen | A spectral limitation of the range resolved differential absorption lidar technique[END_REF]. This approximation is based on the use of the effective cross-section eff which is the convolution of the light source emission spectrum with the absorption spectrum [START_REF] Ismail | Airborne and spaceborne lidar measurements of water vapor profiles : a sensitivity analysis[END_REF][START_REF] Ehret | Airborne remote sensing of tropospheric water vapor with a near-infrared differential absorption lidar system[END_REF]. A similar approach is also used in the gas correlation lidar [START_REF] Edner | Gas-correlation lidar[END_REF]). The study relates the combination of lidar and OCS. Note that in their work, measurements are made by only using one single resonance mercury line and the laser spectral width is three times than the Hg-resonance linewidth. Here, we try to apply this methodology on OSAS signals based on the absorption from several lines. For each ichannel, eff is calculated by using:
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where P0;i( ) and ( ) can be seen as spectral weighting function. When replacing TG( with the appropriate eff;i in Eq. (3.4), the concentration retrieval become straightforward by simply applying the ratio S1/S2:
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To evaluate the error on N from the influence of laser linewidths and the molecular density by using this methodology, Si signals were simulated by using the spectra of P0;i( ) and TG( in the CH4 2 3 band presented in Fig. 3.2. The spectral efficiency ( ) was assumed to be constant. Thereby, the concentration retrievals are made by using Eq. (3.10). As the systematic bias is dependent of both light source spectral width and path-integrated concentration, the simulation is made twice by considering the change of only one of the two parameters. The relative error on N as a function of is presented in Fig. 3.5a. when setting Cℓ = 10 4 ppm.m. Results of the systematic bias on N as function of the path integrated concentration when is set to 1 nm at FWHM in presented in Fig. 3.5b. For both figures, the red markers highlight the same input parameters. Although errors on N are non-linear with or N, these results show that the effective cross-section approximation works well only for a light source with a low spectral broadening and a relatively low path integrated concentration. To keep a relative error below 1%, the spectral linewidth must be inferior to 0.01 nm and the PIC should not exceed 10 3 ppm.m. These errors are in fact the result of the difference between the h-functions modeling the real case and its approximation presented in Fig. 3.4. The main advantage of this method is that it is very simple to implement and requires very little computing time. The integrals can be calculated or even be experimentally measured beforehand and be reused in the TG concentration retrievals. The value of eff;i can also be evaluated experimentally (not realized here). Considering the light source spectral widths obtained experimentally (> 1 nm, see chapter 4), a considerable systematic bias can be expected that will avoid the application of this approach. Another error source occurs when this methodology is coupled with remote sensing technique such as lidar with any correction. The effective cross-section description in Eq. (3.9) does not include the modification of the laser power spectral density as a function of its propagation into the atmosphere. Actually, the laser power spectral density is modified along the optical path due to the absorption and it results in a changing value of the effective cross section as a function of distance. For a well-defined laser line profile with its spectral width below the linewidth of an absorption line, the effective cross-section can be corrected from this effect under assumptions [START_REF] Ambrico | Sensitivity Analysis of Differential Absorption Lidar Measurements in the Mid-Infrared Region[END_REF]. In this cited work, multiplets of lines with spacing less than 0.02 cm -1 have been treated as single lines in the effective cross-section calculation. Hence, the use effective cross-section approximation appears to be challenging by considering the change of the laser spectral density that have been absorbed by several absorption lines.

Polynomial equation with a Taylor approximation of the transmission

Previous works from B. [START_REF] Thomas | Remote sensing of atmospheric trace gases by optical correlation spectroscopy and lidar[END_REF] show that the concentration N is retrievable from spectrally integrated measurements by solving a cubic polynomial equation. The transmission term is approximated with a third Taylor expansion of the exponential function [START_REF] Thomas | Remote sensing of trace gases with optical correlation spectroscopy and lidar: theoretical and numerical approach[END_REF]. To reduce the systematic error from this approximation, the polynomial approach can be generalized by approximating the exponential function to his Taylor expansion at the n thorder. Subsequently the transmission term in Eq. (3.2) is replaced by the following Taylor expansion of the exponential function: where the Ai coefficients are: (3.13) To retrieve the concentration N, the polynomial equation (3.12) is numerically solved. The Ai coefficient shows that the spectral dependence of Eq. (3.2) variables need to characterized. Compared with Eq. (3.2), K does not appear in the Ai coefficients because it is assumed to be achromatic over Δλ and constant during signal measurement. Hence, it disappears when considering the ratio S1/S2. As the polynomial equation is elevated to the n th -order the fundamental theorem of algebra states that solving Eq. (3.12) leads to n roots. Despite the number of possible roots, only the real root which is contained in the range: [0, xmax] is generally attributed to the concentration N. It has been shown that some ambiguities may occur if N is too close to xmax. Because the exponential is approximated with its Taylor expansion, the h-function behavior is changed and so does the xmax value with this approach. In addition, the inequality in Eq. (3.8) might no longer be satisfied with time-series of signals suffering from random fluctuations and the numerical inversion might lead to spurious retrieved values. Thus, these unwanted ambiguities when finding the right root led to develop a new approach for a robust retrieval of the concentration and it is presented in the subsection below.
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Iterative method with Newton-Raphson

Another approach based on an iterative algorithm is here proposed to overcome the possible additional systematic biases on the retrieved concentration N from the previous inversion methodologies. From the ratio S1/S2, we may introduce the following g-function in which its zero value allows the retrieval of the TG concentration whatever the optical depth. It is defined by:
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whose x-variable is related to the TG-concentration while fi is the function modeling the detected signal previously defined in Eq. (3.6). Interestingly, the x-variable corresponds to N when the S1/S2-ratio is equal to the f1/f2-ratio. In other words, the gas concentration N appears as the first zero of the g-function. Hence, the concentration N can be retrieved by applying a root finding algorithm on Eq. (3.14). Considering that the g-function is convex, the Newton-Raphson algorithm is adequate for solving this kind of simple non-linear problems [START_REF] Rodgers | Inverse methods for atmospheric sounding: theory and practice[END_REF][START_REF] Press | Numerical recipes: the art of scientific computing[END_REF]). It requires the evaluation of both the function g(x) and its first derivative g'(x). At the n th -iteration, starting from x0 = 0, the solution of this algorithm is given by: 1 ( ) '( )
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A unique solution is ensured when g' < 0, g" > 0 and N belongs to [0; xmax], where xmax is the first zero of h'(x) as presented in section 3.3. To highlight the convergence of the inversion algorithm in the case of a high methane optical depth, the g-function is displayed in Fig. 3.6a.

When considering the uncertainties affecting the measured signals Si, the root-finding algorithm converges to the target gas concentration with an uncertainty that depends on the statistical uncertainties and biases on the measured signals Si as displayed in grey in Fig. 3.6a. As a result, the gas concentration is retrieved owning the fi-function can be accurately modeled. This requires a prior knowledge to the spectral dependence of all the variables involved Eq. (3.2).

The numerical relative error is below 10 -12 after only n = 5 iterations and reaches the computation limit (about 10 -16 ) after only 7 iterations (see Fig. 3.6b). For comparison, the numerical relative error by using the secant method is depicted in dashed line. This method is defined by the following recurrence relation:
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The initial values x0 and x1 are set at 0 and 1 respectively. It clearly shows that the secant method converges more slowly (in term of iteration) than the Newton-Raphson method but requires less computing time as the calculation of g'(x) is not needed in the secant method. It should further be noted that the computing time is closely linked to the numerical spectral resolution when calculating the fi-functions and even more when the integral is calculated over a wide wavelength range Δλ.

Among the different root-finding methods that can be used to retrieve N, the Newton-Raphson method is used for the rest of the manuscript because this method converge quickly, it is one of the most popular, and also, Newton-Raphson is not limited to one dimension [START_REF] Press | Numerical recipes: the art of scientific computing[END_REF]. It is generalizable to multiple dimensions as for example to retrieve several gas concentrations; this will be discussed in Section 3.3.4.

Multiple gas species retrieval from the iterative method

In NDIR methodology, some development shows that it is possible to retrieve concentration of several gas species by using a single light source and by adding several channels [START_REF] Sun | Method of sensitivity improving in the non-dispersive infrared gas analysis system[END_REF][START_REF] Sun | Cross-interference correction and simultaneous multi-gas analysis based on infrared absorption[END_REF][START_REF] Rubio | Non-selective NDIR array for gas detection[END_REF]). Each of these channels have their own spectral characteristics. Here is a proposal to generalize the OSAS inversion methodology for retrieving the concentration of several molecular species. In a first step, it is demonstrated with two species and then generalized to n species.

Two concentrations from two distinct molecular species N1 and N2 are evaluated by extending the model from one linear equation to a system of non-linear equations. Experimentally, this implies that one supplementary measurement channel should be added. Now, three different PSD P0;i(λ) (i = 1, 2, 3) are considering. The measurement cycle is here composed of three individual signals measurements10 (Si with i =1, 2, 3). We denote x1 and x2, the values where x1 = N1 and x2 = N2 when g(x1, x2) = 0. The three g-functions can be expressed as:
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The function modeling the detected signal fi(x) is rewritten and now considered the two TG molecular species:
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where σ1(λ) and σ2(λ) are the absorption cross-section of the two TG molecules. As an example, the g-functions are represented in a 3d plot in Fig. 3.7. It needs at least two surfaces to unambiguously estimate N1 and N2 concentrations. Concentration retrievals can be easily generalized from two different molecules to n by solving a system of non-linear equations. Consider a system of n non-linear equations (the g-functions)

containing n unknowns (the different target gas concentrations) given by: For notation simplicity, the system can be written in a single expression using vectors:

( ) 0 g x (3.20) where the vector x contains the independent variables, and the vector g contains the functions gi(x):
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A Newton-Raphson method for solving the system of linear equations requires the evaluation of the Jacobian of the system, which is defined as: 

n n g n n x x J x g x (3.23)
The main complication when using the Newton-Raphson method to solve a system of nonlinear equations is to define all the functions ∂gi/∂xj, for i,j = 1,2, …, n, included in the Jacobian matrix. As the number of equations and unknowns, n, increases, so does the number of elements in the Jacobian increase as n 2 . However, numerical methods exist to avoid the increase of computation time called "quasi-Newton methods". It consists in replacing the exact Jacobian Jg(xn) with an approximation easier to calculate. Examples can be found in [START_REF] Nocedal | Quasi-Newton Methods[END_REF]. Before realizing multiple concentration retrievals with this proposed methodology, further investigations are needed to calculate the concentration limit values xi;max which is not the aim of the present work.

Optimization and sensitivity analysis

The sensitivity of OSAS as in the NDIR technology is limited by physical constraints due to the statistical errors on the signals Si and systematic bias arising mostly from changes in spectral proprieties on signal models fi. Hence, this section presents the results from the OSAS numerical model that has been developed to assess the performance of the experimental realization and to prove the TG concentration retrieval methodology. The purpose of such a numerical model is to increase the understanding of the relationships between input variables of the fi functions and the TG concentration. Moreover, the different sources of statistical and systematic errors, related to the OSAS formalism described in Section 3.2, are evaluated. By testing different sets of input parameters detailed below, this numerical model allows a significant improvement in the accuracy and understanding of the systematic bias of the retrieved gas concentration of the OSAS experiments presented in Chapter 4 and in Chapter 5 when OSAS is coupled with lidar. Hence, numerous parameters, such as the TG absorption spectra features and the amplitude modulation functions (subsection 3.4.1), spectral stability of the light source (subsection 3.4.2), spectral efficiency of the detector (subsection 3.4.3) and absorption cross-section accuracy and its dependence to temperature and pressure (subsection 3.4.5) are detailed and discussed below.

TG absorption spectra and amplitude modulation

OSAS-measurements depend obviously on the TG-absorption spectrum as well as on the chosen spectral properties of the AM functions. Although the convolution can be calculated very quickly, the convolution function depicted in the previous section could not be applied for a quantitative evaluation of the effective transmission of the probed volume. To quantify the effect of both AM-functions and the detector noise on the differential absorption, the normalized transmission function appears to be adequate (Thomas et al. 2013 a). In the absence of interfering species, these AM functions spectral properties and its dependencies can be studied by evaluating the normalized weighted transmission Tw( i) of a TG-sample cell, which is defined as follows:
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where the spectra P0( ) and (λ) are taken from experimental results (see Fig. 4.4 and Fig. 4.18). The AM-function i simulates a modulation function centered at wavelength i, with a Lorentzian shape function that carefully fits with an AM-experimental spectrum on its first order of magnitude (R 2 = 0.98). The methane transmission TTG(λ) is computed from the TG-cross section spectrum TG(λ) by using a path-integrated concentration Cℓ set to 1.10 4 ppm.m, using the HITRAN 2012 database [START_REF] Rothman | The HITRAN2012 molecular spectroscopic database[END_REF] in the same spectral range as in Fig. 3.2. For that, air broadening at laboratory temperature and pressure (T = 294 K, p = 1013.25 mbar) is considered in the individual Voigt's line profiles. The normalized transmission Tw i is shown in Fig. 3.8 for methane in the 1620-1700 nm range. Tw( i) reaches a minimum at 1665.6 nm in the Q-branch. Local maxima are obtained at a central wavelength (CWL) of λi = 1660.0 nm, 1630 nm and 1672.3 nm due to the decreasing number of strong methane absorption lines. The influence of the spectral width λ of the modulation on Tw i is also shown in Fig. 3.8 by considering λ = 2.5 nm and λ = 5 nm. As expected, the transmission is increasing in the center of the Q-branch when λ is increased. Moreover, Tw i extrema positions are slightly shifted.

Broadband light source spectral behavior

As detailed in the OSAS methodology section, the spectral properties of the broadband light are involved in the gas concentration retrieval as it the case with any other NDIR methodologies. Hence, the power spectral density fluctuations with short-term and long-term stability are of prime importance for accurate gas mixing ratio retrievals. Consequently, the influence of statistical fluctuation of P0(λ) has been studied through our OSAS numerical model.

Several broadband light sources can be used depending on the expected concentration accuracy and sensitivity. Firstly, the long-term stability of P0(λ) and its impact on the retrievals is studied. In this numerical simulation which mainly focus on the central wavelength of P0(λ), a generic broadband light source with a Gaussian emission envelope is considered. A detuning of a light source can have different physical origins. For example, the central wavelength of a semiconductor emitter is generally sensitive to both current and temperature [START_REF] Träger | Springer Handbook of Lasers and Optics[END_REF]. A typical temperature dependence of the power spectral density emitted from a LED is shown in Fig. 3.9. Fig. 3.9. Typical temperature dependence of LED spectral emission, taken from [START_REF] Smith | Recent developments in the applications of midinfrared lasers, LEDs, and other solid state sources to gas detection[END_REF]. The peak wavelength is strongly wavelength-dependent and emitted power falls at higher temperatures.

Subsequently, the systematic bias arising from the spectral detuning of a broadband light source and its consequence on the gas concentration retrievals are studied. To evaluate the order of magnitude of the biases on the concentration retrievals from both temperature and current drifts, a simple model considers a detuning of the central wavelength of the light source is used. A gaussian power spectral density P0 is slightly detuned and the resulting emitted PSD is defined with: 0;
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where CWL is the spectral detuning value.

Results of the minimum detectable PIC as a function of CWL is shown in Fig. 3.10a. The minimum detectable PIC is set at a TG concentration relative error of 100 % (SNR = 1). The AM-functions considered in this simulation are described in the figure caption. One sees clearly that the CWL offset should be the lowest as possible. AM-functions having Lorentzian shape are more sensitive to the light source drifts because of their extended wings compare to Gaussian functions. In addition, a broader AM-function are also more sensitive to the detuning effect on retrieved concentrations. Thus, ensuring a methane relative error of 1% range when measuring 10 4 ppm.m requires a light source with a spectral offset not exceeding CWL 3.4 pm (for the Lorentzian AM with λ = 5 nm). Note that this simulation is made with Cℓ = 10 4 ppm.m and results of minimum detectable PIC can slightly change when considering another value due to the non-linearity of the Beer-Lambert law. In the same manner as the detuning study, the change of the light source spectral width is investigated by increasing CWL with λwidth and the results are presented in Fig. 3.10b. Since the central wavelength of λ0 is set between λ1 and λ2, the spectral width of the light source is less critical than the spectral position. This systematic bias tends to compensate as the spectral width change apply a similar factor on both S1 and S2. As a consequence, the spectral width of the light source is not a critical parameter if the light source CWL is located between the considered AM channel and its power spectral density is symmetrical.

Depending on the expected concentration accuracy and sensitivity, a temperature control or compensation may be required. For example, a light source with a detuning specifies of 0.1 nm/K allows a theoretical minimum detectable concentration of 10 3 ppm.m to be obtained when considering 1 K change. Light sources may also suffer from fast jittering of their central wavelength. In this way, the systematic biases are different from the previous study because the CWL offset varies around CWL. To be more general, this effect is studied by investigating the jitter on the emitted power spectral densities P0;i rather on P0 and by considering different spectral shapes and spectral widths. In the numerical model, P0;i( , i) is computed with i = CWL ± CWL where CWL is a normal distribution with a variance set to 0.1 nm. Simulation is made with Cℓ = 10 4 , 1 = 1665.5 nm and with different 2 positions between 1650 nm and 1680 with 0.2 nm step. Results of the relative error on the retrieved concentration from the Monte Carlo simulation are shown on Fig. 3.11. At each step, the mean of 10000 retrieved values are plotted. Standard deviations were calculated but not shown for readability. It can be seen that the error on the retrieved concentration can be reduced by properly choosing the position of P0;2 and this by finding positions close to the minimal values on each curve. A larger spectral width on P0;i will impose accurate separation of the active channel from the reference channel. A larger spectral width seems to be less sensitive to the CWL jitter. Interesting features showing non-negligible impact on the retrieved concentrations when the reference channel is tuned between two strong absorption lines. It exhibits a higher relative error due to the presence of absorption lines on the side lobes of P0;2, e.g. when tuning reference channel to 2 = 1651.2. In the case of optical measurements of methane within its 2 3 absorption band, these results confirm the choice from section 3.4.1 to tune the reference channel in the region of 2 = 1660 or 2 = 1672 nm in case of a spectral width of = 2.5 nm. A similar study can be realized to investigate the influence of spectral width jitter on the retrieved concentration.

