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Résumé de la thèse L'impact des nuages de glace sur le cycle de l'eau et le bilan radiatif est encore incertain en raison de la complexité des processus nuageux qui rend difficile l'acquisition d'observations adéquates sur les propriétés des nuages de glace et leur représentation dans les modèles de circulation générale. Les instruments de télédétection actifs et passifs, tels que les radiomètres, les radars et les lidars, sont couramment utilisés pour les étudier. La restitution des propriétés microphysiques des nuages telles que extinction visible (α v ), le contenu en glace (IWC), ou le rayon effectif (r e ), peut être effectuée à partir d'un seul instrument ou de la combinaison de plusieurs instruments. L'intérêt de l'utilisation de synergies instrumentales pour restituer les propriétés nuageuses réside dans le fait que cela permet de réduire les incertitudes dues aux lacunes des différents instruments pris séparément. La constellation de satellites A-Train a considérablement amélioré notre connaissance des nuages. Depuis 2006, le lidar à rétrodiffusion visible CALIOP embarqué à bord du satellite CALIPSO et le radar nuage à 94GHz CPR embarqué à bord du satellite CloudSat ont permis l'acquisition de profils nuageux sur l'ensemble du globe et de nombreuses méthodes synergiques de restitution ont été adaptées à ces instruments. En 2021 sera lancé un nouveau satellite, EarthCARE, embarquant des instruments de télédétection de pointe, notamment ATLID, un lidar à haute résolution spectrale (HSRL) à 355 nm et un radar nuage Doppler à 94 GHz. La mission principale de ce satellite est de quantifier les interactions entre les nuages, les aérosols et le bilan radiatif de la Terre afin d'améliorer les prévisions météorologiques et des modèles climatiques. Grâce à son instrumentation avancée installée sur une plate-forme unique, cette nouvelle mission devrait fournir des observations sans précédent des nuages depuis l'espace. Cependant, pour ce faire, les algorithmes synergiques développés pour les mesures de l'A-Train doivent être adaptés à cette nouvelle configuration instrumentale.

Au cours de ma thèse, je me suis concentrée sur l'algorithme Varcloud développé en 2007 par Delanoë et Hogan et basé sur une technique variationnelle. La première partie du travail a consisté à adapter certains paramètres du modèle microphysique de l'algorithme à des études plus récentes d'une large base de données in situ. De nouveaux coefficients ont été déterminés pour l'a priori du rapport lidar, à partir d'une statistique des restitutions obtenues avec l'ancienne paramétrisation dans les régions synergiques observées par CloudSat et CALIPSO. La base de données in-situ a permis d'affiner l'expression de la distribution en taille des particules et de l'a priori du coefficient de normalisation de la concentration, N ⇤ 0 , et de valider le choix de la relation masse-diamètre utilisée pour les cristaux de glace. Ces changements ont été pris en compte pour créer une nouvelle version du produit DARDAR-CLOUD qui fournit les propriétés microphysiques des nuages de glaces observés par CloudSat et CALIPSO. Cette nouvelle version a été comparée à l'ancienne, ce qui a permis de montrer, en moyenne, une diminution du contenu en glace et une augmentation du rayon effectif. Le nouveau rapport lidar est également réduit en moyenne, en particulier aux faibles températures où les valeurs sont divisées par 2. Pour les températures comprises entre -30 et 0 • C, au contraire, on observe une augmentation du rapport lidar, entre 0 et 50%. Ces changements observés au niveau du rapport lidar sont responsables d'une diminution de la valeur d'IWC pour les températures inférieures à -30 • C. Le rayon effectif, lui, est peu impacté par les modifications du rapport lidar. Les changements réalisés au niveau de la distribution particulaire et de la relation masse-diamètre ont tendance à entraîner une augmentation du contenu en glace restitué dans les régions observées uniquement par le lidar (entre 15 et 40% en fonction de la température), ainsi que dans les régions synergiques, mais dans une moindre mesure (<15%). Cet effet contre-balance celui provoqué par les modifications du rapport lidar, qui reste cependant majoritaire. Pour les températures supérieures à -40 • C, on observe une diminution du contenu en glace, d'autant plus marquée que la température augmente, allant jusqu'à -45%. Concernant les restitutions de r e , on observe une augmentation globale. De plus, cette augmentation dépend également de la température dans les zones nuageuses détectées par un seul instrument, que ce soit le lidar ou le radar, ce qui n'est pas le cas des zones synergiques. De 

Introduction

Clouds are an important component of the climate system: they are in the centre of the Earth's water cycle and global heat and radiation budgets and play a critical role in the chemical and dynamical processes involved in the atmospheric circulation [START_REF] Stephens | Cloud feedbacks in the climate system: A critical review[END_REF]. It is essential to understand their contribution to the Earth's system to better prepare ourselves to climate changes and weather variability. At the climatic scale (long timescales), our planet is undergoing unprecedented warming, which is expected to strongly impact our societies [START_REF] Pachauri | Climate Change 2014: Synthesis Report. Contribution of Working Groups I II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change[END_REF]. At shorter timescales, extreme meteorological events, such as strong winds and precipitation are also high priority for weather forecasters [START_REF] Frame | Predictability of Frontal Waves and Cyclones[END_REF]. However, climate and weather prediction models still present shortcomings in certain situations and scenarii where clouds remain one of the main sources of uncertainties, due to the complexity of the related processes. In particular, the last IPCC report on climate change insists on the spreading in the simulation results due to the high uncertainty on the response of cloud processes to an increase in temperature, CO 2 amount or change in the aerosol concentration [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]).

Since the 1970s, the developpement of spaceborne instruments has allowed us to significantly improve our understanding of atmospheric processes. Indeed, satellite sensors can provide a continuous observation of the state of the atmosphere over the entire globe and across the wide range of spatial and temporal scales that compose weather and climate variability. In the last 50 years, continuing improvements have been made on the spectral and spatial resolution of passive sounders, which are now able to provide highly valuable information on several cloud properties such as their amount and height, their optical properties (like their emissivity and optical depth) and some bulk microphysical variables (total water path, thermodynamical phase, effective radii). The main satellite sounders are summarized by [START_REF] Stubenrauch | Assessment of Global Cloud Datasets from Satellites: Project and Database Initiated by the GEWEX Radiation Panel[END_REF]) as well as an intercomparison of their cloud products. Those passive sensors, however, only provide vertically-integrated information and are not able to observe the vertical distribution of clouds.

In 2006, two additionnal space missions CloudSat and CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) joined the A-Train (NASA) satellite constellation dedicated to climate, water cycle and radiation studies [START_REF] Stephens | The Cloudsat Mission and the A-Train[END_REF]. Those satellites carried onboard two active sensors, a cloud radar (94GHz) and an elastic backscatter lidar (532 and 1064nm), which contributed to a better description of cloud processes and microphysical properties by providing vertical profiles of the atmosphere.

Using more than 10 years (25 for passive sounders) of observations from space allowed for many statistical studies, providing climatologies of cloud properties like cloud cover, amount and height [START_REF] Stubenrauch | A 6-year global cloud climatology from the Atmospheric InfraRed Sounder AIRS and a statistical analysis in synergy with CALIPSO and CloudSat[END_REF] or cloud water content and the associated radiative effects [START_REF] Huang | Climatology of cloud water content associated with different cloud types observed by A-Train satellites[END_REF]. These observations are also valuable to study specific processes in regions where other measurements are scarce, for example in the polar regions [START_REF] Verlinden | The Three-Dimensional Distribution of Clouds over the Southern Hemisphere High Latitudes[END_REF][START_REF] Mioche | Variability of mixedphase clouds in the arctic with a focus on the svalbard region: a study based on spaceborne active remote sensing[END_REF] or for large scale events, such as the Asian monsoon [START_REF] Berry | Cloud properties and radiative effects of the asian summer monsoon derived from A-Train data[END_REF].

Satellite data are also very usefull to assess/validate models (Bony et al. 1992;[START_REF] Delanoë | Evaluation of ice cloud representation in the ECMWF and UK Met Office models using CloudSat and CALIPSO data[END_REF][START_REF] Chakroun | Characterization of vertical cloud variability over Europe using spatial lidar observations and regional simulation[END_REF], and long-term records would allow to highlight trends in climate variability that would be of great interest for the evaluation of climate projections [START_REF] Chepfer | The potential of a Multidecade Spaceborne Lidar Record to Constrain Cloud Feedback[END_REF].

Objectives of this PhD

-G e n e r a lp r o b l e m a t i c

In the context of climate change, the need for long-term continuous high quality global observations of the Earth's system is crucial. In 2021 will be launched the Earth Clouds, Aerosols and Radiation Explorer (EarthCARE) satellite [START_REF] Illingworth | The EarthCARE Satellite: The Next Step Forward in Global Measurements of Clouds, Aerosols, Precipitation, and Radiation[END_REF], boarding state of the art active and passive remote sensing instrumentation to pursue the Earth Observation mission started by CloudSat and CALIPSO. To assure the continuity of spatial observations of clouds, it is essential to bridge the gap between the two platforms and understand what to expect from the upcoming EarthCARE data compared to the previous A-Train measurements.