Detector

The statistical errors on the detected signal, as well as the light background and the light source fluctuations, induce statistical fluctuation on the retrieved gas concentration. Any change in the S1/S2 ratio is attributed to a change in concentration and therefore this value must be the most accurate as possible. It is thus necessary to have the proper optical detector depending on the emitted optical power.

Detector Noise

Detector noise is a random fluctuation of the electrical signal produced by several different effects [START_REF] Howard | Principles of random signal analysis and low noise design: The power spectral density and its applications[END_REF]). In the case of a photo-detector can be mentioned the shot noise, the thermal noise (also called Johnson or Nyquist noise) and the dark current. For the detector noise, a normalized figure of merit may be used, which is the specific detectivity or D commonly expressed in Jones units (cm.Hz 1/2 .W -1 ). It is equal to the signal-to-noise ratio (SNR) when used in uniform irradiance, normalized for a detector area Ad and a measurement bandwidth f.

* NEP

d A f D (3.25)
where NEP11 is the noise equivalent power, it is the amount of incident radiant flux required to produce a detector output equal to the output caused by noise (Its unit is expressed in watts with a 1-Hz electrical bandwidth). Fig. 3.12b shows that a photodetector based on InGaAs having peak sensitivity around 1.6 μm has generally a better detectivity than one having peak sensitivity at 1.9 μm or even 2.2 μm. Other detectors based on HgCdTe show promising performance but cannot be tested during this study [START_REF] Foubert | Development of HgCdTe single-element APDs based detectors for low flux short wave infrared applications[END_REF][START_REF] Rothman | HgCdTe APDs for low photon number IR detection[END_REF][START_REF] Dumas | Performances of a HgCdTe APD based detector with electric cooling for 2-μm DIAL/IPDA applications[END_REF]. It should be noted that a lock-in amplifier could improve the precision on the signals but it is hardly compatible with a backscattering lidar application, which is the perspective of this chapter.

Spectral behavior

As discussed in the previous section, any change in the spectral features involved in the signal models (see Eq. (3.6)) leads to a systematic bias on the concentration retrieval. Therefore, the opto-electronic efficiency should remain stable. It is obvious that detector having a "flat" responsivity in the considered light source spectral range e.g. thermal sensor are less suitable for inducing biases on the retrieved concentration. Nevertheless, within the framework of a lidar application, this work is based on an APD with InGaAs composition. However, this detector has the distinction of having its cut-off wavelength within the methane 2 3 absorption band (see Fig. 3.12). This dependence originates from the ratio of InAs and GaAs. The composition ratio is noted x for In1-xGaxAs. The band gap, essentially the energy gap between the electron valence band and the conduction band, which is linked to wavelength, as a function of the composition ratio is presented in Fig. 3.13. By increasing the mole fraction of InAs further compared to GaAs it is possible to extend the cut-off wavelength up to about 2.6 μm. In that case, the responsivity should be flatter in the considered spectral range but the specific detectivity might be lowered.

Our detector has a standard composition ratio with x = 0.47 and its cut-off wavelength is cut = 1.68 μm at 295 K. To evaluate the order of magnitude among all possible origins of change in the opto-electronic efficiency, this study only focuses on this particular aspect: the quantum efficiency of our InGaAs detector and its temperature dependency. An example of detector responsivity and its temperature dependence is shown in Fig. 3.14. By using the empirical relation proposed by [START_REF] Paul | Empirical expressions for the alloy composition and temperature dependence of the band gap and intrinsic carrier density in GaxIn1-xAs[END_REF], the temperature dependence of the energy gap when using x = 0.47 is calculated and shown in Fig. 3.13b. An increase in temperature reduces the energy band gap, thus increasing the corresponding wavelength. To assess this temperature bias on the retrieved concentration, the opto-electronic efficiency is simply shifted in term of frequency in the numerical model. We recall that the signal fi are not sensitive to the change of in amplitude since a normalized value is sufficient. Thus is replaced with ± in the retrieval algorithm and the results are presented in Fig. 3.15a. As expected, because of the spectral shape of which decreases for the higher wavelengths a positive spectral shift (corresponding to a temperature rise) tends towards a less important systematic bias than a spectral shift to the lower wavelengths because of the relatively flat spectral region of the detector responsivity before the cut-off wavelength. Results from Fig. 3.13b shows that for a temperature change of T = +1 K around T = 293 K, it corresponds to an energy difference of E = -0.37 meV or a wavelength difference of 833 pm. Within this temperature range, the change in energy gap is quite linear with T, so for T = +0.1 K it corresponds to a wavelength difference of 83 pm. By considering this temperature change, the impact of the retrieved concentration would thus be in the range of a relative error of 6.10 -3

. A similar study has been realized by changing the CWL position of the reference channel to nm and the results are plotted in Fig. 3.15b. It shows that by considering the same temperature change of 0.1 K, it would induce a higher bias on the concentration estimated at 3.4 %. Following previous discussion concerning the CWL of the reference channel (section 3.4.1), these results will promote to tune it to 1660.0 instead of 1672.3 nm. 

Systematic errors with interfering species

In complement, the role of interfering gas molecules has been addressed by considering water vapor, carbon dioxide, nitrous oxide and other hydrocarbon gases such as ethane and propane whose absorption lines lie in the same spectral range as methane. Starting from Eq. (3.2), the detected optical signals Si (i = 1, 2) in the presence of other gases (OG) interfering the measurement of the TG can be expressed as follows:

0; TG OG ( ) ( ) ( ) ( ) d i i S K P T T (3.26)
where TOG is the optical transmission from the contribution of individual interfering species symbolized with the j-subscript:

OG OG, ( ) ( ) j j T T (3.27)
In a first step, the spectral influence of each interfering species is studied by calculating the normalized transmission Tw i with:

0; OG,j 0; ( , ) ( ) d ( ) ( , ) d i i w i i i P T T P (3.28)
where P0;i i is a lorentzian function with a spectral width set at = 2.5 nm. Note that this study is being carried out to give an order of magnitude whereby a mathematical function properly models the light source used in the experimental setup. The parameters used in the TOG calculation are summarized in Table 5 The PIC values are set intentionally high to scale Tw in one unique plot showing the spectral influences of the different interfering molecules. As a comparison, the current background concentration of nitrous oxide and carbon dioxide is 324 ppb and 391 ppm, respectively [START_REF] Stocker | Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change[END_REF]. The results of the different Tw calculations are shown in Fig. 3.16. Methane normalized transmission is also plotted as a comparison by using Cℓ = 10 4 ppm.m. Despite the two local maxima available to tune the reference channel as discussed in section 3.4.1 and 3.4.3 (λ2 = 1660.0 nm or λ2 = 1672.3 nm). The position at 1672.3 nm seems to be a less judicious choice because of a greater influence of the two hydrocarbons (ethane and propane) and nitrous oxide in this spectral range. As the water vapor has a continuum in the infrared spectrum, its cross-sensitivity with methane cannot be avoided. 5. Tw( i) for methane is also plotted as a comparison in a dashed line.

In the second stage, when we compare the influence of the different interfering species with more realistic concentration values, only the water vapor appears to have a significant influence. The absorption cross-section of the interfering species is at least 10 3 times lower than the target gas absorption cross-section. However, in the near infrared spectral range, water vapor may exhibit concentrations as high as 10 3 times the methane concentration. As an example, Fig. 3.17a shows methane and water vapor extinctions for respectively 1.8 ppm, which is the present background concentration and 12000 ppm (RH ≈ 50 % at 293 K). Systematic biases due to the presence of water vapor when measuring CH4 concentration for three relative humidity (RH) values (10 %, 50 % and 99 %) are presented in Fig. 3.17b. The systematic bias on the retrieved methane-mixing ratio appears to be negligible for methane mixing ratio above 100 ppm. It can be either positive or negative depending on the sign of Tw,H2O( 1)/ Tw,H2O( 2). It is only valid for a concentration range due to the non-linearity of the exponential function. At background methane mixing ratio (1.8 ppm), knowledge of the water vapor concentration profile is a necessity for accurate12 CH4 measurements. As a comparison, the influence of background carbon dioxide concentration (400 ppm) on CH4 measurements is also depicted. The methane relative error is found to be low because the CO2 absorption spectra have a weak influence when tuning the PSD P0;2 to 2 nm (see Fig. 3.16). 

Bias induced by uncertainties on the spectroscopy

Systematic biases from the spectroscopy can be classified into two distinct sources. One arising from insufficient knowledge when calculating the TG absorption cross-section from spectroscopic database and the one by the inherent systematic biases to the absence of precise knowledge of the pressure and temperature wherein the volume is probed. This is particularly the case for the latter when performing remote sensing measurement.

3.4.5.a Spectroscopy database

Even if the precision on the individual absorption line parameters barely affects the retrieved concentration, the lack of CH4 absorption lines in databases or precise line parameters may be a source of systematic bias. In addition, the numerical model may poorly assess systematic biases induced by interfering species. To get an order of magnitude of these potential biases on methane retrievals, we simulate OSAS signals with CH4( ) from HITRAN 2012 and the signal model namely, the fi-functions are calculated by considering CH4 cross-section from HITRAN 2008 [START_REF] Rothman | The HITRAN 2008 molecular spectroscopic database[END_REF]). The HITRAN 2012 update shows an addition of more than 23 000 new lines in the 1.6 to 1.7 μm spectral range. The results are shown in Fig. 3.19. Different P0;i( ) spectral shapes and spectral widths are considered. When measuring high methane concentration, it clearly shows that the lack of absorption lines result in high systematic biases. It should further be noted that the spectral resolution when calculating the fi-functions must be precise enough to avoid additional biases. Our numerical model has a spectral resolution set to 2.10 -3 cm -1 . Measuring high methane concentrations with a high accuracy might require improvements in the absorption cross-section computation. As these systematic biases are below our expected experimental precision on N, this point is left as a perspective to improve the accuracy of OSAS measurements. 

3.4.5.b Temperature and pressure biases

As mentioned in Chapter 2, the atmospheric temperature T and the atmospheric pressure p will affect the precision on the retrieved concentration through the temperature and pressure dependence of the absorption cross-section. In the case of point source measurements, this effect is easily corrected by measuring these parameters or by their stabilization inside the probed volume. Within the framework of remote sensing measurements, additional error due to insufficient knowledge of the temperature or pressure profile obviously occurs.

Concentration retrievals from OSAS methodology will be a ected in terms of bias by temperature di erence between the atmosphere temperature and a reference temperature used in the retrieval algorithm as well with the atmospheric pressure. Simulation of concentration bias due to this e ect is presented in Fig. 3.19. This numerical simulation has been performed by considering the PSD P0;i( ) presented in Fig. 3.2 with temperature gradient from 200 K to 400 K in combination with strong atmospheric pressure gradient from 500 mbar to 1200 mbar. The retrieval algorithm is set with a constant reference temperature and a constant atmospheric pressure: Tref = 292 K, pref = 1013.25 mbar respectively. For an atmospheric temperature change of ±100 K in combination with a strong pressure gradient, bias on the methane concentration remains in the 10 % range. This small bias makes the differential absorption with broadband light source robust regarding strong temperature variation. The change in atmospheric pressure barely a ects the concentration retrievals as shown in Fig. 3.19. Obviously, this systematic bias depends on the spectral width of P0;i( ) and in this simulated case, the systematic bias is low because the signals are spectrally averaged over several absorption lines. A similar study is realized when a gas absorption cell is used in the reference channel. Results from the numerical simulation when considering the AMfunction P0;2( ) = P0;1( ).Tcell( ) are shown on Fig. 3.20. P0;1( ) is an arbitrary light source with a Gaussian shape and a spectral width of 10 nm centered at 1665 nm. Tcell( ) is the transmission of a 75-mm gas reference cell containing 1500 Torr of pure methane. Interestingly, by using an OCS set-up, the pressure change on the probed volume and its impact on the retrieved concentration is lower than the previous AM-functions used. Regarding the temperature change, the systematic bias has more impact on the retrieved concentration with OCS as amplitude modulator.

Hence, OSAS retrievals mainly depend on the absorption line strength, rather than on the spectral line broadening gk, which in turn limits the temperature and pressure dependence of the retrieved methane mixing ratio (Thomas et al. 2013 b). It should be borne in mind that the sensitivity to these effects is largely dependent on the spectral shape and spectral width of the P0;i( ) spectra. When considering large spectral width, the sensitivity to the temperature is not necessary reduced because the temperature dependence of the cross-section can become complex. Fig. 3.20. Systematic error on the retrieved methane mixing ratio as a function of the pressure and the temperature by considering a constant reference temperature in the retrieval algorithm highlighted with the red circle (Tref = 292 K, pref = 1013.25 mbar). A correlation is here considered as the spectral modulator for the reference channel.

Additional biases may occur from the presence of water vapor when measuring methane in atmosphere due to its impact on the collisional broadening coefficients [START_REF] Delahaye | Measurements of H2O broadening coefficients of infrared methane lines[END_REF]. Indeed, the broadening coefficients of CH4 lines by H2O versus the ones from dry-air used in the retrieval algorithm have an impact on retrieved methane concentrations. This aspect has not been assessed in this work but we believe that it would have an impact similar to that of the pressure change.

In this chapter, the OSAS principle has been presented. The analytical problem to retrieve the TG concentration from differential signals spectrally integrated has been solved by using a rootfinding algorithm. Among the presented retrieval algorithms, the Newton-Rapson was identified as the most appropriate. The potential non-monotonic behavior of signal ratio has been addressed by setting a concentration limit xmax.

This proposed methodology avoids the use of the gas calibration procedure. The corollary is to precisely characterize the spectral emission and the spectral detection of the instrument. In addition, the TG absorption cross-section should be accurately known. A numerical model has been developed to evaluate the performance of this approach prior to providing it in an experiment.

OSAS-experimental proof on CH 4

Chapter 4

OSAS-experimental proof on CH 4

This chapter is dedicated to the realization of the experimental proof to measure methane mixing ratio with OSAS. Subsequently, a description of the experiments that were carried out to verify the OSAS principle of operation is presented. These experiments also had the objective of establishing the operation range of CH4 gas measurements by applying OSAS. A description of each optical configuration used in the experimental set-ups is presented with the specification of its optical components and the procedures followed in the carrying out of the experiments in section 4.1. The experiment described in this section has been entirely designed, developed and implemented in the framework of this thesis. It should be pointed out that the performances are far removed from existing methane sensors commercially available because sensitivity improvement was not the aim of this study.

As a first step, the general layout of the optical set-up is presented. Then, the technical details of specific set-ups are described. The two different broadband light sources used in this experiment (SLED and fs-laser coupled with OPA) are described together with their specifications. Other light sources could be used, which are more specific in terms of CWL and spectral width in regards to the TG absorption spectra. However, to remain versatile, the choice of a light source emitting on a broad spectral range in the near IR was made. Then, three different amplitude modulators used to achieve the light source amplitude modulation are presented. In subsection 4.2 the spectral specifications required to realize quantitative gas concentration measurements as opto-electronic efficiency are addressed. A discussion about the spectral stability of the different set-ups is proposed. The chapter ends with the OSAS verification and an entire description of the experimental results followed by a discussion in subsection 4.2.3. A part of this work has been recently published in the Optics Express journal [START_REF] Anselmo | Gas concentration measurement by Optical Similitude Absorption Spectroscopy: methodology and experimental demonstration[END_REF].

Experimental set-up

The general optical layout of the experimental set-up is shown in Fig. 4.1. The amplitude modulation device spectrally shapes a broadband light source emitting pulse at 1 kHz repetition rate. A single-path measurement gas cell (1-meter-long) is positioned after the amplitude modulator. It could be set before the AM if its transmission is well characterized or achromatic over the considered spectral range (Thomas et al. 2013 a). The gas cell is filled with a mixture of CH4-clean air and N2 buffer gas. The gas cell partial pressures are monitored with a Capacitron (DM21). The Si-signals, measured with an Avalanche Photo-Diode (Laser Components, LCIA-200-10) are sampled with a transient recorder (Licel, 14 bits, 20 MHz sample rate), averaged over 1 second and the electronic offset is corrected. Fast switching between active and reference channel provides a maximal sample rate of 500 Hz on each individual channel. The APD is based on InGaAs material and it presents a spectral cut-off at cut ≈ 1695 nm. Table 6 summarizes its specifications. The measurement of P0;i(λ) is achieved with an intensity and frequency-calibrated spectrograph (ANDOR Shamerock SR-750). It relies on a 512-pixels CCD camera based on InGaAs detector having a spectral cut-off at 2.2 μm. Light is transmitted to the spectrograph through the removable mirror shown in Fig. 4.1.This arrangement avoids any supplementary modulation induced by optical compounds (semitransparent mirror or a polarizing beam splitter) that could affect the light coupling to the spectrograph. To avoid APD or CCD camera saturation, the light intensity can be reduced by a neutral density filter (NDF). However, it is not recommended to use a NDF after the removable mirror because of possible Fabry-Perot light intensity modulation. To ensure that Eq. ( 3.2) can be applied, we verify that both detector and spectrograph operate in the linear regime. A quarter waveplate is placed before guiding the optical path to the gas cell or to the spectrograph to avoid biases induced by the polarization dependent spectrograph grating efficiency. 