Since remote sensing instrumentation cannot provide direct information on the cloud properties, dedicated retrieval techniques have to be applied to the measurements. Those techniques require several assumptions to be made in order to retrieve microphysical and optical cloud variables from the instrumental signals. These assumptions are responsible for uncertainties in the retrievals. More uncertainties come from the shortcomings of the instrument itself. With the increased number of various remote sensing techniques, instrumental synergies were found to be a solution to significantly improve cloud retrievals. In particular the combination of a radar and a lidar, which are sensitive to different parts of the cloud profile and different cloud properties allows for a well-constrained retrieval of the cloud extinction and Ice Water Content (IWC) profiles [START_REF] Stein | A comparison among four different retrieval methods for ice-cloud properties using data from cloudsat, calipso, and modis[END_REF]). Specific techniques were developped for synergistic retrievals and in particular for A-Train data. To provide the needed long-term record of satellite observations and make the link between CloudSat-CALIPSO and EarthCARE, those algorithms have to be adapted to the instruments of the EarthCARE platform.

-S u g g e s t e ds o l u t i o n s During my PhD, I focused on the Varcloud algorithm that was developed in 2007 by Delanoë and Hogan. Based on a variational technique, this algorithm uses the radarlidar synergy to provide information on optical and microphysical properties of ice clouds. It has been adapted to spaceborne platforms and a product of ice cloud properties from CloudSat-CALIPSO measurements (DARDAR-CLOUD) is operationnaly provided to the international community. The first part of my work was to update the microphysical model of this algorithm, based recent studies of a large dataset of in-situ measurements of ice clouds, in order to provide better retrievals for ice cloud properties both from the A-Train and from the future EarthCARE measurements.

The second part of my work consisted in working on the new kind of measurements that will be available with the EarthCARE platform. In particular, the Atmospheric lidar ATLID will provide High Spectral Resolution measurements at the wavelength 355nm.

To study the impact of this new instrumental configuration, I used airborne instrumental platforms and measurements obtained during the NAWDEX/EPATAN campaign that took place in fall 2016 in the North Atlantic. Airborne platforms are ideal to prepare and validate space missions, allowing for direct underpasses of spaceborne instruments. Moreover, German and French aircraft, respectively HALO and SAFIRE Falcon 20 have very complementary payloads and are perfectly designed for the preparation, the calibration and the validation of EarthCARE. Both aircraft board a High Spectral Resolution Lidar (HSRL) -355 nm on the French Falcon and 532 nm on the HALO -and a Doppler radar at 36 GHz (HALO) and 95 GHz (Falcon 20). In addition, the LEANDRE New Generation (LNG) lidar boarded on the Falcon 20 also measures at 532nm, which makes it a real asset to bridge the gap between CALIOP and ATLID. Moreover, airborne instrumentation provides high-resolution measurements that allow for more process-driven studies, in a goal to improve the representation of clouds in prediction models.

Organisation of the document

The first part of this document gives more details on clouds and their microphysical and optical properties, their role in the hydrological cycle and the radiative budget to explain the scientific questions that motivated this work.

The second part gives an overview of the different observation techniques dedicated to cloud studies, with a particular focus on active remote sensing and the specific spaceborne and airborne platforms used during this PhD to prepare EarthCARE.

The third part describes the modifications made on the parameterizations of the variational algorithm to improve the retrievals of ice cloud properties, and describes the differences observed in the retrieved lidar ratios, IWC and effective radii with respects to the old version of the DARDAR-CLOUD product.

The last part presents the study I made on airborne high-resolution, multi-wavelength and multi-platform measurements. Observations from the two platforms, French and German, were assessed and compared and the retrieval algorithm was adapted to thoses measurements. In particular, the HSRL measurements were included and their influence on the retrievals are discussed. 

Part I

An introduction to clouds

A classification of clouds

Clouds were first categorized in different cloud types as a function of their shape and the altitude of their base that could be estimated with the eye of an observer from the ground. The NOAA sky watcher chart presented in Figure I.1 summarizes the different cloud categories. This classification is based on Luke Howard's nomenclature system (1802).

The main feature of a cloud that was used for the classification, alongside the altitude of the cloud base, is its vertical structure. The latter is due to air stability. In a stable atmosphere, an air parcel in a vertical ascent is forced to go back to its original position. This process is responsible for the formation of stratiform clouds with a low vertical extension and a large, homogenous horizontal extension. On the contrary, in unstable or turbulent conditions, the clouds that develop are characterized with a vertical extension larger than the horizontal extension and often present complicated convective structures. Those clouds are called cumuliform clouds.

High-level clouds are characterized by bases above 5 kilometers. They are mainly made of ice crystals and are usually optically thin (low concentrations of crystals due to cold and dry air). The most common types of high-level clouds are cirrus clouds (Ci) and cirrostratus (Cs). Cirrus often look like long threads with more or less organized structures that can be inferred by the winds at those altitudes ( The cloud base of low-level clouds is located below 2km (Figure I.1, L1-L9). Those clouds are most of the time made of liquid droplets. Depending on their horizontal and vertical extension, one can distinguish between cumulus (Cu) which are typical cumuliform clouds, stratocumulus (Sc) that are characterized by their horizontal extension but associated to small convective structures, and stratus (St), which occur in particularly stable air masses and can sometimes reach the ground (fog).

Sometimes, clouds present a high vertical structure with a low-level cloud base. As ar e s u l t ,t h e yc a nb em a d eo fl i q u i dd r o p l e t sa tt h e i rb a s ea n di c ec r y s t a l sa tt h e i rt o p . This is the case for the thick nimbostratus clouds, the largest cumulus clouds ( The 10 cloud types can be divided in subcategories depending on the specific features, coverage or radiative properties and a symbol is given for each of those subcategories. There are also 5 "special clouds" typical of very specific weather conditions. Clouds are made of small water particles called hydrometeors. Those particles can be in the liquid phase (droplets)o ri nt h es o l i dp h a s e( ice crystals). For all purposes, let's remind here that hydrometeors are not the only non-gaseous particles present in the atmosphere. Several natural processes (volcanic eruptions, erosion, wildfires, breaking of ocean waves, ...) and human activities (pollution, burning biomass, ... ) are responsible for releasing small solid and liquid particles in the atmosphere (ashes, dust, sea salt, fine particles, ...). Those particles are called aerosols and can interact with clouds and radiation.

Studying clouds can be done at different scales, from the macroscopic scale of their vertical and horizontal extensions (from a few meters to several kilometers) to the scale of particles they are made of (from tens of microns to a few millimeters). To understand the processes taking place in clouds, it is essential to have information on the characteristics of those hydrometeors. Compared to cloud droplets which are spherical and therefore, quite simple to represent in microphysical models, ice crystals can take a large variety of shapes that depend on their formation conditions and on the thermodynamical properties of the atmosphere in which they grow. When they form, ice crystals are small with hexagonal geometries due to the crystalline structure of ice. Figure I.2 shows the most common crystals that are likely to form between 0 and -35 • C for a given range of supersaturation. When the temperature decreases, the shape of the crystals tends to shift from columns to plates and as the supersaturation with respect to ice (i.e. when the amount of water vapor is above the saturation level) increases, complex structures like dendrites are more likely to be found. Those results were found in laboratories but in-situ observations indicate that ice cloud particles can collect together to produce aggregates, that represent most of the crystals observed at sizes above 50 µm. Moreover, in nature, ice crystals encounter varying temperature and relative humidity during their formation and evolution processes, leading to irregular shapes and surface roughness [START_REF] Korolev | Ice particle habits in Arctic clouds[END_REF][START_REF] Nelson | Snow Crystal Habit Changes Explained by Layer Nucleation[END_REF].

Clouds, how do they form?

The main processes at stake in the formation of clouds are the condensation (for liquid clouds) and the deposition (for ice) of the water vapor present in the atmosphere. This occurs when an air mass reaches the saturation level (100% humidity rate) and contains a maximum quantity of water vapor. The amount of water vapor needed to reach saturation increases with the temperature of the air mass. As a result, the coldest the air mass, the least water vapor is needed for condensation. In theory, the formation of clouds can occur with additional water vapor supply or cooling of the air mass. In a turbulent atmosphere, an air parcel with high relative humidity close to the ground can be lifted by updrafts and undergo adiabatic cooling until reaching the dew point temperature (temperature for which condensation occurs). Such processes are responsible for the formation of most of the cumuliform clouds. Considering stratiform clouds, condensation can occur at the mixing of different air masses advected by winds, or when overnight, the radiation of as u r f a c eu n d e rc l e a rs k i e sc o o l st h ea i rb yd i r e c tc o n t a c tt os a t u r a t i o n ,l e a d i n gt ot h e formation of morning radiation fog. This radiation cooling can also occur in the upper troposphere and lead to the formation of cirrus.

In usual atmospheric conditions, homogeneous deposition or condensation (the transition from water vapor to ice or liquid water, respectively) cannot occur as the energy barrier is too high. The formation of liquid droplets and ice crystals is done initially around cloud condensation (CCN) and ice (IN) nuclei, respectively. Those are solid or liquid particles that can have different origins: anthropogenic (pollution), mineral (dust, volcanic sooth) or marine (salt). If the concentration of those nuclei is too low, the atmosphere can remain in a supersaturated state. This is particularly the case in the upper troposphere (10 -15km).

Spontaneous solidification of liquid water (called homogeneous freezing) occurs at temperatures below -38 • C where the relative humidity at which ice forms is below water saturation [START_REF] Heymsfield | Homogeneous Ice Nucleation and Supercooled Liquid Water in Orographic Wave Clouds[END_REF]. At warmer temperatures, on the other hand, it is common to find layers of supercooled water as solidification processes require the presence of ice nuclei.

The different formation processes that occur above -38 • C are summarized by [START_REF] Kanji | Overview of Ice Nucleating Particles[END_REF] and presented in Figure I.3. Crystals can form via water vapor deposition onto an IN or when a liquid droplet freezes heterogeneously due to an insoluble IN embedded in the droplet (immersion/condensation freezing). As soon as the liquid droplet interacts with an ice nulcei, an ice crystal is formed (this is called contact freezing). The required stability and "cleanness" of the air mass to observe supercooled water increases when the temperature decreases: at -20 • C, in most cases, it represents less than 10% of the cloud volume [START_REF] Hu | CALIPSO/CALIOP Cloud Phase Discrimination Algorithm[END_REF]). However, it is common to observe supercooled layers in the mid-troposphere and mixed phase clouds composed of both liquid and ice phases. Those supercooled layers are important to detect as their scattering properties are very different from those of ice clouds and they can be misinterpreted by observation sensors.

Mechanical processes, such as the shattering of colliding ice crystals can create small crystal fragments that will take the role of an ice nucleus and trigger the formation of new crystals. These mechanisms are called secondary formation processes [START_REF] Field | Secondary Ice Production: Current State of the Science and Recommendations for the Future[END_REF].

When an ice crystal (or liquid droplet) is formed, it is able to stay in suspension with fall velocities close to 0m.s -1 . This is possible due to the small size of the particle, creating a balance between its weight, the vertical air motion and friction effects. However, several processes occur inside the cloud, such as further water vapor deposition on the Cloud particles can interact with electromagnetic radiation. An electromagnetic wave can be described by its wavelength λ (in meters) or its frequency ⌫ = c/λ (in s -1 or Hz, with c the celerity of the wave in m.s -1 ) which allows us to build the electromagnetic spectrum represented in Figure I.4 and identify a series of frequency domains. From 380nm (equivalent to a violet light) to 780nm (red light) is the visible spectrum, which can be detected by human eyes. The main source of visible light on Earth comes from the Sun. It is also referred to as "short-wave" (SW) radiation. The Sun also emits at shorter wavelengths in the ultraviolet (UV) spectrum but much less in the longer wavelengths of the infrared (IR) spectrum and above. Radiation emitted at wavelegths above 800nm is also called "thermal" or "long-wave" (LW) radiation and is the main source of energy produced by the Earth's surface and the atmosphere. Interactions between electromagnetic radiation and matter can be divided into three different processes: emission, absorption and scattering. Those processes can affect cloud particles and aerosols but also the surrounding air molecules. The influence of thoses different processes in the global radiative properties of the atmosphere depend on the radiation wavelength, the thermodynamical conditions and the characteristics of the cloud particles.

Emission

Emission processes involve the molecular structure of a body and occur when an atom goes from an excited state E 2 to a level of lower energy E 1 . The difference in energy between the two states is released in the form of a photon at the frequency ⌫ given by E 2 -E 1 = h⌫, where h is the Planck constant. The emitted photons propagate in random directions.

Extinction processes can be divided into absorption and scattering, which allow us to define the absorption and scattering coefficients:

↵ ext λ = ↵ abs λ + ↵ sc λ . (I.4)
The absorption process occurs when particles use the energy of incoming photons to move to a higher energy level. When considering a single particle, absorption can be expressed by the absorption efficiency Q abs .I nt h ev i s i b l e ,a b s o r p t i o np r o c e s s e si nc l o u d s are neglected and extinction is only due to the scattering by the cloud particles. In thermodynamic equilibrium, Kirchhoff's law states that ↵ abs λ = ✏ λ . Atmospheric gases can absorb some of the incoming solar radiation, as well as its portion reflected by the Earth's surface. The Earth's thermal radiation is also absorbed by the atmospheric constituents (including clouds).

Scattering

Scattering consists in changing the direction of propagation of an incoming radiation. It is as if the particle was absorbing and then reemitting a photon within a very short time, and thus without using its energy. As a consequence, the scattered wave has the same wavelength as the incident one. At least, this is the case for elastic scattering. Inelastic scattering occurs when the molecule (or atom) first absorbes the incident wave and uses the incoming energy to change its rotational or vibrational state. This results in a change in the frequency of the scattered wave. However, in the scope of this PhD, we will put aside this phenomenon and only focus on elastic scattering. Similarly to absorption, a scattering efficiency Q sc can be determined. It is defined as the ratio between the radiation scattered by the particle and the radiation arriving on the particle area, projected on a plan perpendicular to the direction of propagation. As a result, the size of the particle is of importance when considering scattering processes and one can define the particle's scattering cross-section as:

σ sc = ⇡ 4 Q sc D 2 , (I.5) with σ sc in m 2 .
When the particle is much smaller than the wavelength (D/λ < 0.1, with D the diameter of the particle), the scattering follows the Rayleigh regime. The scattered power is proportional to λ -4 , which means that smaller wavelengths are more impacted, and to D 6 , which means that larger particles have more scattering effects. The scattering cross-section corresponding to the Rayleigh regime is given by:

σ sc = 2⇡ 5 D 6 3λ 4 n 2 -1 n 2 +2 2 , (I.6)
with n the real refractive index of the medium (e.g. ice) and

|K| 2 = n 2 -1 n 2 +2 2 the dielectric constant.
The Rayleigh regime applies when considering scattering of solar and thermal radiation by the air molecules. As a result, the scattering effect is maximum for the lowest wavelengths of the visible solar spectrum and decreases when going towards larger wavelengths until it becomes neglectible in the thermal spectrum. 3D-shape can modify the scattering process. The simplest and most common way to account for the shape of ice crystals is to define a maximum dimension D max associated with the ratio of its dimensions, also called aspect ratio (AR). AR is often defined as the ratio W/L but can also be expressed as a power-law relationship between those two dimensions [START_REF] Um | Dimensions and aspect ratios of natural ice crystals[END_REF]. To retrieve scattering properties of non-spherical particles, several approaches can be used. A review of the most common numerical methods based on a rigorous electromagnetic theory can be found in [START_REF] Kahnert | Numerical methods in electromagnetic scattering theory[END_REF]. Those methods aim at solving the Maxwell equations that govern the propagation of the electromagnetic field by numerical simplifications on the wave itself and/or the particle shape. Most of the time, those techniques are used for small to intermediate particles as the more complex the structure, the longer the computation time. A way to reduce the computation time is to use the T-matrix method. This matrix contains (in approximate form) all the optical properties of a particle for a given wavelength, regardless of the incident field. The characteristics of the incident and scattered fields are given in spherical coordinates in the form of vector functions and the scattered field coefficients are obtained by performing a linear transformation of the incident field coefficients via the T-matrix.

In the domain of visible radiation, ice crystals are big enough to assume that scattering processes follow the laws of geometric optics and the scattering cross-section is proportional to the particle area, which, in the case of a nonspherical crystal, is in fact an apparent area (or cross-section area) taking into account the inhomogeneity and the 3D structure of the crystal. This apparent area is often modelled as a power-law of the maximum dimension [START_REF] Mitchell | Use of mass-and area-dimensional power laws for determining precipitation particle terminal velocity[END_REF][START_REF] Heymsfield | Ice Cloud Particle Size Distributions and Pressure-Dependent Terminal Velocities from In Situ Observations at Temperatures from 0 • to -86[END_REF]). Ray-tracing methods are also used to retrieve the scattering phase function at all angles between 0 and ⇡ for complex habits such as bullet-rosettes or aggregates.

Others aspects of the crystal, such as its surface roughness and the inclusion of air bubbles can alter its scattering properties.

To study cloud processes, their role in the Earth water cycle and their impact on climate, cloud particles have to be considered within volumes describing cloud parcels. In a cloud parcel, the optical and microphysical properties of the hydrometeors are averaged and the scattering effects also depend on their concentration. To do so, a widespread formalism used in cloud microphysics consists in considering a particle size distribution (PSD) and integrated variables referring to cloud properties and linked to this PSD.