Broadband light sources

In standard non-dispersive absorption methodology, it is customary to use cost effective light source such as micro-bulbs. These miniature incandescent light sources have a limited electronic modulation frequency, up to 10 Hz being typical. Moreover, they operate typically at 3000 K, which means that their power density spectrum contains visible and IR radiation not used for the measurement. They also suffer from aging, which may cause drifts over time. Other developments relying on more spectrally efficient light sources and capable of more rapid modulation frequencies were made. For example, thin incandescent membranes, based on Micro-electro-mechanical system (MEMS) technology, some of which have engineered high emissivity surfaces, membranes with structured surfaces designed to improve their spectral efficiency at a given wavelength, light-emitting diodes (LED). For more details on NDIR light source, see [START_REF] Dinh | A review on non-dispersive infrared gas sensors: Improvement of sensor detection limit and interference correction[END_REF][START_REF] Hodgkinson | Optical gas sensing: a review[END_REF] and also [START_REF] Shemshad | Simulation of Methane Detection in Near Infrared Spectrum[END_REF]).

On the other hand, laser spectroscopy in DIAL often relies on strong requirements from the light source. As an example, when a high spectral resolution is needed, the spectral stability and purity often requires feedback loops. Finally, other light sources quite different from the narrow linewidth laser used in DIAL, include Quantum Cascade Lasers (QCL) [START_REF] Michel | Quantum cascade laser open-path system for remote sensing of trace gases in Beijing, China[END_REF][START_REF] Diba | Application of a broadly tunable SG-DBR QCL for multi-species trace gas spectroscopy[END_REF] and femtosecond laser combs [START_REF] Bohren | Chemical detection with hyperspectral lidar using dual frequency combs[END_REF]. These kinds of laser sources offer high spectral resolution gas sensing. However, the energy per pulse is low which makes its use challenging with elastic backscatter lidar or with non-cooperative hard targets.

In the laboratory experiments presented here, concerning the verification of the OSAS methodology, the different set-ups rely on two kinds of light source described in the following sections:

A Superluminescent Light Emitting Diode, which has a low temporal coherence. This light source has been chosen for its relative ease of use.

A femtosecond laser coupled with an Optical Parametric Amplifier. This laser chain is used for the purpose of a lidar coupling.

For both light sources, the amplitude modulation is realized by pulse shaping according to Eq. (3.3) and has no feedback loop with wavelength stabilization.

4.1.1.a SLED

In the experiments dedicated to OSAS demonstration in laboratory, we use a commercial SLED from Denselight (DL-BZ1-CS65M5A) emitting at a 1650 nm wavelength. Its 65 nm (FWHM) spectral width perfectly covers a large spectral range of the methane 2 3 absorption band.

A Superluminescent Light Emitting Diode (SLED) is an edge-emitting semiconductor device based on superluminescence. It combines the spatial coherence of laser diodes with the low temporal coherence of light-emitting diodes (LED). A SLED relies on the amplified spontaneous emission (ASE) process where spontaneous emission is amplified only in a single pass. For this reason, a SLED has lower output power for the same electrical drive current as compared to a laser diode but a broader spectrum. Hence, a SLED is a kind of hybrid between a LED, which emits broadband light in all directions, and a semiconductor laser diode, which emits a well-defined laser beam with narrowband PSD. The emission bandwidth of a SLED is typically in the range of several nanometers and often tens of nanometers, sometimes even well above 100 nm [START_REF] Paschotta | Fiber Optic Sensors[END_REF]. In our experiment, the SLED emission mode is pulsed at 1 kHz repetition rate with pulse duration of 20 μs. The light coupling is ensured with a SMF-2813 fiber having a 10-μm mode field diameter whose output is collimated with a 10x-microscope objective having an effective focal length of f = 18 mm (see picture in The SLED power spectral density P0( ) is shown in Fig. 4.4 between 1550 and 1750 nm (black curve). The spectral width and shape of the emission spectrum is directly related to the gain medium spectrum [START_REF] Chen | Quantum well superluminescent diode with very wide emission spectrum[END_REF]. A SLED based on quantum-well (QW) structures, as the one used here, have polarization-dependent gain output characteristics that depend strongly on the geometry of the active QW element and on the excitation conditions [START_REF] Batovrin | Superluminescent diodes based on single-quantum-well (GaAl) As heterostructures[END_REF]. This polarization spectral dependency of our SLED is also depicted on Fig. 4.4. Spectra are recorded by inserting a polarizing beam splitter cube between the SLED and the spectrograph, the red curve and the blue curve correspond to the p-pol and s-pol respectively. The measured spectral width for the p-pol considering only its main lobe is λ = 23.7 nm and λ0 = 1658.8 nm.

The inset in the figure shows the spectral ripples that are related to the SLED chip coupling with the single mode fiber. As discussed in section 3.4.2, any change in the power spectral density may induce a systematic bias on the retrieved concentration. In this way, the monomode fiber should not be moved or bent after the P0;i(λ) spectral characterization has been realized. This is because of possible change in the spectral ripples or more generally because of change in the fiber transmission. A broadband polarizing beam splitter cube sets the p-polarization after collimating the light. As explained in section 3.4.2, optical gain in semiconductors depends strongly on temperature. Concerning our SLED, the CWL detuning with temperature is generally in the 0.1 to 0.2 nm/K range according to the manufacturer (over operating conditions). Output power stability in free running is ± 0.03 dB for 1 hour and ± 0.1 dB for 8 hours after one hour of warm-up.

4.1.1.b Femtosecond-laser chain

The laser source used in this experiment is based on a femtosecond (fs) titanium-doped sapphire laser (Ti-Sa) from Quantronix (Integra HE-4). Here, the advantage of ultra-short lasers is their spectrally broadband pulse due to the Heisenberg incertitude principle. The shorter the pulse duration, the larger the spectral width. Our fs solid-state laser is operating around pump = 785 nanometers with pump = 21 nm at FWHM. The broadband emission is amplified by using the chirped pulse amplification technique (CPA) [START_REF] Cook | Pulse compression-key to more efficient radar transmission[END_REF]. The concept of the CPA is a technique to amplify an ultra-short laser pulse, while avoiding very high peak powers in the laser amplification process itself. This is done by the pulse length duration being amplified, with dispersing, or "chirping", it. Finally, the amplified laser pulse is recompressed back to the original pulse width through the reversal process of stretching. In our system, after the two amplification stages14 , the mean optical power reaches 4 W. The pulse repetition frequency is 1 kHz and the pulse duration is in the 100-femtosecond range. The laser pulse exhibits a 10 -4 radian beam divergence at the exit of a x9 beam expander. The outgoing laser pulse is used to pump an Optical Parametric Amplifier (OPA from Quantronix -Palitra). This Ti-Sa laser source offers the advantage of having its central wavelength tunable via the OPA and covers a large spectral range allowing the monitoring of different gases. By the means of parametric amplification, energy transfer to another wavelength can be produced with the three-wave mixing interaction. Parametric amplification is three-wave mixing process involving the exchange of energy from a powerful optical wave with high frequency p to two lower-energy waves with low frequency s and i, denoted the Signal and the Idler, respectively. The threewave mixing process is governed by energy and momentum conservation laws. As a result, photons emitted from the femtosecond pump laser generate two other photons of equivalent energy. In the wavelength domain, it permits the following energy conversion:

pump signal idler 1 1 1 (4.1)
where signal and idler are the wavelength of the signal and idler pulses, respectively. Our OPA relies on BiBO crystals, so the output electric field of the signal has a horizontal polarization and the idler a vertical one. The OPA layout is presented in Fig. 4.5. The harmonics and frequency conversions were not used.

Amplitude modulators

To compare OSAS with other existing methodologies (see section 0), amplitude modulations are applied through three different modulation techniques (I, II and III). The different optical arrangements that shape the power spectral density of the SLED are depicted in Fig. 4.6. These modulation techniques are based on an active filter (the AOPDF), a pair of passive interference filters or an absorption cell. Below each arrangement scheme, the corresponding Mi(λ) are depicted. Note that for set-up I, the Mi(λ) functions are given as an example and are versatile in contrary to the ones from set-ups II and III. For the femtosecond laser source, only set-up I has been used. Each amplitude modulator applied in OSAS experiments is described in the following subsections. 

4.1.2.a AOPDF

Among the different pulse shaping techniques (comprehensive review was made by Weiner 2011) to be used with our femtosecond laser, the AOPDF15 modulator (Dazzler-HR-1000-1650 from Fastlite) has been chosen for its great versatility and its compactness [START_REF] Krausz | Ultrafast Optics IV: Selected Contributions to the 4th International Conference on Ultrafast Optics[END_REF]).

An AOPDF is a particular arrangement of an Acousto-Optic Tunable Filter (AOTF) device. An AOTF operates on the principle of anisotropic Bragg diffraction in a birefringent crystal. A piezoelectric transducer is bonded to a crystal. When the transducer is driven with a radiofrequency signal, a traveling acoustic wave is generated. The acoustic wave produces a moving refractive index grating inside the crystal via the acousto-optic effect. The AOTF is designed so that, for a given acoustic frequency, only a narrow range of optical frequencies will be diffracted. It is used with a wide variety of light sources not necessary collimated. These devices are now commonly used in spectrometers and replace traditional grating by acoustic grating with electronic control for rapid and precise wavelength selection. They also avoid mechanical moving parts which is a major asset for spaceborne instruments [START_REF] Nevejans | Compact high-resolution spaceborne echelle grating spectrometer with acousto-optical tunable filter based order sorting for the infrared domain from 2.2 to 4.3 μm[END_REF][START_REF] Drummond | Studying methane and other trace species in the Mars atmosphere using a SOIR instrument[END_REF].

The AOPDF filter used here differs from AOTF because it relies on collinear or quasi-collinear acousto-optic diffraction. It is based on co-propagating optical and acoustic waves and allows true control of the optical spectral phase. A quick description of this device is presented in Fig. 4.7. Its design optimizes the spectral resolution for a collimated source, such as a laser and has a low angular acceptance. It is frequently used for controlling spectral phase and amplitude of ultrashort laser pulses [START_REF] Kaplan | Theory and performance of the acousto optic programmable dispersive filter used for femtosecond laser pulse shaping[END_REF]. Note that a comprehensive review, providing the state-of-the-art of ultrafast pulse shaping techniques, can be found in [START_REF] Weiner | Ultrafast optical pulse shaping: A tutorial review[END_REF]. It is worth noting that the AOPDF is a dispersive element and seems to be contradictory with the non-dispersive approach as laid out in the first chapter with the objective of simplifying gas sensor instruments. However, because of its great versatility, it allows the testing of nondispersive elements such as passive filter elements before being ordered. As shown in insert I of Fig. 4.6, the amplitude modulation of the broadband light source is achieved by using the AOPDF as an active filter to generate versatile Mi( ) functions on the 1°-diffracted beam. Concerning its specificities, the maximal transmission and spectral rejection respectively reach 0.6 and 2.10 -4 . To match the AOPDF polarization specification, a half wave-plate (see Fig. 4.3) is inserted on the optical pathway. Using the 1 kHz repetition rate of the light source, each light pulse can be alternately -without dead time -adjusted to the active M1( 1, ) or to the reference M2( 2, ) AM-function in a single optical beam. The remaining 3.6°-beam outgoing from the AOPDF is not used here. Note that the input beam divergence degrades the resolution.

According to the manufacturer, the input beam angular aperture must be inferior to:

1/ 2 22 L (4.2)
Where L is the length the TeO2 crystal, in our case: L = 25 mm. Thus, the divergence of the light source should not exceed 1.5 mrad when the device operates at 1666 nm. This value is in accordance with the two broadband light sources used in this experiment. The theoretical spectral resolution is given by:

2 1/2 0.8 n L (4.3)
where n is the index difference between ordinary and extraordinary waves on the propagation axis in the crystal. In our case n = 0.04, so the theoretical spectral resolution of our device at our wavelength operating range is 2.22 nm

The AODPF is used with the two light sources presented in section 4.1.1: the SLED and the femtosecond laser. Primary results with the SLED/AOPDF combination in a continuous wave mode have shown a very high temperature dependency of the filter transmission spectral width.

Thereafter the SLED was pulsed at 1 kHz repetition rate and synchronized with AODPF to reduce this thermal dependence as a result of a too high acoustic power released into the crystal. Some examples of spectrally shaped power spectral density P0( ) and their resulting P0;1( ), P0;2( ) spectra are presented in Fig. 4.8 for both light sources. The CWL are set to 1 = 1665.5 nm and to 2 = 1660 nm. Note that in case of the femtosecond laser, the obtained spectral width is the narrowest: = 1.51 nm. For the SLED, the obtained spectral width is about = 2.5 nm for both modulations and this is the smallest experimental value that has been achieved with our apparatus. The broadband PSD P0;1( ) corresponds to an AM-function that effectively overlaps the Q-branch of the methane 2 3 absorption band, hence addressing the similitude between the P0;1( ) and the TG-absorption spectra.

In more detail, the OPA output power density spectrum is shown in Fig. 4.9a. The spectral linewidth of P0( ) is = 53.8 nm at FWHM. The rebound at 1600 nm is an artifact in the energy conversion processes. An example of an AOPDF diffracted beam P0;1( ) ( nm = 1.51 nm) with the femtosecond laser source is also shown in Fig. 4.9a and in Fig. 4.9b in a semi-log scale. This P0;1( ) spectra shows the characteristic sinc function shape as it is related to the AOPDF theoretical diffracted field intensity [START_REF] Kaplan | Theory and performance of the acousto optic programmable dispersive filter used for femtosecond laser pulse shaping[END_REF]. The rejection magnitude is in the range of 10 2 to 10 3 in the considered spectral range. One of the main limitations of the AOPDF is its input limit in energy, which can lead to Kerr effects if this value is exceeded. The maximum femtosecond pulse energy diffracted by the AOPDF attained in this work is in the range of 30 μJ. Another problem, which makes it difficult to use in practice with a bulk arrangement, is the lateral chromatic aberration of the diffracted pulse. It is known that non-collinear AOTF suffers from lateral chromatic aberration that is intrinsic to anisotropic Bragg diffraction [START_REF] Yano | Acoustooptic TeO2 tunable filter using far-off-axis anisotropic Bragg diffraction[END_REF]. However, this effect in the specific case of the AOPDF is not well documented. In practice, the use of the AOPDF for our experiment requires very precise alignment and multiple checks need to be made to ensure a similar beam pointing towards the spectrometer and the APD. The AOPDF can be programmed to generate more complex transmission spectra. One example of AM addressing the similitude and non-similitude with the methane cross-section is presented in Fig. 4.10. Unfortunately, the obtained amplitude modulation functions for active and reference channel exhibit a lower sensitivity to methane absorption. This is due to the limitation of resolution or to a non-optimal rejection bandwidth. In order to optimize the detected signals, the PSD of P0;i presented in Fig. 4.8 were preferred for TG concentration measurements. Fig. 4.10. Spectral characterization of obtained power density spectra P0;i( ) when more complex functions are set on the AOPDF (red and blue lines for active and reference channels, respectively). The green spectrum is the methane absorption cross-section plotted to compare its similitude with P0;i( ).

4.1.2.b Interference filters

The second modulation technique relies on passive filters as shown in Fig. 4.6. The two interference filters were designed, in accordance with Section 3.4.1, to exhibit a transmission FWHM bandwidth of 5.07 nm (respectively 4.04 nm) centered at a CWL of 1666.31 nm for the active channel (respectively 1660.99 nm). The mean blocking transmission value is about 10 -4 from X-Ray to 3200 nm. The half waveplate, placed before the amplitude modulator, balances the energy between the active ( 1 = 1666.31 nm) and the reference ( 2 = 1660.99 nm) channel. In order to select one channel at a time, a mechanical chopper16 is used and rotated at a 500 Hz frequency, which then triggers the 20 μs SLED pulse. Delays are adjusted so that the SLED alternately emits pulses to the active channel and to the reference channel without any cross talk between them. Afterwards, the two optical paths are recombined with a polarizing beam splitter cube. One of the greatest difficulties is the technical problem of providing identical spatial structure of the output pulses and to precisely adjust the axes to ensure identical beam directions from the active and the reference channel into both the APD detector and the spectrograph. For experimental versatility, a mechanical chopper is used instead of a conventional filter wheel that may simplify the set-up [START_REF] Sun | Method of sensitivity improving in the non-dispersive infrared gas analysis system[END_REF]. This modulation technique has only been tested with the SLED, the enslavement of the femtosecond laser pulse repetition frequency with the mechanical chopper could not be tested in the framework of this study. When ordering passive filters, there is a manufacturing tolerance, which is an important point to consider especially for interferences filters with narrow bandwidth. Interference filters are made with dielectric layers and their specificities can vary from batch-to-batch in production. For example, at our request for ordering custom IF with a 5 nm spectral bandwidth at a specific CWL in the NIR, the tolerance announced was ±1 nm for both spectral bandwidth and CWL. This means that for a batch production, OSAS performance can be greatly reduced if the CWL of the active channel is on the side of the methane Q-branch. However, the CWL of interference filters can be slightly adjusted to shorter wavelengths by changing the angle of incidence. As the CWL of our interference filters have a positive spectral offset beyond the optimal positions (discussed in section 3.4.1), their angles of incidence are slightly adjusted to reach these positions.

The transmittance spectrum of an interference filter is slightly temperature dependent and thereby may induce concentration retrievals errors [START_REF] Basher | problems in the use of interference filters for spectrophotometric determination of total ozone[END_REF]. The CWL of narrow bandpass filter may shift because of its thin film thermal properties as well as the thermal expansion coefficient of the substrate [START_REF] Kim | Derivation of the center-wavelength shift of narrow-bandpass filters under temperature change[END_REF]. As temperature increases, all layer thicknesses increase. At the same time, all layer indices change. These effects 17 combine in such a way that the transmittance spectrum shifts slightly to longer wavelengths with increasing temperature. According to the manufacturer, the thermal coefficient of our filters is about 0.05 nm/K. Our numerical model shows that for a filter temperature change of 0.5 K, it corresponds to a concentration bias of 5.75 %. For this simulation, the amplitude modulations used are taken from Fig. 4.11 and PIC is set to Cℓ = 10 4 ppm.m. P0( ) is a gaussian function with λ = 23.7 nm and λCWL = 1658.8 nm. It should be noted that this thermal bias is very dependent on the spectral shape and position of P0( ).