The PSD represents the histogramm, for a given volume, of the number concentration of particles for a series of diameter bins: N (D). This PSD can be approximated by different functions, the most common being the gamma shape:

N (D)=N 0 D µ e -λD , (I.7)
where, N 0 is the intercept, µ is the dispersion and λ represents here the slope of the gamma shape size distribution. 2005), both diameter and concentration of the PSD can be scaled and it is possible to find a functional form F fitting any measured size distribution appropriately normalized:

N (D) N ⇤ 0 = F ✓ D D m ◆ . (I.8)
The diameter axis is scaled by the mean volume weighted diameter, defined as the ratio of the 4 th and the 3 th moments of the PSD:

D m = R 1 0 N (D)D 4 dD R 1 0 N (D)D 3 dD (I.9)
and the number concentration is scaled by N ⇤ 0 which can be written as follows:

N ⇤ 0 = 4 4 6 ( R 1 0 N (D)D 3 dD) 5 ( R 1 0 N (D)D 4 dD) 4 .
(I.10)

In the case of an ice crystal, D eq takes the place of D and corresponds to the equivalent diameter (in meters) of the melted particle computed from the mass of the particle and the density of ice. The function in equation I.8 can be approximated by a two-parameter modified gamma shape F (↵ F , β F ),t h et w op a r a m e t e r sbe i n gd e t e r m i n e db yas t a t i s t i co f in-situ measurements (see [START_REF] Delanoë | Normalised Particle Size Distribution for remote sensing application[END_REF] for the detailed expression of F ). The interest of using this double-normalization approach is that it allows for the normalized PSD to be independent on the water content. The variability of the PSD is expressed through the variability of the normalization parameters (N ⇤ 0 and D m )a n dt h ef u n c t i o n F (↵ F , β F ) is valid for any type of cloud.

Most of the properties needed to study the cloud dynamical and radiative processes are directly linked to the PSD. In the case of ice clouds, for example, the ice water content (IWC) is expressed in [g.m -3 ]a s :

IWC = Z 1 0 N (D)m(D)dD. (I.11)
IWC is a function of concentration and size and is of importance to study the cloud dynamical processes such as those associated with precipitation. Contrary to liquid droplets, ice crystals are most of the time non-spherical, sometimes present hollow habits and air intrusions resulting in a density much lower than that of solid ice and difficult to assess. As a consequence, to simplify parameterizations, the particle mass is often expressed as ap o w e r -l a wo ft h em a x i m u md i m e n s i o nD max (see section I.2.3): m(D max )=aD b max [START_REF] Brown | Improved measurements of the ice water content in cirrus using a total-water probe[END_REF][START_REF] Mitchell | Use of mass-and area-dimensional power laws for determining precipitation particle terminal velocity[END_REF][START_REF] Heymsfield | Improved Representation of Ice Particle Masses Based on Observations in Natural Clouds[END_REF]).

The terminal fall velocity v t is also of importance to study internal processes such as coalescence and estimate precipitation rates. v t depends on the particle size and shape and can be expressed as follows:

v t = ✓ 2mg ⇢ a Ac D ◆ 1/2 , (I.12)
where, g is the gravitational acceleration, ⇢ a is the air density and c D is the drag coefficient.

In practice, c D is difficult to characterize independently of v t and as said previously, approximations need to be made for the mass m and the area A of ice crystals. As a result, v t is also often expressed as a power law of D [START_REF] Mitchell | Use of mass-and area-dimensional power laws for determining precipitation particle terminal velocity[END_REF].

Similarly to IWC, an average terminal fall velocity V t characteristic of the volume can be expressed as a function of the PSD:

V t = Z 1 0 N (D)v t (D)dD. (I.13)
Optical properties of ice clouds, and in particular interactions with solar radiation strongly depend on scattering by the cloud particles, which depends on their size and shape, but also on their concentration. An important parameter used to optically describe ice clouds is the visible extinction coefficient (in m -1 ), that is obtained from the PSD as follows: This extinction coefficient corresponds to the scattering coefficient defined in section I.2.3. Absorption effects are neglected for hydrometeors in the visible and the scattering crosssection is given by σ sc =2 .10 3 A(D). Extinction strongly depends on the concentration of cloud particles: a cloud layer composed of a high number of small particles will have as t r o n g e re x t i n c t i o nc o e fficient in the visible than a layer of larger particles in lower concentration. Integrating the extinction coefficient between two positions l 1 and l 2 in the atmosphere allows to determine the optical thickness δ of the atmospheric layer and its transmission ⌧ :

↵ v =2.
δ = Z l 2 l 1 ↵(l)dl, (I.15) ⌧ = e -δ (I.16)
Another important parameter, the effective radius r e (in meter) is a weighted average of the particle sizes described by the PSD. It is linked to the size of the particles present in the volume and aims at describing in a global way the impact of the particle shape on the cloud radiative effect. To account for the nonsphericity of ice crystals, it is expressed as the ratio of IWC and the density of ice multiplied by the extinction coefficient:

r e = 3IWC 2⇢ i ↵ v , (I.17)
with ⇢ i [g.m -3 ]t h ed e n s i t yo fi c e( F oo t1 9 8 8 ) .

4I m p a c t o f c l o u d s o n t h e E a r t h ' s c l i m a t e

Clouds do not all have the same characteristics. As a result, they don't have the same impact on weather and the hydrological cycle (some of them produce precipitation, others don't), they don't form in the same atmospheric conditions or regions and they interact differently with solar and long-wave radiation.

Clouds and the hydrological cycle

Cloud processes are closely linked to the hydrological cycle, which involves energy transfers. For example, for a cloud to form, a certain amount of water vapor is needed in the atmosphere. This water vapor comes from evaporation processes occuring at the surface and responsible for the cooling of the surface. Then, once in the atmosphere, this water vapor condensate to create clouds and releases energy. This energy is either recovered by the water vapor itself when the cloud dissipates without precipitation or it heats the atmosphere when precipitation occur. As a result, precipitating clouds warm up the atmosphere. However, the cooling due to evaporation an the warming due to precipitation do not directly compensate as meanwhile, the air mass was moved to a different place by the winds. Spatial and temporal evolutions of water in its different forms are partially determined by those microphysical processes and the associated latent heat transfers. A modification of one of those microphysical processes can alter the atmospheric hydrological cycle and the global radiative budget.

Those energy transfers also involve the global atmospheric dynamics. The atmospheric circulation primarily results from the warming of the Earth's surface by the Sun. Indeed, the amount of received solar energy is more important in the tropics compared to the polar regions. This generates a circulation to balance the pressure globally. Cloud formation and transport strongly depend on this circulation -although not all clouds do. The Intertropical Convergence Zone (ITCZ) near the Equator is the region where the surface receives the maximum of solar energy. It is characterized by low pressure levels and a strong vertical air motion, generating deep convective clouds. On the contrary, in the midlatitudes, where the temperature and humidity gradients are the strongest between the tropics and the polar regions, the dynamical processes are more complex and clouds are organized according to baroclinic perturbations [START_REF] Bony | How well do we understand and evaluate climate change feedback processes?[END_REF]. Ac o u p l i n ge x i s t sb e t w e e nc l o u d sa n dd y n a m i c a lp r o c e s s e st h r o u g ha d v e c t i o na n d convection and between clouds and the water cycle through precipitation and formation processes. Studies have shown that climate change, by impacting one of the many processes at stake, can create feedback loops that could be responsible for the modification of global circulation and hydrological budgets. For example, [START_REF] Meehl | Understanding future patterns of increased precipitation intensity in climate model simulations[END_REF]) studied the evolution of the water cycle due to climate warming and pointed out the fact that the spatial variability of heavy rainfall was linked to the circulation in the low troposphere. [START_REF] Zhou | Recent trends of the tropical hydrological cycle inferred from global precipitation climatology project and international satellite cloud climatology project data[END_REF] observed an intensification of precipitation in the ascending regions of the Hadley and Walker cells and a decrease in the descending parts. This results in a widening of the Hadley cells, which change the amount of clouds and the tropical hydrological cycle.

Cloud processes are also important for weather forecasting and especially in the case of strong weather events such as tropical cyclones or extratropical windstorms that can cause damaging winds and precipitation. This was the topic of a large observation campaign, NAWDEX, that took place in the North Atlantic in fall 2016. The main objective was to identify, locate and measure the favorable conditions that could lead to high impact weather in Europe [START_REF] Schäfler | The North Atlantic Waveguide and Downstream Impact Experiment[END_REF]). Indeed, these large scale structures are influenced by diabatic processes (those that involve heat transfer) at different scales. For example, they can be induced by phase changes of water at cloud scale. [START_REF] Vaughan | Cloud Banding and Winds in Intense European Cyclones: Results from the DIAMET Project[END_REF] used aircraft cloud measurements to sample a series of extratropical cyclones and storms over northwestern Europe and highlighted a particular phenomenon consisting of cloud and precipitation bandings characterized by specific microphysical and diabatic processes associated to strong winds.

Cloud radiative effect

Cloud radiative effect (CRE) is defined as the difference of the outgoing radiative flux at the top of the atmosphere (TOA) between a clear-sky atmosphere and an atmosphere with clouds [START_REF] Charlock | The albedo field and cloud radiative forcing produced by a general circulation model with internally generated cloud optics[END_REF]. Clouds can have opposite radiative effects. Quantifying the proportion of those effects for each cloud type allows us the assess the global radiative impact of clouds and its evolution with climate change.

Low-level clouds, such as stratocumulus, are characterized by a strong albedo, allowing for a part of the incoming solar radiation to be reflected out of the atmosphere. Their CRE is negative as they tend to cool down the surface.

High thin cirrus, on the contrary, have a weaker albedo. This means that more shortwave radiation coming from the Sun is allowed to penetrate deeper in the troposphere and heat the surface. Additionally, they tend to trap the IR radiation in the lower atmospheric layers. Their CRE is therefore positive, which means that they tend to warm up the surface.

Thick clouds such as cumulonimbus have a strong albedo but also block the outgoing IR emissions. Those two effects compensate resulting in zero radiative effect.

Clouds effect on the global radiative budget can be expressed using equation I.18 [START_REF] Stephens | Cloud feedbacks in the climate system: A critical review[END_REF]:

C net = C lw + C sw (I.18)
with C lw and C sw the LW and SW TOA outgoing radiative fluxes due to clouds. Those fluxes depend on the cloud fraction N cld and can be determined via the following equations: Those equations illustrate the fact that both macroscopic and microscopic properties of clouds matter when trying to measure the radiative impact of clouds. The cloud optical depth (or cloud optical thickness, COT), δ, which is the integral of extinction over the cloud physical thickness is also decisive for the cloud emissivities and albedos [START_REF] Stephens | Cloud feedbacks in the climate system: A critical review[END_REF].

C lw = N cld (F clr -F cld (✏,T c )) (I.19) C sw = N cld S 4 (! clr -! cld ) (I.20)

5-C O N C L U S I O N

-A ni n c r e a s ei nc l o u db r i g h t n e s sa th i g hl a t i t u d e s .

Uncertainties increase when cloud-aerosol interactions are taken into account. Indeed, it was proven that aerosols had an effect on cloud albedo and cloud lifetime. [START_REF] Twomey | The influence of pollution on the shortwave albedo of clouds[END_REF] described the fact that for a given water content, an increase in the number of condensation nuclei would change the cloud microphysics and increase the cloud backscattering efficiency. A study performed by [START_REF] Ferek | Measurements of ship-induced tracks in clouds off the washington coast[END_REF] on observations made above maritime routes showed that aerosols could reduce the occurence of drizzle by preventing the coalescence of drops, which increases the cloud lifetime. The two effects mentioned here are the most well-known and they would tend to a cooling of the surface. However, the cloud-aerosol interaction topic is still a pending scientific subject of which many points remain to be clarified. Improving our understanding of the cloud-aerosol interaction is one of the main objectives of the upcoming space mission EarthCARE, that will be described more in details in the next part.

5C o n c l u s i o n

Clouds play a crucial role in the Earth's climate, causing ⇠20 W.m -2 of cooling relative to a hypothetical cloud-free atmosphere and this radiative effect is strongly related to their microphysical properties [START_REF] Zhang | Effect of crystal size spectrum and crystal shape on stratiform cirrus radiative forcing[END_REF].

As this cooling effect is about five times as large as the warming effect that would result from a doubling of CO 2 ,i t sm o d u l a t i o nb ys m a l lc h a n g e si nt h ec l o u dp r o p e r t i e s due to anthropogenic warming can strongly amplify or dampen that warming [START_REF] Zelinka | Clearing clouds of uncertainty[END_REF]). Evidence has grown in the past decade that the overall cloud feedback on climate change is positive. However, uncertainties remain on how strong this feedback is, especially due to the misrepresentation of some key microphysical processes in the Global Climate Models (GCMs).

Cloud studies are also of importance for weather forcasting. Getting reliable information about cloud properties is an essential step to fully understand the different processes at stake. In climate and weather prediction models, uncertainties remain in the representation of specific processes and interactions between atmospheric flows and gradients, clouds and radiation. High quality observations are indispensable to study the relevant processes and evaluate their representation in models, and long-term observation records are essential to verify model-predicted changes [START_REF] Marvel | External influences on modeled and observed cloud trends[END_REF]. The Cloud Particle Imager (CPI) uses the same principle as the 2D-S Probe for particle counting. As soon as a particle is detected in the sample volume delimited by the intersection of the two laser beams, a third laser is pulsed and an image of the particle is cast on the imaging sensor of a camera with a pixels resolution of 2.13µm. This provides a very detailed image of particles in the range from 20µmto2mm,suchastheonepresented in 

Part II

Cloud observation: instrumentation and platforms

2-R E M O T ES E N S I N G

Aditionnaly to the size range and sampling time limitations, those measurements can also be affected by shattering of ice crystals (especially of those above several hundred microns) occuring at the inlet of the probe. This effect produces smaller particles than can artificially modify the measured PSD.

The large majority of instruments developped to measure bulk in-situ IWC are based on evaporative techniques:t h ei c ep a r t i c l e sa n dd r o p l e t sa r ee x c l u d e df r o ma m b i a n t air and enter a heated airstream where they are evaporated. The humidity of the resulting air is then measured by means of an hygrometer. The water vapor of the background air is measured simultaneously and substracted to the measurement of the total water vapor mixing ratio to retrieved the cloud water content (CWC). The efficiency of the probe to collect the cloud droplets and crystals depends on the particle size and the aircraft speed. Depending on the method used to extract those particles from ambiant air, measurements have different domains of validity. For example, the Counterflow Virtual Impactor (CVI) [START_REF] Twohy | Measurement of condensed water content in liquid and ice clouds using an airborne counterflow virtual impactor[END_REF] gives reliable measurements of total water content (TWC) in the range from 0.01g.m-3 to 2g.m -3 and the Isokinetic Probe (IKP) [START_REF] Davison | Naturally aspirating isokinetic total water content probe: Wind tunnel test results and design modifications[END_REF]) allows for measurements up to 10g.m -3 .S y s t e ma c c u r a c yi se x p e c t e dt ob e< 20% in the domains of validity and improves when the temperature decreases due to the exponential decrease in the background humidity. Those instruments cannot discriminate between ice and liquid and are often paired with cloud droplets detection probes to exclude samples containing liquid when only IWC is needed. An example of such device is the Cloud Spectrometer and Impactor (CSI) [START_REF] Heymsfield | Improved Representation of Ice Particle Masses Based on Observations in Natural Clouds[END_REF][START_REF] Mcfarquhar | Processing of Ice Cloud In Situ Data Collected by Bulk Water, Scattering, and Imaging Probes: Fundamentals, Uncertainties, and Efforts toward Consistency[END_REF].

2R e m o t e s e n s i n g

The second way to observe clouds is to use remote sensing. Remote sensing instruments measure the radiations emitted or scattered by targets to infer their location, motion, physical and/or thermodynamical properties. As mentioned in the name of this technique, the instrument can get information on the target from a remote distance. The target can be a solid object (for example in the case of air trafficc o n t r o l ) ,as u r f a c e( p r o d u c t i o n of topographic cartography) or a volume of gas or combination of gas and small liquid or solid particles. The latter is what matters to us when we want to observe clouds. The signal received by the instrument gives information on the average properties of the sounded volume. Either the instrument collects the electromagnetic radiation emitted by an external source or it emits an electromagnetic signal itself in the direction of the target and then detects the fraction of the signal backscattered by the target. In the first case, the technique is called passive remote sensing and in the second case, we talk about active remote sensing.

Passive sensors

Passive remote sensors measure the radiation emitted, transmitted or reflected by an atmospheric column. Radiances are converted into atmospheric and cloud parameters with the help of a radiative transfer model that relates the measurement to the different radiation processes (emission, absorption, scattering).

Spectral imagers use specific frequency bands to observe clouds and the Earth's surface in regions called atmospheric windows (in the visible and in the IR 3-5µma n d 10-15µm bands). Those are frequency regions where atmospheric absorption is minimal.

I(λ)=✏ surf (λ)B(λ,T(z surf ))⌧ (λ,z surf )+ Z zsat z surf @⌧(λ,z) @z B(λ,T(z))dz, (II.1)
with ⌧ (λ,z) the transmission between altitude z and the satellite as defined section I.3 and B(λ,T(z)) the Planck function.

Let's assume, for the simplicity of the demonstration, that the absorption of the whole atmosphere is so great that ⌧ (λ,z surf )=0. Considering a set of measurements at a set of different wavelengths λ i ,c l o s ee n o u g ht oo n ea n o t h e rs ot h a tt h ew a v e l e n g t hd e pe n d e n c e of the Planck function can be ignored but not that of the transmittance, which varies considerably, especially at the edges of specific absorption bands, equation II.1 becomes a weighted mean of the Planck function profile:

I i = I(λ i )= Z zsat z surf k i (z)B(λ,T(z))dz, (II.2)
with k i (z)=@⌧(λ,z)/@z as the weighting function. This weighting function tells where the radiation originated in the atmosphere and allows one to relate observed radiances to atmospheric layers. When a scattering model is added to the radiative transfert equation, it is possible to use a set of channels from an atmospheric sounder to retrieve the emissivity and altitude of a cloud layer (Stubenrauch et al. 1999b). However, passive sensors are not able to retrieve actual cloud profiles in the way active sensors are.