4.1.2.c Absorption cell

The third amplitude modulation technique relies on a reference gas cell containing pure methane, as presented in Fig. 4.6-III. It is interesting to note here that using a reference gas cell to realize the OSAS experiment is similar to the arrangement of the optical correlation spectroscopy (OCS) methodology.

In this case, the optical set-up is close to the previous one relying on interference filters. The AM-function is achieved here by inserting a 75 mm-sealed methane gas cell, filled with 1500 Torr of pure methane on the optical pathway of the reference channel. As the light propagates through this reference cell, it undergoes the characteristic TG-absorption spectrum, contrary to the other light pathway, corresponding to the active channel, where no gas cell or optical compound is inserted. Both pathways are recombined with a polarizing beam splitter cube, before entering the 1 m-measurement gas cell. To increase the relative transmission between both channels, the bandwidth of the broadband light source is reduced by inserting an interference filter (Filter 3) before the polarizing beam splitter cube. The specificities of this filter are a CWL of 1667.62 nm and spectral bandwidth = 11.46 nm at FWHM. The orientation of the filter is slightly tuned to match the center of the Q-branch absorption on the transmitted PSD. The AM-functions defined in Eq. (3.3) are now expressed as:
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where TIF3 is the transmission of the interference filter 3 and Tcell is the transmission of the reference cell, calculated from the HITRAN database by considering self-broadening and Voigt line profiles at the laboratory temperature of 294 K and using the methane pressure of 1500 Torr. The half waveplate before the PBS balances the energy between both channels thereby no gray filters are required (see main set-up in Fig. 4.3). This modulation technique has been only tested with the SLED for the same technical reason as the set-up II. 

Spectral requirements

This section is dedicated to the prior spectral requirements needed before realizing concentration retrievals. These requirements are actually the power spectral density characterization and the opto-electronic efficiency measurement. Once these measurements have been obtained, we can verify the limit of OSAS in term of concentration range: [0, xmax] by analyzing the h-function presented in the retrieval methodology (see section 3.3).

Power spectral density stability characterization

The power spectral densities P0;i( ) for each set-up have already been presented in the previous section. To complement these, studies on both light sources spectral stability are presented. These results are related to section 3.4.2 concerning the stability of the light source required. Fig. 4.15 shows a time-series of 66 recorded spectra of the SLED during 138 minutes. Each spectrum is a composite made up of individual spectra with 20 nm span and its consequence is a duty-cycle below 50% due to the background acquisition and due to the rotation of the spectrograph grating. The color gradient is proportional to the intensity of the power spectral density. A PBS was inserted on the optical path and explains the two spectral envelop (see spectral characterization of the SLED p-pol previously presented in Fig. 4.4). Stability of spectral width, CWL and power are depicted on the right side of the figure. Sharp changes appear on spectral width and CWL, this is due to the spectral ripples coupled with the spectral resolution of our spectrometer (in the range of 0.1 nm). In line with the SLED characterization, the stability of the femtosecond laser is investigated. The Fig. 4.16 shows a time-series of recorded spectra of the idler signal tuned to 1660 nm at the output of the OPA. Each spectrum is also a composite made up of individual spectra with a 20 nm span. Despite the discontinuity inside each spectrum, it clearly shows that the power spectral density of the broadband light source is less stable than the SLED. Concerning the power stability, it shows slow drifts over time. These drifts are partially reduced if the amplitude modulator is fast switching between M1 and M2. However, the fast intensity fluctuations can have a much more important impact on the concentration measurements. For our experiments, the main limiting factors are the spectral changes. As a complement to this study, spectral stability of both P0;1( ), P0;2( ) over 8 hours have been characterized and are presented in the Fig. 4.17. These power spectral densities are obtained by coupling the SLED into the AOPDF by setting 1 = 1665.5 nm and 2 = 1660.0 nm. Periodic oscillations on the CWL can be seen for both channels despite the resolution of the spectrometer, which show quantization on the retrieved values. The detuning time-series of 1 and 2 seems to be correlated (R 2 = 0.83). Concerning the power stability, the long-term instabilities are in range of about ± 2 %. Moreover, both channels oscillate following an identical pattern (R 2 = 0.75), which might be correlated with the temperature regulation of the laboratory. As detailed in sections 4.1.1 and 4.1.2, the SLED and the AOPDF are both thermally dependent. For the SLED light source, it is inherent to the energy bandgap of semiconductors and for the AOPDF, this is due to the thermal dependence of the refractive indices and elastic properties of the TeO2 crystal [START_REF] Balakshy | Compensation of thermal effects in acousto-optic deflector[END_REF].

Fig. 4.17. Time-series of CWL for P0;1( ) and P0;2( ) with the SLED coupled into the AOPDF. Red and blue lines stand for active and reference channel respectively.

Opto-electronic efficiency

To clarify what we call opto-electronic efficiency18 introduced in Section 3.2, here, ( ) is related to the responsivity of the APD, R ) convoluted to the efficiency of all other optical compounds set on the optical path between the detector and the removable mirror (see set-up in Fig. 4.3). Therefore, if the detector has an output current, Is, which corresponds to an incident optical power P, the responsivity is a function of the incident radiation wavelength, the bias voltage, V, and the temperature, T, of the device [START_REF] Refaat | III-V Compound Detectors for CO2 DIAL Measurements[END_REF]). The responsivity is expressed as:
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where QE is the quantum efficiency (the conversion efficiency of photons to electrons) of the detector for a given wavelength, q is the electron charge, is the wavelength of the optical signal, and h is Planck's constant. G is APD internal gain and it is also temperature dependent.

The value of R( ) is generally given in units of amperes per watt (A/W) or volts per watt (V/W).

To evaluate the opto-electronic efficiency of our set-up, we used the AOPDF that operates as a monochromator having a spectral resolution of = 2.5 nm as presented in the optical arrangement in Fig. 4.6-I. The optical gas cell is filled with 1 atm of pure N2. ( ) is hence obtained by interpolating ( i) measurements characterized between 1.6 and 1.71 μm, assuming is constant over Hence, we get:
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where Si( i) is the detected signal in the absence of absorbing species, when the CWL is set to i. Hence, P0;i i is the corresponding spectrum simultaneously recorded with the spectrograph by placing a spectrally-calibrated polarizing cube instead of the removable mirror. In this case, simultaneous measurements prevent long-term drifts. This calibrated spectrograph is used for normalizing the signals detected by the APD because the modulated optical power from the SLED is in sub-mW range and it is below the sensitivity of our power-meter. The CWL i is swept with the AOPDF from 1600 nm to 1710 nm with 1 nm steps. The i)-values are normalized and shown in Fig. 4.18. Absolute measurements in terms of A/W or V/W are not mandatory since the concentration is retrieved from the ratio S1/S2. In the case of absolute calibration, a reference detector calibrated by the NIST (National Institute of Standards and Technology) is necessary [START_REF] Refaat | Characterization of advanced avalanche photodiodes for water vapor lidar receivers[END_REF]. The decrease of in the high wavelength range is in agreement with our InGaAs APD spectral cut-off. Uncertainties on are calculated by considering both the detector and spectrograph shot-noise. As expected, the precision on is least where the optical power diffracted by the AOPDF is the lowest. The uncertainty on i is lower than 0.1 nm and hence not reported in Fig. 4.18. As explained in section 3.4.3, the detector responsivity is likely to change with temperature. Since this systematic bias has a moderate effect on the concentration retrievals providing that the reference channel is tuned to 2 = 1660 nm, we assume that this spectral specification of our optical setup will remain stable over time and use it for the experimental results. It should be pointed out that the voltage gain G of the APD is not changed in the meantime as it can have a nonnegligible influence on the opto-electronic efficiency [START_REF] Ma | Tailoring the performances of low operating voltage InAlAs / InGaAs avalanche photodetectors[END_REF]. It is also worth noting that an AOPDF is not mandatory, any other monochromator or narrow-band tunable light source can be used to achieve this spectral characterization. 

Experimental arrangements applicability

Once the prior spectral characterization of the set-up is complete, the theoretical performance in terms of minimum detectable change on S1/S2 of the different experimental set-ups is evaluated by using the ratio of the signal models which is namely their h-function introduced with Eq. (3.5). The xmax value is calculated in order to ensure that each maximum value is not in the measured concentration range. For each set-up configuration used in this work, the hfunction is calculated and presented in Fig. 4.19. For better clarity, h(0) is normalized to 1. It clearly shows that the sensitivity to x is greater when using the AOPDF coupled with the femtosecond laser. This is due to the spectral width obtained with this set-up, namely = 1.51 nm. The theoretical xmax values for all h-functions are far beyond the considered concentration range, which is highlighted in the gray area (0 < x < 1.8×10 4 ppm.m). For the reference cell setup, the h-slope is weaker and in this particular case, its h-function behavior is monotonic in the plotted x-range. As an example, for the fs-laser coupled with AOPDF, without considering any signal noise, the fundamental limitation would be xmax = 2.3.10 28 molecule.m -3 . Obviously, it depends on P0;i( and ( that have been considered for CH4 measurements. In fine, a high value of xmax prevents from spurious concentration retrievals because of inherent instrumental noises on S1 and S2 (see Eq. (3.8)). 

Experimental results

In this section, a laboratory verification of the OSAS methodology is proposed by retrieving the known value of methane concentration. We firstly verify that the prior spectral characterization of the optical set-up leads to an appropriate retrieval of the TG concentration. This verification is made by using the SLED and the AOPDF. Then OSAS measurements with the SLED are compared with the three different optical arrangements proposed which are based on different amplitude modulation techniques: AOPDF, interference filters, gas reference cell. Methane measurements are also realized by using the femtosecond laser and the AOPDF. In the latter experiment, another detector is used for normalizing the differential absorption signal biased by laser pulse intensity fluctuations. This additional detector requires an enhanced formalism for an appropriate concentration retrieval which will be presented. Finally, a discussion about OSAS measurements in laboratory ends the chapter.

OSAS-Verification

In this section, the OSAS-methodology is verified by measuring methane path integrated concentration over a broad spectral range. This verification is based indirectly by verifying the relevance of the measured spectra P0;i(λ), the measured value of the opto-electronic efficiency and the calculated methane absorption cross section. The experimental set-up layout is presented in Fig. 4.3 for the main part and in Fig. 4.6-I for the amplitude modulator. The AMfunction of the active channel M1( 1, ) is set at 1 = 1666 nm (Section 3.4.1) whereas the CWL concentration19 (PIC) of 18000 ppm.m. Results on the OSAS-retrieved methane PIC as a function of the position of M2( 2, ) is presented in Fig. 4.20. Each retrieval is made from 5 seconds signal averaging. Error bars are evaluated by considering the standard deviation on S1 and S2. Within these errors bars, the retrieved PIC are compatible with the expected value of 18000 ppm.m, except when 2 is set too close to 1 (between 1665 and 1667 nm), as discussed in Section 3.4.1. As expected, measurements are not available when 2 = 1666 nm since ) =

. Interestingly, on average over all measurements, the relative error remains below 10 % (when considering the median value). One can see that because M1( ) and M2( ) are not alternatively adjusted, a slow intensity drift in light source can induce additional systematic bias on the retrieved CH4 PIC. The amplitude of the error bars is more related to the instrumental biases than the methane spectroscopy. The error analysis is discussed further in the following section. 

Concentration retrievals using the SLED

4.3.2.a Stability

The precision and the stability of the signal ratio S1/S2 while the gas cell is flushed with nitrogen are evaluated with Allan deviation plots [START_REF] Allan | Statistics of Atomic Frequency Standards[END_REF]). An Allan plot is often used to visualize the effect of signal averaging and drift [START_REF] Werle | The limits of signal averaging in atmospheric trace-gas monitoring by tunable diode-laser absorption spectroscopy (TDLAS)[END_REF]. It shows the variance (σAllan) 2 or standard deviation σAllan in optical signals as a function of averaging time for the instrument. The Allan deviation is defined as the square root of the Allan variance. The dependence of σAllan upon the measuring time τ contains essential information for diagnosis of the system stability and performance. It also enables the optimal averaging time to be found. By analyzing timeseries data by means of the Allan variance method, the detection limit and the confidence range can also be addressed [START_REF] Werle | Signal processing and calibration procedures for in situ diode-laser absorption spectroscopy[END_REF]).

Considering a time-series of measurements u = S1/S2, such as the simulated one depicted in Fig. 4.21a (blue curve), the time-series of 10 3 samples is simulated within a constant detection bandwidth of 1 Hz, i.e., a measurement every one second (∆t = 1s). The random fluctuation of the data is due to the finite signal-to-noise ratio of the detection process, and for this simulation the standard deviation is set to σ = 0.01. A drift within the data was simulated by adding a curve with constant slope: u = 1+σ+0.0001t. The data set thus recorded can be divided into m subgroups of length τ, where each sub-group has N =τ/∆t elements. The mean value of each subgroup is As(τ):
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The Allan variance (σAllan) 2 as a function of the integration time, τ, is the time average of the sample variance of two adjacent averages As(τ) and As+1(τ) of the time-series data [START_REF] Werle | Signal processing and calibration procedures for in situ diode-laser absorption spectroscopy[END_REF].
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The Allan variance or Allan deviation versus integration time is often plotted on a log-log-scale. For the simulated time-series in Fig. 4.21a, its Allan deviation is depicted in Fig. 4.21b. For short integration times τ, σAllan decreases proportionally to the integration time until a minimum is reached. The integration time at this minimum is denoted as the optimum integration time or the stability time τopt. In the simulated data, the stability time is τopt ≈ 30 s. At integration times longer than τopt, drift dominates the system, and the deviation increases. The effect of the drift is highlighted with the gray curve where a factor 10 is added to the linear drift. Thereby, the Allan plot shows that the stability is reduced and τopt ≈ 5 s. Analyzing the data set in this manner thus provides a means to predict the detection limit of the detection system for a given averaging time [START_REF] Werle | Signal processing and calibration procedures for in situ diode-laser absorption spectroscopy[END_REF]), where the lowest detection limit (highest sensitivity) is achieved at τopt. If we consider a low optical depth, the OSAS signals can be approximated as linear with the concentration. Subsequently, a detection limit can be derived from τopt. Since our work is not to realize a novel instrument, our application of the Allan deviation is more related to noise sources identification and to compare the different set-up performances. . At low integration times white noise dominates. The decreasing dashed line shows the theoretically expected behavior containing only white noise, the trend is -1/2 . The drift influence begins to dominate beyond the optimum integration time τopt. Adapted from [START_REF] Werle | The limits of signal averaging in atmospheric trace-gas monitoring by tunable diode-laser absorption spectroscopy (TDLAS)[END_REF]).

The measurement cycle, here, alternates M1 and M2 at each light pulse. Hence, a fast switching reduces the long-term drifts such as the light source intensity. The raw temporal signals S1 and S2 are averaged and recorded by the acquisition system. Then, the background signal is numerically corrected and the 20 μs pulses are integrated on the time domain. The Allan deviation of the signal ratio S1/S2 is shown in the Allan deviation plot in Fig. 4.22 for the AOPDF set-up (I) and for the interference filter set-up (II), for blue and red curves, respectively. Signals were recorded for 12 hours and Allan deviations calculated starting from 1 second to 10 4 seconds. The data averaging was not set with the same parameter for the two set-ups. For set-up I, the recording rate is 1 Hz and 0.25 Hz for the set-up relying on interference filters. This explains why the blue curve starts before the red one. As expected, for short signal averaging times, the measurement precision is limited by white noise (following a 1/2 trend). For set-up I, the Allan deviation plot exhibits the optimal averaging time around opt = 10 s. On longer integration time, the standard deviation deviates from the theoretical white noise behavior and exhibit periodical oscillations. For set-up II, the optimal averaging time is around opt = 40 s. This clearly shows that the set-up II seems to be more stable than set-up I. This may be attributed to statistical AOPDF AM-function jitter in addition to the detector shot noise. As the two experiments were made on different days, the temperature regulation of the laboratory might have a potential impact for this interpretation. On longer integration time, for both setups, the standard deviation deviates from the theoretical white noise behavior, which is mainly related to the SLED temperature change. 

4.3.2.b Concentration retrievals

First of all, the raw signals are presented when filling and flushing the gas cell with methane. Data presented are acquired with the AOPDF as the amplitude modulator. The signals behavior is described in addition with temperature and humidity measurements in the laboratory. Secondly, methane retrievals are performed at four different methane concentrations for the three amplitude modulators.

OSAS-measurements are performed using the same set-up as the one used in the verification (see section 4.3.1) and with 18000 ppm.m of methane. The raw signals are presented on Fig. 4.23. The two channels are not equilibrated in power because of the P0( spectral shape. Nevertheless, the filling of methane in the gas cell is clearly visible with a decrease of the S1 value. Note that when the gas cell is flushed, there is an increase in signal, which can be linked to change in the refraction index or beam pointing into the detector. When the gas cell pressure is restored to 1 atm, the signals come back in the range of previous values. During the two hours of measurements, it also shows that the signals are affected by slow oscillations. These oscillations come from the room temperature regulation and have not been addressed. At the bottom of Fig. 4.23, temperature and humidity measurements in the laboratory are presented. Signal fluctuations and the temperature are clearly correlated. As expected, for short signal averaging times, the measurement precision is limited by white noise (following a 1/2 trend). It is attributed to statistical AOPDF AM-function jitter and to the detector shot noise. Moreover, the Allan deviation plot exhibits the optimal averaging time around = 30 s. On longer integration time, the standard deviation deviates from the theoretical white noise behavior, which is related to the previous remark on the SLED temperature change. The abrupt change in the standard deviation at = 400 s can be related to inherent -non-strictly periodical -temperature change. Other error contributions from changes in SLED spectral density (e.g. ripples involved in fiber coupling) or variations in opto-electronic efficiency are lower than the previously discussed error sources. OSAS-measurements are now performed for four different methane PIC (4500, 9000, 13500, 18000 ppm.m), corresponding to increasing light absorptions, by using the three modulation techniques presented in Section 4.1.2. The retrieved OSAS PIC are presented in Fig. 4.25. PIC and error bars are evaluated by considering the mean value and the standard deviation of the measurements acquired over 20 minutes. In each of the four methane case studies, the measured PIC are comparable within error bars of the respective modulation techniques. The largest standard deviations are obtained with the reference cell set-up (Fig. 4.6-III) for which the differential absorption is the lowest. These error bars can be further reduced by increasing the absorption in the gas correlation cell or by decreasing the IF3 spectral width (see . Error bars when using the AOPDF-amplitude modulation (Fig. 4.6-I) are larger than those obtained with the IF-amplitude modulation (Fig. 4.6-II). This seems contradictory because set-up I provides a greater differential absorption (see Fig. 4.19) that should induce smaller errors on PIC. This loss in sensitivity originates from the AOPDF fast jittering during the AM-generation and mainly from the temperature variation of the SLED PSD. These temperature variations causing a detuning of the SLED CWL in the range of ± 0.2 nm affect all OSAS-measurements.