The accuracy of passive sensors measurements depends on the spectral resolution of their different channels, as well as the efficiency of the observing system (telescope, detectors) but also on the amount of energy emitted by the atmosphere in the corresponding frequency. Thus, infrared radiometers have finer spectral resolution that sensors operating in the microwaves where the amount of emitted energy is lower. The advantage of the microwave sounders is that they are less affected by the absorption by liquid water and ice, contrary to infrared sounders. The detected signal comes from the entire profile, even in the presence of cloud layers.

The size of the reception antenna (in the microwave) or the aperture of the optical telescope (in the visible and infrared) defines the field of view (FOV, in degrees or radians), as well as the resulting footprint on the surface (in meters) when the instrument is pointing to the ground. The larger the field of view, the more energy arrives to the detectors and the higher the sensitivity. However, a large FOV implies a lower spatial resolution and larger uncertainties in the case of horizontal inhomogeneity of the cloudy scene. Passive sensors are often combined with an horizontal scanning pattern to obtain a 2D horizontal view, unavailable with active sensor.

Active sensors

Active sensors consist in the combination of an emitter and a receiver. The emitter produces an electromagnetic signal at a given wavelength and sends it to the atmosphere. When the wave hits a target (an air molecule, a cloud particle, an aerosol, a bird or the surface), a portion of the signal is backscattered to the receiver-part of the instrument.

In most cases for cloud observation, the emission signal is a high-power pulse of energy. After this pulse has been emitted, the instrument switches to the receiver-mode and allow to detect cloud particles. In the Rayleigh approximation, the backscattered power (and as a result the radar sensitivity) increases with the radar frequency (see section I.2.3). The W-band radars, around 95GHz, are able to detect the small cloud particles. However, their signal is strongly attenuated by precipitation and to a lesser extent by the thickest clouds. A compromise between the two are K-bands radars, between 10 and 40 GHz. Those radars are less affected by attenuation that W-band radars but for a same emission power, they are less sensitive, which means that they cannot see the small particles that can be detected by W-band radars.

Adapting equation II.3 to the characteristics of the instrument, the radar equation is defined as follows:

P = CL Z R 2 , (II.5)
where C is a constant that refers to the characteristics of the emitter and the receiver (emitted power, wavelength, antenna gain, beam divergence), L is a coefficient linked to attenuation effects and Z is the radar reflectivity factor.

C is determined thanks to a calibration procedure (see section II.2.3.2). The L coefficient can be estimated in clear sky using a model that determines the two-way attenuation due to atmospheric gases given the thermodynamical conditions (pressure, temperature and humidity) along the atmospheric profile [START_REF] Liebe | An updated model for millimeter wave propagation in moist air[END_REF]. For radar measurements, the attenuation due to cloud particles and aerosols is neglected.

The radar reflectivity factor is expressed in mm 6 .m -3 .H o w e v e r , d u e t o i t s l a r g e dynamic, it is more commonly expressed in dBZ and 10 log 10 (Z) is used. The interest of this parameter is that it is independent on the wavelength, which makes it easier to compare measurements obtained with different radars. Z is connected to β by the following relation:

Z = 4 |K| 2 ✓ λ ⇡ ◆ 4 β, (II.6)
In the case of most ice clouds, the wavelength of the radar signal is large enough compared to the size of the crystals for the Rayleigh assumption to be a good approximation. As a result, the radar measurement strongly depends on the size of the particles (Z = R N (D)D 6 dD) and will be more influenced by the large crystals.

Some radars can also measure the Doppler velocity of the target in their line of sight. This is possible when the variation of the phase of the backscattered signal can be determined between two consecutive pulses.

Calibration

There are different ways to calibrate a cloud radar. Internal calibration consists in knowing all the constants and variables described by the instrumetal constant. However, it is not allways possible to assess the exact power budget through electronic components and various gains [START_REF] Ewald | Calibration of a 35-GHz Airborne Cloud Radar: Lessons Learned and Intercomparisons with 94-GHz Cloud Radars[END_REF]). As a result, using an external target of reference appears to be a good alternative. This reference can be either artificial or meteorological and the calibration constant is defined as the difference in dBZ between the measured reflectivity and the actual one. For ground-based radars, the first typ e is commonly used: the radar is p ointed towards a fixed trihedral metal target of known reflectivity. The distance between the instrument the combination of the signals coming from the two arms of the interferometer creates interferences due to the OPD. Those interferences can be described by their contrast M = (I max -I min )/(I max + I min ), with I max and I min the maximum and minimum intensities, respectively.

Using this principle with 2 detection channels (DMZ), the interferometer plays the role of a filter that maximizes the transmission of the particular signal on the first channel and minimizes it on the second one (see Figure II.10,b). The transmission functions are represented by sinusoids of the form:

T DMZ = 1 2  1 ± M sin ✓ 2⇡ ∆⌫ c ◆ , (II.15)
with ⌫ the frequency of the incident light and c its celerity. The different two-beam interferometers use the same principle with similar transmission functions. Only the setup differs in the way to create a phase difference between the two splitted beams. The difficulty for those intruments is to align the transmission to the laser emission spectrum.

It is possible to introduce a quarter-wave plate (QWP) in one of the arms of the MZ interferometer and add two polarizers to obtain 4 detection channels in phase quadrature (QMZ technique). The signal of the i th channel is expressed as follows:

P i = P 4 a i h 1+M i M a sin ⇣ +(i -1) ⇡ 2 ⌘i , (II.16) with = 2π∆ν
c , a i the sensitivity and M i the instrumental contrast of the corresponding channel and M a the atmospheric contrast.

If M p and M m are the contrasts given by the particular and molecular spectra, respectively, the atmospheric contrast can be expressed as:

M a = BR -1 BR M p + 1 BR M m , (II.17)
with BR,t h eb a c k s c a t t e rr a t i o( s e ee q u a t i o nII . 1 0 ) .

Contrary to the previous techniques that can be described as spectral filters, trying to separate as much as possible the particular and molecular components of the atmospheric spectrum, the principle of the QMZ consists in using the information from the four channels to determine the atmospheric contrast M a or the particular signal P p .

In practice, it is possible to set the OPD ∆ so that the molecular contrast M mol equals 0. In this configuration, the total signal is given by:

P = ✓ 4 M -1 1 + M -1 2 + M -1 3 + M -1 4 ◆ ⇤ ✓ P 1 M 1 a 1 + P 2 M 2 a 2 + P 3 M 3 a 3 + P 4 M 4 a 4 ◆ (II.18)
To retrieve the particular signal, we first need to introduce the depolarization ratio of the interferometer introduced by the QWP, X pol , which is assumed constant along one measured profile and can be averaged over the corresponding n gates:

X pol = M 1 M 3 M 1 +M 3 ⇣ P n p=1 P p 1 a 1 M 1 + P n p=1 P p 3 a 3 M 3 ⌘ M 2 M 4 M 2 +M 4 ⇣ P n p=1 P p 2 a 2 M 2 + P n p=1 P p 4 a 4 M 4 ⌘ (II.19)
Working on the total complex signal coming from the combination of the four channels of the MZ, we can write:

Q = q 1 + iq 2 ,
(II.20)

q 1 =2 1+X pol M 2 + M 4 ✓ P 4 a 4 - P 2 a 2 ◆ , (II.21) q 2 =2 1+X pol X pol (M 1 + M 3 ) ✓ P 1 a 1 - P 3 a 3 ◆ . (II.22)
The particular signal is then given by P p = |Q|.

The advantage of this technique compared to the DMZ configuration or other interferometers is that no agreement is needed between the spectrum of the laser emission and the transmission functions of the interferometer. On the other hand, using four detectors instead of two increases the detection noise by a factor p 2 minimum.

Some interferometers can also be used to retrieve the Doppler velocity in the line of sight (LOS) of the lidar by measuring the shift of the central peak of the backscattered signal compared to the laser emission. This Doppler shift introduces a change in the repartition of the received signal on the two transmission channels that can be measured. In the case of the QMZ, Doppler measurements can be done at the same time as the HSRL measurement, using the following equation:

V LOS = cλ 0 4⇡∆ ⇤ (arg(Q) -arg(Q r )), (II.23)
with λ 0 the emission wavelength and Q r the complex signal determined for the reference signal (i.e. the signal measured at the emission).