When comparing the retrieved methane PIC elaborated from the different amplitude modulators, the OSAS-methodology is found to be consistent, even if the light and the AM stability affect the precision and the sensitivity of the methodology. In a frame of future development, it clearly shows that the temperature dependence must be minimized. This issue of temperature dependence could be reduced either by temperature regulation or by correcting its effect on the retrieval algorithm. For example, by adding the PSD temperature dependence in the retrieval algorithm: the PSD P0;i( ) could be measured at different temperature and implemented in the signal model functions: fi(x,T). Then, at each temperature drift value T, the corresponding P0;i( ) is used in the g-function. 

Concentration retrievals using the OPA fs-laser

In this section, methane concentrations are measured with the dedicated set-up using the femtosecond laser (see Fig. 4.26). In this set-up, a second detector has been added on the optical path before the probing volume. It allows the normalization of the differential absorption signals to reduce its dependence on the laser pulse-to-pulse fluctuations.

The idler and signal are separated with a PBS. Whereas the signal is used to monitor the stability of the femtosecond laser chain with a powermeter, the idler is used for its spectral characteristic in the remaining part of the experiment. The OPA is set at idler = 1660 nm. The measured spectral width is = 53.8 nm (FWHM). The PSD is then shaped with the amplitude modulator located after the output of the OPA system: the AOPDF. The optical polarization is adjusted with a half waveplate so that the AOPDF input optical wave is oriented along the ordinary axis. The polarization of the diffracted beam is outputted along the extraordinary axis. The M1 / M2 measurement cycle is the same as the SLED set-up and set to 2 ms with the AOPDF. An iris and a long-pass edge filter ( cut nm, Thorlabs -FEL1500) clean the optical beam artifacts. An optical density with OD = 4 is used to avoid detector saturation. The optical beam is separated with a 50-50 beam splitter (Thorlabs BSW24) in two optical pathways. One is used to monitor the fluctuation of the laser chain with an InGaAs based PIN20 detector (DET10C -Thorlabs) and the other one is used to achieve the absorption measurements with the APD. The concentration retrieval is applied by using the same description as in section 3.3.3 by using the Newton-Raphson algorithm. For the rest of the manuscript, we call the value ( S1S'2/S2S'1) as the corrected signal ratio.

4.3.3.b Stability

Before realizing the concentration measurements, a stability analysis of the signal ratio is made with Allan with Allan deviation plots for revealing both random and systematic biases. First, we use the same amplitude same amplitude modulation function by setting the AOPDF with same function at 1 = 2 = 1660 nm. Then, 2 is 1660 nm. Then, 2 is slightly tuned away from 1 at 2 = 1660.1 nm and finally, M2( ) is centered on 2 = 1665.5 centered on 2 = 1665.5 nm as in measurements procedure (see the PSD which have been presented in Fig. 4.8). presented in Fig. 4.8). The results when considering corrected signal ratios are plotted in Fig. 4.27a. The stability behavior shows a trend in -1/2 for the two first cases, which is a contribution of a typical white noise. Stability performances are roughly the same for both cases but 1 = 2 case shows a better precision.

For the latter, when 2 is set far away from 1, a decrease in stability is clearly visible and the curve deviates from the -1/2 trend on longer integration time. This behavior may be related to change in the laser spectral density shape P0( ) while both amplitude modulation functions Mi( ) remain stable. This confirms the spectral stability analysis of P0( ) that was presented in Fig. 4.16. In comparison, the stability of both corrected and non-corrected signal ratios are displayed in Fig. 4.27b. The AM-function settings are 1 = 1660 and 2 = 1665.5 nm in both cases. The figure shows that the corrected data really improve the precision for a small period of averaging time, more than a factor two. On longer averaging time, it also improves stability but to a lesser range. The long-term stability is more dominated by long-term drifts than to quick pulse-to-pulse intensity fluctuations. Nevertheless, the use of the corrected signal ratio is justified for the rest of our study. When comparing the stability performance between the two broadband sources used, it clearly shows that the stability is better in the case of the SLED even on small or long averaging periods. 

4.3.3.c Concentration retrievals

OSAS CH4 measurements were performed for different path integrated concentrations, namely: 4500, 9000, 13500 and 18000 ppm.m. The PIC retrievals are presented on a time-series in Fig. 4.28. When comparing with the expected values, it shows that the retrieved values are consistent but a slight systematic bias occurs with the two highest concentrations. Further experiments are needed to carefully evaluate this bias. Standard deviation of the "zero" concentration from t = 7200 s to the end is = 649 ppm.m. As expected, this value is above the standard deviation obtained with the SLED because of the system stability. The data between t = 1295 s and t = 1427 s are removed because of the spectral characterization of P0;1( ) and P0;2( ). This chapter has presented the core of the experimental aspect of this thesis which is dedicated to the verification of the methodology proposed in the previous chapter. First, the general OSAS experimental setup has been described. Two broadband light sources have been used, one relying on a compact SLED for the purpose of the verification of the OSAS methodology and the other one based on a femtosecond laser chain for the purpose of a prior verification towards lidar measurements. Three different ways of applying the amplitude modulation functions have been described and tested. The first one, used for the both light sources, relies an active filter device which can be used to (the AOPDF). The two others, for the verification with the SLED as broadband light source, rely on a pair of interference filters and on a gas reference cell. For each set-up, a spectral characterization has been made as well as the opto-electronic efficiency by using the AOPDF as monochromator.

Finally, it has been demonstrated that the OSAS methodology can be applied with the three different amplitude modulator devices by measuring different methane path-integrated concentrations. This proposed methodology shows that the use of the gas calibration procedure can be avoided. The corollary is to precisely characterize the spectral emission and the spectral detection of the instrument.

OSAS-Lidar

Chapter 5

OSAS-Lidar

Introduction

Lidar systems are laser-based systems that operate on similar principles to those of radar (radio detection and ranging) or sonar (sound navigation and ranging). Since its invention in 1961 [START_REF] Fiocco | Detection of Scattering Layers in the Upper Atmosphere (60-140 km) by Optical Radar[END_REF], lidar systems have been widely used in numerous applications in various research fields, such as physics, astronomy, laser altimetry, contour mapping, military, robotic, law enforcement, spaceflight, forestry and more recently for biodiversity [START_REF] Brydegaard | Super Resolution Laser Radar with Blinking Atmospheric Particles -Application to Interacting Flying Insects[END_REF]. When applied for atmospheric purposes, this remote sensing technology is based on light scattering, a physical process that occurs in all directions for both atmospheric molecules and particles. A fraction of the incident light is backscattered in the direction of the lidar system itself. The amount of backscattered light, which is collected with a telescope and focused on a photodetector, can be measured as a function of the distance from the lidar, by performing a time-resolved detection of the backscattered radiation. This time synchronization with the laser pulse enables to study the spatial and temporal distribution of the atmospheric compounds over several kilometers with a range resolution of a few meters. Comprehensive reviews, providing the state-of-the-art techniques on lidar atmospheric sensing, can be found in these reference books: [START_REF] Measures | Laser remote sensing: fundamentals and applications[END_REF][START_REF] Weitkamp | Lidar : range-resolved optical remote sensing of the atmosphere[END_REF]. A lidar instrument having its own light source, interestingly, daytime but also nighttime operations are a priori feasible contrary to measurements based on sunlight scattering. Hence, the lidar methodology has been widely used for studying atmospheric processes such as new particle formation and meteorology (wind, temperature, RH) [START_REF] Kovalev | Elastic Lidar[END_REF]. For approximately two decades, Lidar remote sensing has become a standard instrument for atmospheric aerosols studies [START_REF] Schumann | Airborne observations of the Eyjafjalla volcano ash cloud over Europe during air space closure in April and May[END_REF][START_REF] Liu | The CALIPSO lidar cloud and aerosol discrimination: Version 2 algorithm and initial assessment of performance[END_REF]. Recent literature even shows that the lidar technique could increase our understanding of new particle formation events [START_REF] David | UV polarization lidar for remote sensing new particles formation in the atmosphere[END_REF]) and of the spatial and temporal distribution of light absorbing particles21 , such as black carbon, as demonstrated by [START_REF] Miffre | Lidar remote sensing of laser-induced incandescence on light absorbing particles in the atmosphere[END_REF]. In the latter experiment, the main idea was to couple the lidar methodology with the light-induced incandescence LII-methodology. As a co-author, I participated in this work, although it was not the central point of this thesis, mainly focused where P0 is the average power of a single laser pulse emitted by the laser transmitter, A is the effective area of the telescope, QE is the quantum efficiency of the detector, O(z, ) is the overlap function at distance z and wavelength λ, (z, ) is the total backscattering coefficient which includes both molecules and aerosols (β = βmol + βaer), Tatm(z, ) is the transmittance of the atmosphere while Pbg is the inherent background contribution on the detected signal [START_REF] Weitkamp | Lidar : range-resolved optical remote sensing of the atmosphere[END_REF]. The distance z at which the laser light is backscattered is determined by the time delay t between the laser pulse emission and the signal reception (z = ct/2 where c is the speed of light). The spatial resolution z is defined either by the limitation of the temporal laser pulse length or by the limitation of the detection bandwidth.

As introduced in Chapter 1, laser-based remote sensing techniques have been used to retrieve atmospheric gas mixing ratios, in which absorption spectroscopy measurements were carried out. Measurements of trace gas spatio-temporal distributions have also been performed in a non-exhaustive manner on CO2 [START_REF] Abshire | Airborne measurements of CO2 column concentration and range using a pulsed direct-detection IPDA lidar[END_REF], CH4 [START_REF] Chambers | Direct Measurement of Fugitive Emissions of Hydrocarbons from a Refinery[END_REF], O3 [START_REF] Kuang | Ground-based lidar for atmospheric boundary layer ozone measurements[END_REF], H2O [START_REF] Nehrir | Micropulse water vapor differential absorption lidar: transmitter design and performance[END_REF], and on volatile organic compounds (VOC) [START_REF] Robinson | Infrared differential absorption Lidar (DIAL) measurements of hydrocarbon emissions[END_REF].

Differential absorption lidar (DIAL)

The differential-absorption lidar (DIAL) methodology relies on two laser pulses presenting narrow linewidth emitted through the atmosphere. The first one is tuned on a strongly lightabsorbing line of the target gas of interest (online) while the second is tuned on a less lightabsorbing spectral position (o line). During the transmission of the two wavelengths through the atmosphere, the emission tuned to the absorption line will encounter a greater attenuation compared with that performed at the wings of the absorption line. The intensities of the two backscattered DIAL-signals (online and offline) are then used to determine the optical attenuation due to the presence of the constituent. As a result, range-resolved or path-integrated concentrations of the target gas can be determined.

To perform accurate DIAL-measurements, a fast switching tunable laser (or two synchronized lasers), having a narrow spectral linewidth, are required. Hence, when applying the DIALmethodology, limitations may occur when the spectral width of the emission laser does not match the target gas absorption line. Examples of this situation are given by NO3 • in the visible spectral range and by ozone (O3) in the ultra-violet spectral range, as shown by [START_REF] Burlakov | A differential-absorption lidar for ozone sensing in the upper atmosphere-lower stratosphere[END_REF], who recently underlined that during ozone DIAL measurements, ozone absorption broad spectral lines (more than 10 nm width) lead to important corrections in the optical extinction coefficient. Conversely, when the absorption linewidth is in the same range as the laser spectral width (or even narrower than), effective absorption cross-sections should be taken into account, as for the detection of mercury (Hg) or nitric oxide (NO) [START_REF] Guan | Vertical lidar sounding of atomic mercury and nitric oxide in a major Chinese city[END_REF] in the UV spectral range, or as for greenhouse gases such as water vapor (H2O) [START_REF] Dinovitser | Towards quantitative atmospheric water vapor profiling with differential absorption lidar[END_REF], methane (CH4) [START_REF] Refaat | Performance evaluation of a 1.6-μm methane DIAL system from ground, aircraft and UAV platforms[END_REF] or carbon dioxide (CO2) in the mid-infrared spectral region. In the context of remote sensing based on broadband lasers (a few nanometers) instead of a narrowband laser (a few picometers), we may mention broadband DIAL-measurements on is obtained without the need for a precise knowledge of the aerosol particle distribution. Actually, Δσ is not range dependent. For accurate gas density retrieval, it is necessary to choose absorption lines that are weakly temperature-dependent. However, other effects such as pressure broadening, self-broadening, pressure shift, etc. (see Chapter 2) may lead to biased retrievals. Other experimental problems could lead to systematic differences at the two wavelengths and substantial errors in the measured value of NTG. An extensive summary has been made by [START_REF] Fredriksson | Evaluation of the DIAL technique for studies on NO2 using a mobile lidar system[END_REF].

OSAS and lidar

OSAS-lidar principle

The OSAS-methodology presented in the previous chapter is coupled with the lidar technique to perform long-range measurements by using the light backscattered by the atmosphere. The OSAS-principle remains unchanged and its coupling with lidar is described in Fig. 5.2. For readability, only the case with amplitude modulation applied at the emission is presented here.

We consider a trace gas having an absorption line centered at wavelength λ1. As in the OSASmethodology, a laser source is used to generate two different pulses with sufficient power density to achieve backscattering range-resolved measurements, as in the lidar technique. The active laser pulse P0,1(λ) is positioned to maximize its absorption with the TG and the reference laser pulse, while P0,2(λ) serves as a reference signal and its absorption with the TG should be minimized. As in the OSAS-methodology, the spectral widths can cover one or several absorption lines of the trace gas absorption spectrum.

Then, after backscattering from the atmosphere due to molecules and aerosols, both signals P1 and P2 are collected with a telescope, then directed towards the detection system to obtain two output OSAS-lidar signals P1(z) and P2(z), which are range-resolved, as in the lidar technique. From an experimental point of view, an alternative acquisition of P1(z) and P2(z), performed with a unique detector, renders the optical signal acquisition and evaluation more robust, as published (Thomas et al. 2013 a).

The trace gas concentration is then retrieved from P1(z) and P2(z) by applying the OSAS-lidar retrieval algorithm to be detailed in Section 5.2.2. As in NDIR, the difference between P1(z) and P2(z) is a clear signature of the presence of the target trace gas in the atmosphere. The accuracy in the retrieved concentration depends on the difference in absorption between the two signals, as in conventional DIAL. This accuracy is driven by the SNR of the lidar signals, the TG absorption cross-section, the amplitude modulation and the possible presence of interfering species, from both molecules and aerosols, and, as in conventional lidar, on the required range resolution and on the detector random noise. 

OSAS-lidar formalism

In this section, we detail the inversion algorithm used to retrieve the target gas concentration from spectrally-integrated OSAS-lidar signals P1(z) and P2(z). This formalism can be considered as a particular application of what has been presented in Chapter 3. The starting point is the single scattering elastic lidar equation, which can be written as:
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where O(z, ) is the overlap function and β(z, ) the total backscattering coefficient. In the transmission term, the extinction due to the target gas has been separated from that due to other atmospheric compounds, the latter being defined as follows at range z and wavelength λ:
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The extinction coefficient z', is the sum of four contributions, one per atmospheric component (aerosols, molecules, except the target gas) considered in each physical process (light scattering, light absorption). We hence get in m -1 ( For further clarity, we explain that aer,sca is the aerosol scattering coefficient, aer,abs is the aerosol absorption coefficient, mol,sca is the molecular scattering coefficient and mol,abs is the molecular absorption coefficient free of the contribution from the target gas absorption. In Equation (5.4), the isolated TG absorption contribution on the lidar equation is defined as: where NTG(z') is the number density of the absorbing molecule of interest. It should be mentioned that when applying the ratio P1(z)/ P2(z), the following DIAL-assumptions are usually made: (i) the overlap function O(z) is the same for both wavelengths, (ii) the wavelength dependence of the extinction and backscatter coefficients (z, ) and (z, ) of the atmosphere are negligible over the wavelength interval . It is worth noting that, practically, the lidar signals must be corrected from the sky background signal and electronic offsets. In this way, the signal models are described with the fi-functions which are now a function of the pathintegrated concentration, or cumulative concentration parameter x and to distance z according to:
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As for the K-constant, the backscattering coefficient (z) does not appear in the expression of fi since the measurements are achieved in a sufficiently short interval. In analogy with the gfunction presented in Chapter 3, the g-function depends on x and its zero allows the retrieval of the cumulative concentration CC(z), defined by:
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In the OSAS-lidar technique, the g-function also depends on range z. The cumulated concentration CC(z) then appears to be the first zero of the g-function. This value is retrieved iteratively at each range z by applying the Newton-Raphson algorithm as presented in Section 3.3.3. Finally, the TG density number N at range z is retrieved by derivating CC(z) with respect to z:
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where z is the spatial resolution. Concerning the limits of this methodology, a prior verification that the h-function is monotonic on the concentration interval [0,xmax] must also be carried out, as discussed in Section 3.3. The discussion now focuses on the main characteristics of the OSAS-lidar methodology.

Discussion

In the previous section, the general principle of lidar coupled with OSAS was presented with amplitude modulation at the emission. As mentioned in Section 3.2, the OSAS-lidar methodology is not limited to AM at the emission and AM can also be applied on the reception part. Thomas et al. (2013 a) already presented first results for monitoring atmospheric water vapor concentration using the methodology presented in Section 3.3.2 coupled with lidar. The considered absorption band is the 4ν at 720 nm. With a femtosecond laser presenting a pulse energy in the range of about 60 μJ, the atmospheric water vapor mixing ratio has been determined with an accuracy of ± 1000 ppm at a range of 2000 meters with a range resolution of 200 meters. Two configurations have hence been tested: one relying on the AM at the emission with the AOPDF as the pulse shaper and another configuration relying on two distinct detectors with their specific passive filter on the receiver part. When comparing the main advantages/drawbacks of both configurations, it is clear that the configuration with AM at reception raises a much more complex detection setup and the corresponding sources of supplementary biases due to improper alignment have then to be carefully checked.

As for the DIAL-methodology, in the OSAS-lidar methodology, an accurate knowledge of the spectral efficiency of each channel is required and an accurate alignment of the two detection channels is hence required. Another difficulty arises when adding an interference filter on the receiver channel. The filter transmission function TF( ) depends on the angle of incidence (AOI) of the collected light. Consequently, for near field measurements, this dependence may be also range-dependent. Hence, this AOI dependence of filter transmission must be taken into account in the fi-functions for precise retrievals. Example of effective transmissions calculated can be found in [START_REF] Nehrir | Water Vapor Profiling Using a Widely Tunable, Amplified Diode-Laser-Based Differential Absorption Lidar (DIAL)[END_REF] and [START_REF] Thomas | Remote sensing of atmospheric trace gases by optical correlation spectroscopy and lidar[END_REF].

Since the proposed OSAS-lidar formalism follows what is presented in Chapters 3 and 4, all the parameters discussed in these chapters, including the discussion on the required stability as a function of the desired measurement accuracy, are also valid here in Chapter 5. The fast light source intensity fluctuation can also be corrected with a second detector following the specific formalism introduced in Section 4.3.3. The potential turbulence of the atmosphere requires fast switching between the active and the reference channel. Otherwise, the change of the backscattering coefficient (z) between two measurements can lead to a significant bias on the retrieved concentration. Other systematic biases can be encountered originating from assumptions on the chromatic independence of and as in the DIAL-methodology. It depends on the spectral properties of the emitted laser pulses (width, CWL difference between both channels). Concerning the wavelength dependency of the scattering, it is described for spherical particles by the Lorenz-Mie theory [START_REF] Bohren | Chemical detection with hyperspectral lidar using dual frequency combs[END_REF][START_REF] Miles | Laser rayleigh scattering[END_REF]) and tends to decrease with the wavelength. In the case on non-spherical particles, it is more complex as described in [START_REF] Mishchenko | Scattering, absorption, and emission of light by small particles[END_REF]. The aerosol optical attenuation is usually described with a power law dependence with wavelength ( -a ), where a is the Angstrom coefficient. On the other hand, molecular scattering is firstly described by the Rayleigh theory, which is a particular case of the Lorenz-Mie theory for particles considerably smaller than the wavelength of the radiation. The strong wavelength dependency of molecular scattering (λ -4 law) means that the molecular contribution to the backscattering coefficient is predominant in the UV spectral range while it is negligible in the near infrared spectral range, when compared with the particle contribution. However, the correction factor presented by [START_REF] Browell | Ultraviolet DIAL measurements of O3 profiles in regions of spatially inhomogeneous aerosols[END_REF] for DIAL could be implemented into the fi functions.

The remote sensing methodologies relying on effective cross section formalism may also benefit from this proposed inversion methodology to avoid systematic biases related to the light source bandwidth. As pointed out by [START_REF] Korb | Effective frequency technique for finite spectral bandwidth effects[END_REF], laser with Gaussian profile having spectral widths less than 0.5 times (respectively, 0.2 times) the absorption linewidth leads to an error less than 1% (respectively, less than 0.2 %) when using an effective cross-section model. Hence, the OSAS-methodology appears promising in the reduction of these systematic biases and opens new insights with even broader laser sources.

Experimental realization

Set-up

This section presents the experimental set-up of the OSAS-lidar built in the scope of this research project to verify the proposed OSAS-methodology for methane concentration retrievals. The emitter part of the lidar is the same as the one depicted in Fig. 4.26. The laser pulse repetition frequency is 1 kHz and the spectral switch between the active and reference channel operates at a 100 % duty cycle. The measurement gas cell is removed and the APD is implemented on the receiver part. As the AM is performed at the emission, the lidar receiver configuration is quite simple. The light is collected with a Newtonian telescope having a focal of 450 mm and a primary mirror of 115 mm diameter. The APD is mounted at the telescope's focus point. The field of view is governed by the 200 μm detector diameter and FOV = 0.44 mrad. In order to get the maximum amount of backscattered radiation, no interference filter is used. For practical reasons, the measurements were made during nighttime; the influence from background light is also greatly reduced. The inversion retrievals are hence simplified as the effective transmission of the interference filters may be range-dependent (see discussion in Section 0). Fig. 5.3a shows a picture of the telescope arrangement. Concerning the acquisition system, the 4-channel oscilloscope was used to simultaneously record the APD-signals, the second detector signals (for normalizing intensity fluctuation) and the channel trigger (either 1 or 0). As detailed in the laboratory experiment, the data acquisition duty cycle is only 33 % due to the inherent time of file recording. For the first experimental achievement, a gas leak occurring at a distance from the telescope of about 90 meters coming from an open gas was made artificially. The length of the open gas cell is 6 meters long with a diameter of 60 centimeters. The more restrictive angle is the one from the laser divergence, which is 1 mrad. The pointing direction is horizontal and the laser spot size diameter is 18 cm at 90 meters. Hence, the laser pulse is able to pass through the gas cell without major interaction on its mount.

To overcome the problem of low overlap between the receiver's field-of-view and the laser transmitter in the near field, a biaxial25 geometry was adopted (see Fig. 5.3b). This geometry is in opposition with coaxial (or monostatic) geometry, which renders difficult detection in the near-field because of the shadowing effect. The mean laser power at the output of the TiSa fs-laser is 4 W. After energy transfer by the OPA, the output power is reduced to 1.2 W and then after signal/idler separation, the idler exhibits a mean optical power of 620 mW or laser pulse with energy of E = 620 μJ. Its spectral width when idler is tuned at 1660 nm shows = 53.8 nm at FWHM. Consequently, when tuning the AOPDF with a narrow bandwidth to reach the maximal sensitivity on methane, the maximal energy obtained was only E = 30 μJ. A trade-off between the methane sensitivity and the optical power diffracted by the AOPDF has been envisaged by increasing its spectral width. Fig. 5.4a shows the spectra recorded at different value of the spectral width parameter set on the AOPDF. The normalized transmitted power associated with these spectra is presented in Fig. 5.4b. As can be seen, this approach has not been successful because the filter transmission is reduced when the spectral width of the filter is expanded. As a conclusion, the limitation comes from the obtained spectral width of the OPA which is too large. The use of the OPA signal, instead of the idler ( signal =1660 nm), has been tested and exhibits an energy diffracted by the AOPDF of E = 22 μJ. It is to be noted that the theoretical AOPDF input limit in energy is 30 μJ, to avoid nonlinear effects on the TeO2 crystal. Despite this limitation in energy, an energy of 30 μJ has nevertheless been reached at the AOPDF-output with pulses having a 2.28 nm spectral width. 

Preliminary results

This section presents the first results obtained in Lyon on March 25 th 2016 in the framework of a CH4 leak detection by lidar coupled with OSAS. Before performing lidar measurements, prior spectral requirements (see Section 4.2) are necessary. Fig. 5.5 summarizes the spectral data used in the retrieval algorithm. The methane cross-section is calculated from the HITRAN-database with standard pressure and temperature. The PSD of the emitted pulse have a spectral width in the range of = 2.28 nm. It is important to note that a numerical treatment is made to eliminate the fringe patterns coming from the optical densities used to avoid the saturation of the spectrograph CCD. Since we need the maximum transmitted energy, any neutral density filter (NDF) is on the optical path for lidar measurements. Hence, the unwanted frequency has been removed via Fourier analysis and Notch filtering. A discrepancy can exist between the emitted PSD and the one used in the retrieval algorithm but simulations show that this systematic error should remain below 2 % for 10 4 ppm.m of methane. However, this effect could be experimentally reduced with the use of NDF instead of pair of parallel plane NDF. Before achieving atmospheric measurements, the stability of the active channel PSD is controlled and results are presented in Fig. 5.6. The CWL stability is better than 0.05 nm and the spectral width stability is in the range of = 2.28 ± 0.3 nm (at 1 ). The first backscattering lidar profiles with 30 μJ operating at 1665.5 nm for P1 and 1660 nm for P2 are presented in the upper panel of Fig. 5.7. The background noise signal is numerically subtracted. Each profile corresponds to a 2 minute and 30 seconds of integration time and a spatial resolution of 6 meters. Note that this spatial resolution is over sampled because of the detector bandwidth, limited to 10 MHz. As the field of view of the receiver is narrow, it can be seen that the overlap function is maximized at z = 50 meters and then the backscattering lidar signal is quickly decreasing. For distances from 0 to 20 meters, unwanted stray lights are visible due to scattering on the reflecting mirror used to guide the laser beam. At a z = 110 meters distance, a hard target has been inserted on the optical path. The lower panel shows the corresponding ratio of the two lidar profiles. A value close to 1 is retrieved except where the lidar signals are close to zero in the region of no overlap. However, the error bars (calculated from the standard deviation of the 360 profiles individually averaged with = 1 second) show too high values to be sensitive enough on the second temporal scale range. In addition, a higher statistical noise is measured at the distance from the gas cell position (z = 90 meters). A high concentration of particles was injected inside an open cell disposed at 90 meters from the telescope. The obtained lidar profiles for the active channel are presented with the temporal mapping shown in Fig. 5.8. It clearly shows the leakage of particles from the gas cell. Depending on the wind conditions, the particles are dispersed into the atmosphere and can be seen ahead or behind the open cell. Each lidar profile is averaged over 1 second. A period of 2 seconds dead time after each profile is due to the acquisition system. Due to the turbulence highlighted by the fast moving of the particle plumes, monitoring a CH4 leak with open path gas cell is found to be too difficult with our sensitivity on the ratio P1/P2. The hard target approach was therefore envisaged. For path-integrated lidar, the emitted optical power is not a big issue since the signal is carried out with a hard target. Therefore, a hard target made of Teflon material was positioned at the distance range of z = 110 meters from the lidar platform. The signal-to-noise ratio (with = 1 second) on the hard target is now SNR = 10 3 (compared to SNR = 2 at z = 50 m). As can be seen in the bottom panel of Fig. 5.7, the sensitivity on the profile ratio is better on the hard target. Because measurements rely now on hard target returns, only path-integrated concentration retrievals are considered. Once the preliminary verifications are made, the gas cell is filled out with air-methane. The first results of methane PIC retrievals are presented in Fig. 5.9. The value between 23:32 to 23:45 are removed while the gas cell is closed during the filling of air mixed with methane (1.8 %). When opening the gas cell after CH4 filling, the measurements show a methane PIC above 2.5×10 4 ppm.m. The dispersion of the methane plume contained in the gas cell is very quick (in the range of one minute). The results seem to be in agreement with the maximal value expected if we consider the 1.8 % of methane mixing ratio released into a 6 meters long gas cell (10.8×10 4 ppm.m). Since the gas cell is not perfectly sealed and its pressure remains at 1 atm, part of the methane has inevitably leaked out during the filling. An in-situ methane sensor placed within the open cell would have been very valuable to compare the two CH4 measurements. After the dispersion of the CH4 plume, the mean retrieved value returned to the initial state.

However, the detection limit (1 ) is estimated at 2.2×10 3 ppm.m. This value is calculated with the standard deviation of the retrieved methane values from the first value at 23:15 to 23:32 with a 1 second averaging time. As expected, this preliminary detection limit value is above the one obtained in laboratory ( = 0.65×10 3 ppm.m). Concerning the methane background concentration, its value should be in the order of ten times below our detection limit. The actual background methane concentration of 1.82 ppm could provide a PIC of 200 ppm.m considering a hard target located at a distance of 110 m. Despite a high SNR on an individual Pi signal (10 3 ), large fluctuations in the ratio are recorded. This induces a large uncertainty on the retrieved PIC values as pointed out before (2.2×10 3 ppm.m). Reasons for these high values are multiple. As shown by the Allan variance (See Fig. 5.10) the non-corrected data and the corrected data (see previous discussion in section 4.3.3) do not show improvements when considering the intensity fluctuations recorded by the second detector. Hence, the correction on the pulse-to-pulse power fluctuations was not considered in the PIC retrievals. When comparing the non-corrected data between these lidar and previous laboratory measurements, the long-term stability is reduced with the lidar measurements. Here, the longer time laser fluctuations observed can be related to thermal fluctuations between the laboratory and the outside atmospheric temperature. However, zero concentration is still retrieved before the cell has been filled with CH4 (see Fig. 5.9). This proves that firstly, the emission-receptor is well aligned, and secondly, that the spectral characterization of the opto-electronic part is correct (in the range of our sensitivity). This chapter has presented the principle of OSAS coupled with a lidar system and its first experimental demonstration on methane. The basics of the lidar principle has been first briefly presented. Then the new formalism of OSAS-Lidar has been detailed and followed by a discussion providing outlooks to improve the accuracy of the concentration retrieval. The experimental set-up is then detailed: the emitter part of the lidar is composed of the Ti-Sa fslaser that pumps an OPA, which has been presented in Chapter 4. The AOPDF pulse shaper is also used here to perform the fast switch between the active set at 1665.5 nm and the reference channel set at 1660 nm. Measurement have been realized using very low fs-laser energy (30 μJ). Concerning the receiver part of the lidar, a detection system based on a 11.5 cm diameter Newtonian telescope has been built and the APD has been inserted at the telescope's focus. An open gas cell has been used in order to mimic a methane leak. Finally, the first measurements using OSAS retrieval methodology coupled with lidar are presented and methane pathintegrated concentrations have been retrieved. These preliminary experimental results appear promising in spite of the low estimated limit of detection. However, the possible outlooks of this work are numerous since these experimental results have been performed with a non-specifically dedicated fs-laser chain source. This work also sets out the basis for the use of the OSAS-methodology to improve DIAL retrievals using broadband laser sources.

Conclusion and outlook

This manuscript reports on the development of a new optical methodology allowing the evaluation of the target gas concentration from spectrally-integrated (or non-dispersive) differential absorption measurements. This methodology has been developed within the framework of range-resolved measurements dedicated to greenhouse gas observation, with no strong technology limitations on the laser source or on the detection system. The main topic developed in this thesis is to overcome the problem due to the unambiguous retrieval of a gas concentration from differential absorption measurements in which the spectral width of the light source is wider than one or several absorption lines of the considered target gas given that the detection is not spectrally resolved. For this purpose, the fundamental aspects of absorption spectroscopy for optical gas detection have been presented in Chapter 2. A description of the computation of absorption cross-section spectra and its dependence with the environment (temperature and pressure) is also presented.

It has been shown that gas concentration retrieval from spectrally-integrated measurements, following Beer-Lambert law leads to solve a nonlinear system. In Chapter 3, a new inversion algorithm has been developed and presented without having to refer to the Taylor expansion of the exponential function or effective cross-section approximation. It is based on using the Newton-Raphson iterative method with a precise function modeling the spectral behavior of the signals. Hence, knowledge of the emitted power spectral density of the light source, the opto-electronic efficiency of the detection system and the absorption cross-section spectrum in the corresponding spectral range is required. This methodology thus allows to quantitatively determine a target gas concentration from non-resolved differential light-absorption measurements avoiding the use of a gas concentration calibration procedure. This new methodology has been named: "Optical Similitude Absorption Spectroscopy" (OSAS), as the gas concentration is derived by achieving a similitude between the light source and the target gas spectra. The ability of OSAS to simultaneously detect several atmospheric molecules of interest has been demonstrated through numerical simulation by extending the Newton-Raphson algorithm to solve a system of non-linear equations. Moreover, a numerical model has been developed to evaluate the performance of this approach before achieving experimental proof. It has been shown that this new methodology applied on the NIR remains accurate even in the presence of strong atmospheric pressure and temperature gradients.

Chapter 4 experimentally demonstrates this methodology by measuring methane concentration in the laboratory. To compare OSAS with other existing methodologies, three different optical arrangements based on different modulation techniques were developed and implemented within the framework of this thesis. The different modulation techniques are based on an active filter, or a pair of passive filters or a gas reference cell. The detection is based on a commercially available InGaAs avalanche photo-diode. These set-ups rely on a compact Superluminescent Light Emitting Diode emitting in the Near-IR inside the 2 3 methane absorption band. By applying our OSAS-inversion algorithm, all three arrangements provide consistent methane gas concentrations within respective error bars. Another set-up in the framework of the lidar application based on a Ti:Sa femtosecond laser pumping an OPA has been presented. Consistent methane concentrations have also been measured with this set-up.