Calibration

Concerning the calibration of total apparent backscatter in the case of a classic lidar system, the method consists in comparing the lidar measurement in clear sky to a model of the molecular backscatter d β a,m [START_REF] Russell | Methodology for error analysis and simulation of lidar aerosol measurements[END_REF]). This model is derived from the atmospheric density and molecular scattering cross-section and depolarization following [START_REF] Bucholtz | Rayleigh-scattering calculations for the terrestrial atmosphere[END_REF], [START_REF] Bodhaine | Satellite validation of GCMsimulated annual cycle of the earth radiation budget and cloud forcing[END_REF] and [START_REF] She | Spectral structure of laser light scattering revisited: bandwidths of nonresonant scattering lidars[END_REF]. This term also accounts for the gaseous attenuation due to the air molecules. This method needs information on the atmospheric temperature, pressure and humidity fields, obtained either from independent measurements provided by colocated instruments or from numerical weather prediction models.

The calibration of the signal is performed whenever possible on a clear sky area. For ground-based instruments, only clear-sky profiles can be used. For airborne or spaceborne instruments, it is easier to find a region between the lidar and the cloud top where the calibration can be performed for each measured profile. The calibration constant is defined for each channel as the average over several gates of the ratio between the measured signal and the model molecular backscatter:

C = mean z clear 1 <z<z clear 2 P (z) d β a,m ! . (II.24)
Additional averaging is often needed to increase the signal-to-noise ratio. For example, in the case of the spaceborne lidar CALIOP, an horizontal averaging and moving averaged is performed to account for the fact that in the region where calibration is performed (between 34 and 30km), the atmospheric backscatter is low [START_REF] Powell | CALIPSO Lidar Calibration Algorithms. Part I: Nighttime 532-nm Parallel Channel and 532-nm Perpendicular Channel[END_REF]). The difficulty of this method is that it can be subject to systematic errors (i.e. biases) due to the undetected presence of aerosols in the calibration region [START_REF] Powell | CALIPSO Lidar Calibration Algorithms. Part I: Nighttime 532-nm Parallel Channel and 532-nm Perpendicular Channel[END_REF]) or uncertainties of the temperature and humidity fields. This is particularly the case for ground-based platforms that are more sensitive to the atmospheric conditions in the lower troposphere, where most of the aerosols and humidity stay.

When the system uses two different channels for the parallel-and cross-polarized signals, those two channels have to be properly inter-calibrated in order to measure the depolarization ratio. This inter-calibration is usually done in laboratory conditions, priori to the measurement campaign. But it can also be performed in the field, using particular methods and settings, such as the one described by [START_REF] Freudenthaler | Depolarization ratio profiling at several wavelengths in pure Saharan dust during SAMUM 2006[END_REF]). This calibration is essential when the total recombined signal is needed. In particular in the case of HSRL systems, the HSRL measurement is often performed on the parallel channel only. Retrieving the total (meaning here the sum of the parallel-and cross-polarized signals) HSRL signal implies to have information on the depolarization ratio. Similarly to the molecular backscatter, the molecular depolarization ratio δ pol,m can be inferred from the atmospheric temperature field [START_REF] She | Spectral structure of laser light scattering revisited: bandwidths of nonresonant scattering lidars[END_REF]). The final particular and molecular signals are obtained using a combination of the two HSRL parallel-polarized channels and the cross-polarized one:

P m = P // m + δ pol,m P // m , (II.25) 
P p = P // p + P ? -δ pol,m P // m (II.26)

Synergies

In the same way as passive sensors use a combination of channels at different frequencies to infer cloud properties, instrumental synergies combining different instruments can also be used. For example, adding information from active sensors to the passive allows us to have a better constraint on the altitude of the cloud layers (Guignard et However, all of these instruments have shortcomings in different parts of the clouds. Indeed, as said previously, passive sensors can only give information on integrated cloud layers, lidars, due to attenuation, are blind in the lower part of thick clouds whereas the top of the cloud, made of small crystals, is in most cases invisible to radars which are sensitive to the particle size. This results in a large spread of values for the retrieved cloud properties when those instruments are used seperately. Hence, the idea to combine them to reduce uncertainty and increase the resolution of the cloud profile.

As an illustration, Figure II.11, a) shows an example of a cloud scene observed by al i d a ra t5 3 2 n ma n dac l o u dr a d a ra t9 4 G H z . I ti sv i s i b l et h a tb o t hi n s t r u m e n t sd o e s not see the same features and contrary to the lidar that is attenuated and does not see In the following, we will focus on the instruments of the A-Train used for cloud studies.
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A-Train

-On the Aqua satellite is operated since 2002 the IR and visible MODIS (Moderate Resolution Imaging Spectroradiometer) radiometer with 36 channels used to obtain information on aerosols, atmospheric water vapor and ozone, surface properties and cloud optical depth, particle size, emissivity and cloud-top height. Its swath is of 2330km crosstrack by 10km along-track for a spatial resolution from 250m to 1km depending on the spectral reception bands.

-The CALIPSO (Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observations) satellite boards CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization), a twowavelength (532nm and 1064nm) polarization-sensitive (at 532nm) lidar that provides vertical profiles of aerosols and clouds. Technical information about CALIOP can be found in [START_REF] Winker | Caliop algorithm theoretical basis document part 1 : Caliop instrument, and algorithms overview[END_REF]. Cloud and aerosols signals are detected thanks to a 1mdiameter telescope with a full-angle field-of-view of 130µrad resulting in a footprint of about 90 meters at the surface. Vertical (and horizontal) resolution vary with height from 300m (5km) above 30km altitude to 30m (333m) between 0 and 8km altitude.

On CALIPSO is also mounted a wide-field camera to give an overview of the atmospheric context, as well as the IIR (Imaging Infrared Radiometer), consisting in 3 infrared channels centered at 8.65µm, 10.6µma n d1 2 . 0 5 µm, with a measurement precision of 1K, for the study of cirrus optical properties. More technical information on IIR is available in [START_REF] Corlay | The infrared imaging radiometer for picasso-cena[END_REF].

-On board the CloudSat satellite is the first spaceborne millimeter-wavelength cloud radar (3.1mm or 94GHz): the CPR (Cloud Profiling Radar) [START_REF] Stephens | The Cloudsat Mission and the A-Train[END_REF]. This radar has a vertical resolution of 500m and an antenna diameter of 1.85m, allowing for as e n s i t i v i t yu pt o-3 0 d B Z .S i n c e2 0 1 1 ,t h er a d a ri so n l yo p e r a t e di nd a y l i g h tc o n d i t i o n s due to a battery breakdown.

Synergistic algorithms exist to combine several of those measurements, such as the combination of CALIOP with the IIR [START_REF] Garnier | Lidar multiple scattering factors inferred from CALIPSO lidar and IIR retrievals of semi-transparent cirrus cloud optical depths over oceans[END_REF] or with CloudSat's CPR [START_REF] Deng | Tropical composition, cloud and climate coupling experiment validation for cirrus cloud profiling retrieval using CloudSat radar and CALIPSO lidar[END_REF] or even a combination of CALIOP, CloudSat and MODIS (Delanoë and Hogan 2010).

EarthCARE

EarthCARE is an ESA/JAXA mission which aims at quantifying interactions between clouds, aerosols and the Earth's radiation budget in order to improve weather prediction and climate models [START_REF] Illingworth | The EarthCARE Satellite: The Next Step Forward in Global Measurements of Clouds, Aerosols, Precipitation, and Radiation[END_REF]). The launch is scheduled for mid-2021 and the satellite will follow a near-polar orbit at an altitude much lower than that of the A-Train (393km) to allow for a better spatial resolution and higher sensitivity. Four instruments are mounted onboard the satellite: 2 active sensors, a lidar (ATLID) and a radar (CPR) and 2 passive sensore, a radiometer (BBR) and an imager (MSI) to exploit synergy retrievals of cloud vertical and horizontal structure. The pointing and surface footprint of those four instruments are detailed on Figure II.13. Combining the 4 instruments on the same platform allows for a better colocation of the measurements in order to improve the quality of the synergistic products. -The ATLID lidar is a linearly polarized HSRL working at 355nm. The separation of Mie and Rayleigh signals is performed thanks to a Fabry-Perot interferometer. The vertical resolution of the instrument is about 100m from 0 to 20km and 500m above and the horizontal resolution (distance between two laser shots) is 285m. Thanks to the small beam divergence of the emitter (45µrad) and the narrow field of view (65µrad) of the receiver, less multiple scattering effects and solar radiation contamination are expected, compared to CALIOP. In addition to HSRL measurements (performed on the copolar backscattered signal), a total cross-polar channel is available to allow for the measurement of cloud particles and aerosol depolarization ratios. The pointing of the antenna is set to a3 • off-nadir direction to avoid specular reflexion from ice crystals.

-The CPR onboard EarthCARE will be the first spaceborne Doppler cloud radar. Developed by JAXA and NCIT (National Institute of Information and Communications Technology), its emits at the same frequecy as CloudSat's radar (95GHz), but with an expected high sensitivity (-35dBZ) and a Doppler measurement precision of 1m.s -1 .V e rtical resolution is 500m but will be oversampled to 100m and horizontal resolution is 500m.