Finally, the OSAS-methodology coupled with the lidar technique is presented in Chapter 5, together with its first experimental achievement. These findings were performed by benefiting from molecular absorption spectroscopy (Chapter 2), the new inversion algorithm (Chapter 3), as well as the laboratory experiment performed in Chapter 4. In Chapter 5, the basics of lidar are recalled and the lidar formalism when coupled with OSAS is then described. The optical set-up is based on the same laser transmitter characterized in Chapter 4 and the receiver part is based on a simple telescope with an avalanche photo-diode placed at its focus. The first experimental methane measurements using OSAS-lidar methodology are presented by retrieving methane path-integrated concentrations and using a hard target. This all-optics gas concentration retrieval does not require the use of a gas calibration cell and opens new tracks to atmospheric gas pollution and greenhouse gases source monitoring. The remote sensing methodologies relying on effective cross section formalism may also benefit from the OSAS-concentration inversion methodology to avoid biases related to the light source bandwidth. Hence, OSAS appears to be promising with regard to the use of the OSASmethodology to improve DIAL retrievals, regardless of the spectral width of the laser source. As a conclusion, the OSAS-methodology is shown to be versatile and to offer great possibilities for the measurement of other atmospheric trace gases or for measuring methane in other absorption bands. As it is brand new, many developments and improvements in terms of sensitivity and accuracy can be expected.
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Fig. 1

 1 Fig. 1.1. Left panel: Observed changes in atmospheric greenhouse gas concentrations. Atmospheric concentrations of carbon dioxide (CO2, green), methane (CH4, orange), and nitrous oxide (N2O, red). Data from ice cores (symbols) and direct atmospheric measurements (lines) are overlaid (MacFarling Meure et al. 2006). Right panel: Energy accumulation within the Earth's climate system. Estimates are in 10 21 J, and are given relative to 1971 and from 1971 to 2010, unless otherwise indicated. Components included are upper ocean (above 700 m), deep ocean (below 700 m; including below 2000 m estimates starting from 1992), ice melt (for glaciers and ice caps, Greenland and Antarctic ice sheet estimates starting from 1992, and Arctic sea ice estimate from 1979 to 2008), continental (land) warming, and atmospheric warming (estimate starting from 1979). Uncertainty is estimated as error from all five components at 90% confidence intervals.

Fig. 1

 1 Fig. 1.2. Change in radiative forcing between pre-industrial levels 1750 and 2011. Figure taken from IPCC report (Stocker et al. 2013).

Fig. 1

 1 Fig. 1.3. a) Globally average methane concentration from 1983 to 2015. b) Globally averaged growth rate of methane in the atmosphere (Data taken from NOAA-GMD and (Dlugokencky et al. 2009)).

1

  Also known as the Beer-Lambert-Bouguer law.

Fig. 1

 1 Fig. 1.4. Illustration of NDIR measurement principle taken from[START_REF] Hodgkinson | Optical gas sensing: a review[END_REF]). The absorption coefficient spectrum of CO2 (calculated from HITRAN database and with 100% vol, 1 atm,) is superimposed on the transmission spectra of active and reference filters.

Fig. 1

 1 Fig.1.5. Schematic diagram of a NDIR gas analyzer with two detector having its own spectral filter, one for the active channel and the other for reference[START_REF] Hodgkinson | Optical gas sensing: a review[END_REF]).

  Fig. 2.1 presents an example of possible vibration modes in the case of a water vapor molecule. The hydrogen atoms can move back and forth towards the oxygen atom (antisymmetric and symmetric stretch) or towards the other hydrogen atom (scissoring bend).

Fig. 2

 2 Fig. 2.1. Example of vibrational modes with water vapor molecule.

Fig. 2

 2 Fig. 2.2. Example of CH4 vibrational modes.

Fig. 2

 2 Fig. 2.3. Schematic energy level diagram of a ro-vibrational transitions.

Fig. 2

 2 Fig. 2.5. Different lineshape profiles: Lorentzian gc (due to collision broadening), Doppler gD (due to thermal motion of molecules), and Voigt gv resulting from simultaneous Doppler and collision broadening. The three functions have been normalized and their corresponding FWHM are highlighted. The far wings of a Voigt profile are determined by molecular collisions.

Fig. 2

 2 Fig. 2.6. Calculated methane absorption cross-section at atmospheric pressure and 296 K from HITRAN, showing the absorption bands in the wavelength range of 1000-4000 nm.

Fig. 2

 2 Fig. 2.7. Absorption cross section spectra in semi-logarithmic scale for the three main greenhouse gases: CH4 (green line), CO2 (red line) and H2O (blue line). Absorption spectra are computed from the HITRAN 2012 database with standard pressure and temperature. The different ro-vibrational branches are labeled for CH4.

Fig. 2

 2 Fig. 2.8. Absorption cross section of the three main compounds of natural gas for the 2 3 band of C-H bounds. Calculated methane absorption spectrum from HITRAN at T = 25°C and p = 1013 mbar (green line), ethane and propane from PNNL database at 25°C (gray line and black line respectively).

Fig. 3

 3 Fig. 3.1. NDIR sensor calibration curve. The measured signals (calculated from Eq. (3.1)) are plotted as function of the target gas concentration. The calibration curve is obtained by fitting the experimental values. Here, the limit of detection is estimated of approximately 1 ppm (Hodgkinson et al. 2013).

Fig. 3

 3 Fig.3.2. The OSAS-principle applied to the methane gas. The power spectral density of a broadband light source is spectrally shaped or tuned to enfold (red curve) or not (blue curve) the methane absorption cross-section spectrum CH4(λ). The 2 3 absorption band is here considered (green lines), calculated from HITRAN 2012 database[START_REF] Rothman | The HITRAN2012 molecular spectroscopic database[END_REF] for T = 294 K, p = 1013.25 mbar and air-broadening; a Voigt profile is used to model the line-shape. (λ) is the spectrum of the opto-electronic efficiency of the OSAS detection part (orange curve).

Fig. 3

 3 Fig. 3.3. Color plot of the similitude expressed by the normalized convolution between the absorption cross section CH4(λ) and the light source PSD P0;i( ) as a function of its spectral width plotted in semi-log scale. For each spectral width step, the maximum of the convolution is highlighted with a red marker

  Fig. 3.4. Theoretical sensitivity function to the TG concentration by considering the ratio of the fi-functions (solid lines) or by considering its monochromatic approximation (dotted lines). Two PSD shapes are considered for the broadband light source: Lorentzian (black curves) and Gaussian (red curves) functions. An optical path-length of ℓ = 1 m is used in this simulation.

Fig. 3

 3 Fig. 3.5. a) Relative error on N as a function of the light source spectral width by using the effective cross-section approximation. The path integrated concentration is set to 10 4 ppm.m b) Relative error on N as a function of the PIC when using a spectral width of = 1 nm. Red markers highlight the same input parameters for both simulations.

  3.11) Using Eqs. (3.2)-(3.11), the S1/S2 ratio is express as a polynomial equation:

Fig. 3

 3 Fig. 3.6. a) The iterative Newton-Raphson method applied to a methane concentration of N = 2.5.10 24 #.m -3 (black line). Its convergence is shown with successive iterations (labeled by the iteration number n) while the grey area represents the variation of g when considering ± 2 % statistical errors on Si. b) Relative numerical error on N as a function of the iteration number n for the Newton-Raphson in full line and for the secant method in dashed line.

Fig. 3

 3 Fig. 3.7. Surface representation of the g-functions: g , g and g defined in Eq. (3.17) as a function of N1 and N2 concentrations. The lines highlight the zero values of the g-functions: g (red), g (blue) and g green). Lines are redrawn at the bottom for readability (g = -5). The black marker is located where the three surfaces converge at g = 0.

Fig. 3

 3 Fig. 3.8. Normalized weighted transmission Tw( i) as a function of the central wavelength i and the amplitude modulation function M( i ), as defined in Eq. (3.24). Two different modulation spectral widths are considered ( λ = 2.5 nm, blue curve; λ = 5 nm, red curve) in the case study of a path-integrated concentration of 10 4 ppm.m of methane.

Fig. 3

 3 Fig. 3.10. Simulation of the minimum detectable PIC in ppm.m by considering CWL detuning of the light source (a) and the change of the light source spectral width λ (b). Two AM spectral widths are considered ( nm and nm for the red and blue lines respectively). Position of AM-functions are λ1 = 1665.5 nm and λ2 = 1660.0 nm. P0 is simulated with: CWL = 1658.8 nm and λ = 23.7 nm.

Fig. 3 .

 3 Fig. 3.11. Simulation of the methane PIC relative error as a function of the central wavelength 2 of the reference channel when applying a jitter on 1 and 2 set to 0.1 nm for different AM input parameters such as spectral width and spectral shape. Simulation is realized with Cℓ = 10 4 ppm.m.

Fig. 3 .

 3 Fig. 3.12. a) Responsivity of InGaAs photodiodes having different composition. b) Associated detectivity with different cut-off wavelengths at room temperature (Rogalski 2003).

Fig. 3 .

 3 Fig.3.13. a) Energy band gap of an InGaAs semi-conductor as a function of its composition ratio x of semiconducting materials: (GaAs)x and (InAs)1-x by using basic parameter at 300 K provided by[START_REF] Levinshtein | Handbook series on semiconductor parameters[END_REF]. b) Energy band gap for In0.53Ga0.47As as the function of the temperature by using empirical expression from[START_REF] Paul | Empirical expressions for the alloy composition and temperature dependence of the band gap and intrinsic carrier density in GaxIn1-xAs[END_REF].

Fig. 3 .

 3 Fig. 3.15. a) Simulation of methane concentration relative error as a function of a ( ) spectral shift for a positive value of (red line) or a negative value (blue line) in a logarithmic scale. b) same as a) with a positive spectral shift and by comparing two CWL for the reference channel. In these simulations, Cℓ = 10 4 ppm.m.

Fig. 3 .

 3 Fig. 3.16. Normalized weighted transmission Tw( i) as a function of the central wavelength i and the amplitude modulation function M( i ), as defined in Eq. (3.28) for different molecular species interfering with methane (in

Fig. 3 .

 3 Fig.3.17. a) Methane and water vapor extinction computed with NCH4 = 1.8 ppm and RH = 50 %. b) Systematic error on the methane mixing ratio in presence of water vapor. The relative error is presented as a function of the methane mixing ratio from 1 ppm to 1 % concentration range. As comparison, the weak influence of background carbon dioxide concentration (400 ppm) on CH4 measurements is also plotted.

Fig. 3 .

 3 Fig. 3.18. Systematic error on the retrieved methane concentration when comparing HITRAN 2012 with HITRAN 2008 databases as a function of methane concentration. Different P0;i( ) spectral shape and spectra width are considered.

Fig. 3 .

 3 Fig. 3.19. Systematic error on the retrieved methane mixing ratio as a function of the pressure and the temperature by considering a constant reference temperature in the retrieval algorithm highlighted with the red circle (Tref = 292 K, pref = 1013.25 mbar).

Fig. 4

 4 Fig. 4.1. General layout of the OSAS experimental set-up. The broadband light source is shaped by an amplitude modulator. The Si-signals are measured with an Avalanche Photo-Diode (APD) after passing through a 1-meterlong gas cell. A removable mirror is placed on the optical path for spectral characterizations. A quarter waveplate is used to avoid biases induced by the polarization dependent spectrograph grating efficiency. The two broadband are presented in section 4.1.1 and each amplitude modulator is described in 4.1.2

Fig. 4

 4 Fig. 4.2. Left: picture of the packaged SLED. Right: picture of the experimental set-up showing the 10xmicroscope objective used for collimating light from the monomode fiber and to obtain a divergence in the mrad range.

  Fig. 4.2). The optical set-up relying on the SLED light source is depicted in Fig. 4.3. Different amplitude modulations are applied through different modulation techniques and are described in section 4.1.2.

Fig. 4

 4 Fig. 4.3. Scheme of OSAS experimental set-ups based with the SLED. Its PSD is shaped by an amplitude modulator, either I or II or III. Each amplitude modulator is described in section 4.1.2.

Fig. 4

 4 Fig. 4.4. Measured power spectrum density of the SLED after passing through a PBS for p-pol (red), s-pol (blue) and without passing through the PBS (black). Top left inset is a zoom of the spectral ripples between 1645 and 1670 nm

Fig. 4

 4 Fig. 4.5. Optical layout of the optical parametric amplifier (OPA). The two bismuth borate crystals (BiBO crystal, BiB3O6) can be angle-oriented as well as the delay stage which can be translated to ensure the phase matching. The harmonics and frequency conversions were not used.

Fig. 4

 4 Fig. 4.6. Scheme of the three amplitude modulator arrangements applied in the OSAS experiments. The broadband PSD is shaped by an amplitude modulator generating the corresponding Mi(λ) function, either I or II or III.

Fig. 4

 4 Fig. 4.7. Top view of the AOPDF showing the input s-polarized beam (red) and the used p-polarized diffracted beam (blue). The acousto-optic effect takes place in the paratellurite (TeO2) crystal. This effect between the optical wave and the acoustic wave generated by a transducer is mostly due to the change in the medium refraction index, which occurs in the presence of the sound wave. The light pulse with the desired optical properties is outputted on the 1° diffracted beam.

Fig. 4

 4 Fig. 4.8. Spectral characterization of the light source (black line) and of the PSD shaped by the AOPDF to enfold (red line) or not (blue line) the specific trace gas cross section derived from the HITRAN database (green line). Spectra in dashed lines (resp. solid lines) are obtained with the OPA femtosecond-laser (resp. with the SLED).

Fig. 4

 4 Fig. 4.9. a) Normalized power spectral density of the broadband signal P0( ) from the OPA (black line) and characterization of the PSD of the P0;1( ) pulse shaped by the AOPDF (red line). b) the same as left in semi-log plot which highlights a sinc function shape.

Fig. 4

 4 Fig. 4.11. a) Transmission data of the used interference filters (measured at 23°C). b) Experimental layout of the spectral modulator set-up based on the interference filter presented in Fig. 4.12.

Fig. 4 .

 4 Fig. 4.12. Picture of the optical set-up relying on interference filters. Infrared beams are overlaid with red arrows

Fig. 4 .

 4 Fig. 4.13. Experimental layout of the modulator based on a gas reference cell.

Fig. 4 .

 4 Fig. 4.14. Normalized power spectral densities for the active and reference channel with the absorption cell set-up (red and blue lines respectively). The Fabry-Perot interference originates from the SLED and the monomode fiber coupling.

Fig. 4 .

 4 Fig. 4.15. a) Temporal evolution of the SLED power spectral density P0( ) during 138 minutes within 66 spectra acquisitions. Each spectrum is a combination of 20 nm span spectra. b) Extraction of relevant values from spectra shown in a) namely, the spectral width at FWHM, the central wavelength and its frequency integrated value as a function of each individual recorded spectrum.

Fig. 4 .

 4 Fig. 4.16. Temporal evolution of the OPA femtosecond laser tuned at 1660 power spectral density of P0( ) during 162 minutes within 66 spectra acquisitions. Same description as the caption from Fig. 4.15 with spectra showed in a).

Fig. 4 .

 4 Fig. 4.18. Experimental result of opto-electronic efficiency (purple curve) evaluated from the Si-signals measured with the APD (black curve) as a function of i. Each P0;i i spectrum recorded by spectrograph is also shown with superimposed curves from blue to red.

Fig. 4

 4 Fig. 4.19. Plot of h-function for each set-up combination studied in this work as a function of the parameter x related to the TG concentration. The transparent gray area is the considered concentration range in this work. The theoretical xmax values are highlighted with x marker. Note that the h-functions have been normalized to 1.

Fig. 4 .

 4 Fig. 4.20. Methane path-integrated concentrations retrieved from the OSAS-methodology depending on the reference channel AM function central wavelength 2. The expected methane PIC is represented in dashed lines.

Fig. 4 .

 4 Fig. 4.21. a) Simulated time-series of data containing pure white noise. A positive slope (S = noise + 0.0001t) has been added to simulate systematic drift (blue curve). The same data are simulated with a x10 drift (gray curve). b) Allan deviation calculated from the time-series presented in panel (a). At low integration times white noise dominates. The decreasing dashed line shows the theoretically expected behavior containing only white noise, the trend is -1/2 . The drift influence begins to dominate beyond the optimum integration time τopt. Adapted from[START_REF] Werle | The limits of signal averaging in atmospheric trace-gas monitoring by tunable diode-laser absorption spectroscopy (TDLAS)[END_REF]).

Fig. 4 .

 4 Fig. 4.22. Allan deviation of the signal ratio S1/S2 as a function of the averaging time for the AOPDF amplitude modulators and IF-based modulator.

Fig. 4

 4 Fig. 4.23. Temporal evolution of raw signals S1 and S2 when filling and flushing the gas cell with methane. The slow oscillations are related to the temperature and humidity changes of the room lab as depicted with the both temporal evolution of T and RH. The probe was disposed on top of the SLED box.

Fig. 4 .

 4 Fig. 4.24. a) Temporal evolution of methane PIC retrieved with OSAS by using the AOPDF-modulator over 6000 seconds. At time t = 2000 s, the 1-meter-long measurement gas cell buffered with N2 is filled with a methane-air mixture (1.8 % of methane). Then, methane is removed from the gas cell by flushing it with N2. b) Allan deviation of the signal ratio S1/S2 as a function of the averaging time between t = 2050 s and t = 5050 s.

Fig. 4 .

 4 Fig. 4.25. Methane PIC retrieved by applying the three different AM-techniques with the SLED. The expected PIC-values are indicated with dashed lines for comparison.

Fig. 4 .

 4 Fig. 4.27. a) Allan deviation of the signal ratio S1/S2 with different pair of AM-functions. The AOPDF is tuned so that 2 = 1 for the black line, 2 set close to 1 for the blue line and 2 and 1 pair set in CH4 measurement conditions for the red line. b) Comparison of Allan deviation plot for the corrected and uncorrected signals S1/S2 for the red and orange lines, respectively. For a) and b) plots, the trend in -1/2 starting from first S1/S2) values are plotted for white noise comparison.

Fig. 4 .

 4 Fig. 4.28. Time-series of retrieved CH4 path-integrated concentrations. The expected PIC are indicated with the dotted lines for comparison.

Fig. 5

 5 Fig.5.2. Principle of OSAS-lidar. Two different laser pulses are alternatively generated either by a pulse shaping technique or by tuning the source. One transmitted pulse is spectrally similar to the trace gas absorption crosssection while the other is not. Using a lidar system, these two emitted laser pulses through the atmosphere undergo different absorptions due to the TG presence, give rise to the output OSAS-lidar signals P1(z) and P2(z) after collection by a lidar receiver and detection on a photoreceptor.

Fig. 5

 5 Fig. 5.3. a) Picture of the lidar receiver with the 11.5 cm diameter F/3.9 Newtonian telescope. The InGaAs APD is set directly at the telescope focus point. The HeNe laser is used for guiding during the alignment procedure. b) Schematic view of a biaxial arrangement between the laser transmitter and the lidar receiver. The circles show the overlap between the laser spot and the receiver FOV.

Fig. 5

 5 Fig. 5.4. a) Semi-log plot showing the recorded spectra of P0;1( ) at different spectral widths set in the AOPDF software. b) Corresponding integrated spectra normalized to 1 as a function of the spectral width parameter set on the AOPDF.

Fig. 5

 5 Fig. 5.5. Summary of the spectral data used for the lidar experiment: PSD of the active channel (red) and reference channel (blue), opto-electronic efficiency (purple) and the calculated methane absorption cross-section from HITRAN (green).

Fig. 5

 5 Fig. 5.6. a) Temporal evolution of the power spectral density P0;1 ( ) during 15 minutes within 39 spectra acquisitions. b) Extraction of relevant values from spectra shown in a) namely, the spectral width at FWHM, the central wavelength and its frequency integrated value as a function of each individual recorded spectrum.

Fig. 5

 5 Fig. 5.7. Upper panel: background corrected lidar profiles for the active channel (red) and the reference channel (blue). Bottom panel: ratio of the two lidar profiles. The dashed line is set at P1/P2 = 1.

Fig. 5

 5 Fig. 5.8. Lidar signal from the active channel P1(z). The two white lines symbolizes the location of the gas cell at 90 m.

Fig. 5

 5 Fig. 5.9. a) Retrieval of methane path integrated concentrations. The gas cell was closed from 23:32 to 23:45 for methane filling. Once the gas cell opened, the methane is quickly dispersed in less than 30 seconds. b) Selected time period showing the methane leakage.

Fig. 5 .

 5 Fig. 5.10. Allan deviation of the lidar signal ratio P1/P2 (at z = 110 m) as a function of the averaging time (black line). The corrected data (blue line) doesn't show stability improvements. The considered time series is from 23:15 to 23:32. Results from laboratory measurements (Allan deviation on S1/S2) obtained in section 4.3.3 are replotted for comparison (non-corrected data in orange line and corrected data in red line).

  

  

  

  

  

  

  

Table 1 -

 1 Examples of applications for methane detection, illustrating the need for gas measurement over different concentration ranges. LEL: lower explosive limit. Reproduced from[START_REF] Hodgkinson | Optical gas sensing: a review[END_REF].

	Application	Significant issues	Required concentration range
	Process control: gas quality, i.e.	Accuracy to 'fiscal standards'	70-100% vol
	measurement of natural gas	(0.1%)	
	composition for regulation, metering		
	and custody transfer		
	Safety: purging gas pipes to avoid	Accuracy e.g. to ± 5 % vol at 50	1-100% vol
	explosions and ensure pilot lights	% vol	
	remain burning		
	Process control: monitoring	Accuracy in a wide range of	0.1-100% vol
	combustion processes	temperature and pressures	
	Safety: quantification of gas leaks with	Accurate at action points e.g. 20	0.1 -5% vol
	respect to the LEL of 4.9%vol	%LEL (1% vol) for evacuation	
		of buildings	
	Safety: location of gas leaks, often	Reliable zero limit of detection	1-10 000 ppm
	outdoors	approaching 1 ppm	
	Process/environment: quantification of	Repeatability 100 ppb.	100 ppb-1000 ppm (plus
	residual methane in flares, for carbon	Background methane 1.8 ppm	background level of 1.8 ppm)
	trading	(higher when close to sources)	
	Environmental modelling:	Comparison with historic data.	30 ppb-3 ppm (plus background
	measurement of the methane	Accuracy of 0.1-5% of reading	level of 1.8 ppm)
	background of 1.8 ppm	required.	
	Environmental modelling: methane	Correlation with local	5 ppb-25 ppm (plus background
	flux measurement by eddy covariance	atmospheric eddy currents at	level of 1.8 ppm)
	technique	data rates > 10 Hz	

Table 2 -

 2 Selected examples of NDIR sensors for methane detection.

1 Optical Spectrum Analyzer.

Table 3 -

 3 The four independent vibrational modes of the CH4 molecule.

Table 5 -

 5 . Parameters used for the calculation of normalized weighted transmission Tw i for different interfering species. The absorption cross-sections are calculated at standard pressure and temperature from the HITRAN database and spectral data from PNNL at 25°C are used.

	Interfering species	Path Integrated	Spectroscopic
		Concentration	database
	Water vapor (H2O)	10 7 ppm.m	HITRAN 2012
	Carbon dioxide (CO2)	10 6 ppm.m	HITRAN 2012
	Nitrous oxide (N2O)	10 5 ppm.m	HITRAN 2012
	Ethane (C2H6)	1000 ppm.m	PNNL
	Propane (C3H8)	1000 ppm.m	PNNL

Table 6 -

 6 Specifications of the In0.53Ga0.47As APD used in the experimental set-up showed in Fig.4.1.

  Table 7 qualitatively summaries the optical properties of SLED, LED and laser diode.

		LED	SLED	Laser diode
	Principle of Light	Spontaneous	Amplified Spontaneous	Stimulated Emission
	Generation	Emission	Emission	
	Optical Spectrum	Broadband	Broadband	Narrowband or multiple
				Fabry-Perot modes
	Total optical output	Medium	Medium	High
	power			
	Optical power density	Low	Medium	High
	Optical waveguide	No	Yes	Yes
	Light Emittance	All directions	Divergence-limited	Divergence-limited
	Spatial coherence	Low	High	High
	Coupling into single-	Poor	Efficient	Efficient
	mode fibers			
	Temporal coherence	Low	Low	High

Table 7 -

 7 

Summary of general optical properties for LED, SLED and laser diode taken from Exalos website.

Carbon dioxide (CO2) is a triatomic linear molecule whereas water vapor (H2O) is a non-linear triatomic molecule.

We will detail later that this spectral width is also indirectly dependent of the molecular species surrounding the considered target gas.

Line mixing arises from the exchanges of populations between rotational levels induced by intermolecular collisions. This effect redistributes the absorption intensity among the optical transitions which thus cannot be treated as isolated lines.

Usually specified in mW/THz or mW/nm. In this work the optical power spectral densities are normalized.

Strictly speaking, N is the gas density expressed in #.cm -3 and its conversion to the gas concentration (or mixing ratio) value C expressed in ppm is made with the Eq. (1.2) introduced in the first chapter. By language abuse, the term gas concentration may be used instead of gas density.

This particular absorption R(6) line has been selected for a methane DIAL application using an optical parametric oscillator (OPO) having a full linewidth of 40 MHz[START_REF] Refaat | Performance evaluation of a 1.6-μm methane DIAL system from ground, aircraft and UAV platforms[END_REF]).

This R(4) line has been selected in another DIAL system also based on an OPO having a linewidth below 300 MHz[START_REF] Numata | Detection of Methane and Ethane by Continuous-Wave Cavity Ring-Down Spectroscopy Near 1.67 μm[END_REF]).

A spectral width of 300 MHz at 1651 nm is equal to = 2.7 pm.

Note that measurements can also be done simultaneously with individual detection channels like the detection system developed by[START_REF] Rubio | Non-selective NDIR array for gas detection[END_REF].

This definition refers to a different NEP definition that is not normalized to the measurement bandwidth

To address this, the inversion numerical model can be improved with the perspectives given in Appendix A.

SMF-28 is a single-mode telecom fiber used for the 1.3 μm or 1.5 μm wavelength region.

Our fs-laser is based on a regenerative amplifier and a multipass amplifier.

Acousto-optical programmable dispersive filter

A rotating discs containing apertures which allow radiation to pass through. The modulation frequency is determined from the speed of the rotating disc.

temperature controller for adjusting the passband of the optical filter (Patent US20050030628 A1).

To avoid confusion with the quantum efficiency often denoted with the same variable.

of the reference channel M2( 2, ) is swept from 1630 nm to 1680 nm with 1 nm step to retrieve methane PIC as a function of 2. Each methane PIC is retrieved by applying the OSAS inversion algorithm with the differential absorption measurements considering every pair of 1 and 2. The measurement gas cell is filled with a commercial gas mixture of CH4 and air (1.8 % vol. concentration ± 1 % relative error), corresponding to a methane gas path-integrated

Note that the conversion to methane mixing ratio is easy since the measurement gas cell is 1-meter length.

A photodiode with a p-i-n junction.

The second anthropogenic contributor to global warming after CO2[START_REF] Stocker | Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change[END_REF]) and a major absorber of solar radiation[START_REF] Stier | Aerosol absorption and radiative forcing[END_REF]).

Also known as bistatic geometry

Remerciements
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Signals from the two detectors are both recorded with a Teledyne-Lecroy HDO-4000 oscilloscope rather than our transient recorder for practical reasons. The duty cycle of the acquisition system is reduced to 33 %. The signals are sampled during 1 second and the system takes two seconds to write files on the hard disk. The remaining part of the optical set-up is the same as the set-up presented in general set-up (see section 4.1). Fig. 4.26. Scheme of the OSAS experimental set-up using the femtosecond laser ( = 790 nm). Energy transfer to emit at 1660 nm on the idler is realized by the OPA (Optical Parametric Amplifier). Optical beam separation of signal and idler is done with a PBS. The signal beam is monitored with a powermeter. The diffracted signals are measured simultaneously with a PIN photodetector after the 50/50 mirror and with an Avalanche Photo-Diode (APD) after passing through a 1-meter simple pass gas cell. A removable mirror can be added on the optical path for spectral characterizations.

4.3.3.a Signal model consideration

The intensity of P0( ) may change quickly inside the i = 1,2 measurement cycle. Normalizing the OSAS signals suggests that the fi-functions, which modeled our instrument, need to be enhanced because the second detector has its own responsivity. Hence, the new retrieval algorithm is presented. The measured signal with pulse-to-pulse intensity fluctuations can be described with:

where Ki( ) is related to the pulse intensity fluctuation of P0( ). In order to continue the analysis, Ki is assumed spectrally independent. = exp TG Nℓ) is the target gas optical transmission and ( ) is the opto-electronic efficiency. The second detector is used to monitor the Ki intensity fluctuations and its recorded signals can be expressed as:

where K' is the second opto-electronic constant and '( ) is its optical efficiency. Note that the additional modulation induced by the 50/50 mirror is assumed to be a part of ' ( ). The ratio of the intensity fluctuation is expressed as:

For concentration retrievals, we combine the signal ratio S1/S2 from the APD detector and the fluctuation correction term K1/K2 measured by the second detector and we get:

The OSAS signal models fi(x) are now defined as:

This new definition of signal models demonstrates that the optical efficiency from the second detector needs to be characterized. The concentration retrieval of N follows the same approach as described in section 3.3.3. However, if the spectral characterization of the second detector cannot be performed, an alternative approach is to measure S'1/S'2 with a long exposure so that the mean value of the ratio K1/K2 tends to 1. Hence, the integral ratio from Eq. (4.11) noted can be estimated with:

where ' i S are the averaged values of ' i S with a sufficiently large number of samples so that the laser fluctuations vanish. Subsequently the g-function used from OSAS retrievals can be deduced from:

and f1(x) and f2(x) are the same signal models as defined in section 3.3.3. Then the g-function becomes:

on the coupling of the lidar methodology with the OSAS-methodology, developed in Chapters 3 and 4.

The principle of a basic lidar system is schemed in Fig. 5.1. A lidar system is composed of a laser transmitter emitting short laser light pulses through the atmosphere, a photo-receiver composed of a telescope and a photo-detector, to collect the backscattered radiation and convert it into an electrical signal, and an acquisition system, to digitize the electrical signal as a function of time. The laser transmitter may provide laser pulses at several wavelengths or may have to fulfill special requirements regarding the emission spectrum. Besides, the photoreceiver may be composed of multiple telescopes, of multiple wavelength channels and one detection channel can itself be composed of several optical components: a parallelizing lens, a band-pass filter (often used to reduce the sky background contribution). The setup that is outlined here is common to all lidar systems using so-called direct detection. Direct detection is opposed to heterodyne detection where the received light is made to interfere with a reference light wave prior to detection, which is the principle of Doppler lidar that can be used e.g. for wind profile measurement or wake vortex monitoring (Dolfi-Bouteyre et al. 2008). The resulting signal is then recorded by the acquisition system synchronized with the laser emission. The geometry between the emitter and receiver here is monostatic.

Following the above considerations, the conventional form of an elastic lidar can be written as follows:

(5.1) CO2 [START_REF] Georgieva | A broad band lidar for precise atmospheric CO2 column absorption measurement from space[END_REF]) and measurements with gas correlation lidar on CH4 with a laser OPO having a spectral width of = 50 GHz at = 3.4 μm [START_REF] Minato | Development of a lidar system for measuring methane using a gas correlation method[END_REF].

As the aim of this work is to use a broadband laser source and the methodology introduced in the previous chapter, the presentation of DIAL will primarily be focused on direct detection. However, we can mention that heterodyne (or coherent) detection has also been used for monitoring CO2 with a laser linewidth of 2.5 MHz 22 [START_REF] Gibert | Vertical 2-μm heterodyne differential absorption lidar measurements of mean CO2 mixing ratio in the troposphere[END_REF]. The use of a broadband laser pulse with a laser linewidth of 3 GHz 23 has also been reported for CH4 absorption measurements with heterodyne spectroscopy [START_REF] Sugimoto | Heterodyne spectroscopy using broadband short-pulse laser for longpath absorption measurement of atmospheric trace species[END_REF]. It is worth noting that coherent systems are more sensitive to speckle and refractive-index turbulence effects than direct detection systems [START_REF] Hardesty | Coherent DIAL measurement of range-resolved water vapor concentration[END_REF].

In differential absorption lidar, where the laser linewidth is below 0.1 times the absorption linewidth of the TG, it is common to use the monochromatic Beer-Lambert law (see Eq. (1.1)) [START_REF] Cahen | A spectral limitation of the range resolved differential absorption lidar technique[END_REF]. This approximation is based on the use of an effective cross-section eff which is the convolution of the light source emission spectrum with the absorption spectrum [START_REF] Ismail | Airborne and spaceborne lidar measurements of water vapor profiles : a sensitivity analysis[END_REF][START_REF] Ehret | Airborne remote sensing of tropospheric water vapor with a near-infrared differential absorption lidar system[END_REF]). As a first approximation, the DIALequation for the retrieval of target gas density number can then be written as:

where the subscripts "on" and "off" stand for the active on and reference off wavelengths, respectively. Pon(z) and Poff(z) are the detected lidar signals at range z, Δσ = σon -σoff is the differential TG absorption cross-section. The wavelengths on and off are closely spaced so that the atmospheric extinction, backscatter and receiver efficiency are equal for the two wavelengths. In this approximation, Δσ is supposed to be range-independent, but as presented in Chapter 2, the absorption lines are function of many parameters such as atmospheric temperature and pressure. From an experimental point of view, lidar signals are recorded with discrete values corresponding to a "bin range", and by expressing the derivative of the Eq. (5.2) in terms of a range increment z, we get:

Hence, the Eq. ( 5.3) shows that DIAL is a self-calibrating 24 measurement technique: the number density NTG is evaluated directly. All other instrument constants or atmospheric process are removed (see the lidar equation, Eq. (5.1)). Information on the range-resolved gas distribution 22 2.5-MHz linewidth is equivalent to = 35.5 fm at = 2064 nm, which is nearly transformed limited with a pulse duration of 230 ns. 23 Equivalent to = 0.12 nm at = 3464 nm. 24 In contrary to Raman lidar, where the inelastic signal is proportional to the TG concentration but a calibration procedure should be made with known concentrations of nitrogen and methane mixtures.

Appendix A

Inversion model improvements

Here some perspectives are given in order to retrieve the target gas concentration with a greater accuracy. The fi-functions modeling the detected signals can be more complex and corrected from chromatic effects if these effects are known with high accuracy. Note that these correction factors have not been tested at the time of writing.

Correction from interfering species

If along the optical path length ℓ, the Si signals undergo absorption from other gases, their transmission functions can be added on fi. This case is relevant only if the concentration of a potential interfering species is measured with a third device. As a correction factor, the fifunctions from Eq. (3.6). are improved by adding the optical transmission of one or several interfering species: 5.11) where ( ) exp ( )

T N with j(λ) the appropriate absorption cross-section of the interfering species and Nj its gas density.

Correction of the self-collisional broadening coefficient

For some species, the self-collisional broadening coefficient may have a non-negligible value compared to the air broadening coefficient. For example, due to self-broadening, water vapor absorption lines are broader in humid air than in dry air at the same total pressure [START_REF] Ertel | Application and Development of Water Vapor DIAL Systems[END_REF].

Neglecting the influence of self on the retrieval procedure may lead to a biased absorption crosssection and therefore a bias on the concentration retrieval. In DIAL, the iterative procedure exists to reduce this bias. It has been shown that Δσ can be overestimated up to 9% when using only air instead of the Eq (2.18) [START_REF] Ertel | Application and Development of Water Vapor DIAL Systems[END_REF]). This non-linear dependence can also be implemented in the fi-functions. In this way, if we are able to calculate the TG cross-section by combining air and self where C is function of x, the iterative scheme with the following signal model may be used: 0

(5.12)

In the case of methane concentrations retrieved with OSAS and using spectral data from set-up I (see Fig. 4.3), the relative error when measuring 10 4 ppm.m by using only air instead of self in the retrieval algorithm remain below 0.7 %. This relative error is low because the emitted
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