-The multispectral imager MSI will provide vertically-integrated observations from 7 channels in the visible and IR which, combined to the vertically-resolved measurements from the radar and the lidar, will allow for a high-resolution retrieval of cloud and aerosol properties. Its 150km swath will also be used to extrapolate the 2D profiles into an extended 3D field.

-BBR is a broadband radiometer developed to measure TOA radiances in the LW (4µm-5 0 µm) and the SW (0.25µm-4 µm) for three viewing angles: nadir, forward (+50 • )a n db a c k w a r d( -50 • ). Radiances are averaged to 10km ⇥ 10km but will be oversampled to 1km along track to derive the TOA radiative fluxes and compare them to those predicted by radiative transfer models applied to the 3D scenes retrieved thanks to the synergy of the 3 other instruments. Aeolus is an ESA Earth Explorer Mission whose primary objective is to provide wind profile measurements for an imporved analysis of the global threedimensional wind field. The satellite was launched in August 2018, boarding the first satellite-mounted Doppler Wind Lidar. The 3D wind field is observed from an e a r -p o l a rs u n -s y n c h r o n o u so r b i ta t 320km altitude thanks to Doppler measurements in the line of sight of the lidar, which is pointing towards Earth in ap l a n eq u a s i -p e r p e n d i c u l a rt ot h efl i g h t path and with a 35 

Aeolus

4A i r b o r n e i n s t r u m e n t a l p l a t f o r m s

In this section are presented the two airborne platforms that were used during my PhD. Several instruments can be mounted on the aircraft, active and passive remote sensors as well as in-situ probes. For the purpose of this PhD, we will focus here on the active sensors. I worked more on the RALI platform, especially concerning the calibration and error analysis of the lidar measurements. On the contrary, the HALO data I used were processed beforehand at DLR.

RALI

The RALI (RAdar LIdar) platform can be mounted either on board the SAFIRE (Service des Avions Français Instrumentés pour la Recherche en Environnement) Falcon 20 or on board the ATR 42. This platform consists of a combination of the multi beam 95 The signal is averaged over a hundred of shots (laser pulses) which corresponds to approximately 5s/1km to increase the signal-to-noise ratio, after the signal of each channel has been corrected from the average value of the background signal of the corresponding detector (recorded prior to the signal itself). The final horizontal resolution is 1 km. After every profile has been corrected for energy variations of the laser source, the signals are calibrated following a procedure that I adapted from the one described in section II.2.2.2 (see IV.1.2). Temperature and pressure fields are from ERA-interim (ERAI) reanalysis (https://www.ecmwf.int/en/forecasts/datasets/archive-datasets/ reanalysis-datasets/era-interim). The reanalysis data are available at 0h, 6h, 12h and 18h UTC. The time duration of Falcon 20 flights is between 2.5 and 4 hours long so only 1 ERA file is used for each flight. The reanalysis data are interpolated over an [altitude, latitude, longitude] grid similar to that of the LNG measurements and then for each lidar gate, the closest pixel from the ERAI file is selected.

Wavelength

Information concerning the calibration of the high-spectral resolution device can be found in [START_REF] Bruneau | 355-nm high spectral resolution airborne lidar LNG: system description and first results[END_REF].

The 355nm channels have a receiver filter of unknown spectral bandwidth (between 1.8nm and 2.5nm) and the central peak of the Gaussian-shaped emitted beam is not perfectly known either. This leads to uncertainties when calibrating the depolarization ratio and the perpendicular channel relatively to the parallel one. The energy of the laser source is measured with 10% accuracy which increases the uncertainty in the measurement. A final source of uncertainty is the misalignment between the emission and reception channels observed in some of the measurements performed during the NAWDEX campaign (see IV.1). A more detailed investigation of the different sources of error in the measurements provided by LNG is presented in Part VI for the data obtained during a measurement campaign in October 2016. We remind here that information provided in this section, as well as the instrumental specifications, only apply for the period of the PhD. The conclusion of this study is that LNG measurements, especially in the 355nm and high spectral resolution channels, contain errors that are hard to assess and even harder to correct. This issue needs to be addressed for further campaigns, with new tests performed on the instrument to check internal calibration and stability. 

The WALES lidar system

The lidar system WALES is a combined differential absorption and high spectral resolution lidar (HSRL) system developed and built at the Deutsches Zentrum für Luftund Raumfahrt [START_REF] Wirth | The airborne multi-wavelength water vapor differential absorption lidar WALES: system design and performance[END_REF][START_REF] Esselborn | Airborne high spectral resolution lidar for measuring aerosol extinction and backscatter coefficients[END_REF]. WALES is able to nearly simultaneously emit four wavelengths, three online and one offline, in the water vapor absorption band between 935 and 936 nm. The three online wavelengths achieve the necessary sensitivity needed for measurements over the whole range of tropospheric water vapor concentration. A complete water vapor profile of the troposphere is composed by using the information of the partly overlapping line contributions. In addition to the 935 nm channel, the receiver is equipped with polarization-sensitive aerosol channels at 532 and 1064 nm, the first one with High Spectral Resolution capabilities using an iodine filter in the detection path [START_REF] Esselborn | Airborne high spectral resolution lidar for measuring aerosol extinction and backscatter coefficients[END_REF]). This allows for colocated measurements of humidity and optical depth, as well as studies of clouds and aerosol optical properties. System parameters of the WALES system are listed in Table II.5. The system is monitored during in-flight measurements to correct from possible drifts in the system's parameters. More information on the calibration of the lidar can be found in [START_REF] Esselborn | Airborne high spectral resolution lidar for measuring aerosol extinction and backscatter coefficients[END_REF]. HALO is able to reach flight levels high above the cloud top of most of the clouds. As a result, the problems previously mentioned for RALI concerning the calibration regions do not apply here. Moreover, due to the monitoring of the system, confidence in the quality of WALES measurements is higher than for LNG. Overall, the uncertainty on the retrieval of the extinction profile is estimated to be 5%.

Transmitter typ e

Nd 

5C o n c l u s i o n

The advent of space observation has been crucial to improve our knowledge of cloud processes and particularly their horizontal and vertical distribution. One of the main interest of spaceborne instruments is to have long-term records of global observations, which can be used to assess weather and climate prediction models.

The problem of remote sensing is that it requires retrieval algorithms because it is an indirect measurement and to do so, microphysical and scattering models have to be used. Using synergies helps to reduce uncertainties in the measurements due to the assumptions made in the models. However, the method is still very sensitive to the microphysical model. With the upcoming space missions, more advanced instrumentation will be used to try and improve the retrieval of cloud properties. To make the most of those observations, adjustments in the retrieval algorithms have to be made.

In the following, we present one of those algorithms and the modifications that were made to adapt to the new challenges. In-situ measurements were used to refine the parameterizations and airborne observations to work on the impact of the instrumental configuration. 

Part III

Av a r i a t i o n a la l g o r i t h mt or e t r i e v ei c e cloud properties from a synergy of remote sensing measurements

Conclusion

Varcloud is a retrieval metho d that was develop ed in 2007, based on a variational technique. The first version of the algorithm has already been described in several publications (Delanoë andHogan 2008, 2010;[START_REF] Delanoë | Comparison of airborne in-situ, airborne radar-lidar, and spaceborne radar-lidar retrievals of polar ice cloud properties sampled during the POLARCAT campaign[END_REF]). The method was developped to retrieve the microphysical properties of ice clouds.I nt h ep r e s e n tc h a p t e r ,w ed e s c r i b e in the first section the main features of the algorithm, which is applied operationally on the combined observations from CloudSat and CALIPSO. The principle of the technique was proposed for the combination of radar, lidar and infrared measurements. However, we decided during this PhD study to focus on the active part consisting in the only combination of the radar and the lidar, starting from the operational product. Based on recent studies of a large dataset of in-situ measurements of ice clouds, a few parameters have been modified in the algorithm, leading to new results in the cloud properties retrieved from the A-Train observations. Those modifications are detailed in the second section and the ensuing changes in the retieved cloud properties are discussed in the third section.

1T h e i n v e r s e p r o b l e m

The inverse problem consists in a situation where you are interested in a quantity you cannot observe directly. What you can measure instead is a function of this quantity. This is for example the case in atmospheric sciences when remote sensing is used to observe clouds. The direct information given by the instrument is a signal intensity, which can be related to the characteristics of the sounded cloud volume. For example, as previously said in the previous chapter, the radar reflectivity is closely linked to the cloud water content but the relation between the two quantities is not direct. Similarly, the lidar equation shows that there is a link between the measured backscatter and the cloud extinction coefficient. This inverse problem can be expressed in the form y = f (x) with y the vector of observations containing the measurements obtained with the remote sensing instrument, x the state vector, consisting in the desired unknown quantities (e.g. cloud properties) and f the relation between both, called the "forward function" [START_REF] Rodgers | Inverse methods for atmospheric sounding: Theory and practice[END_REF].

As one can only make a finite number of measurements and calculations, the unknown is expressed in terms of a finite number of parameters (e.g. in case of active remote sensing measurements, a selection of cloud properties defined at different altitudes, given by the position of the instrumental gates):

x = 0 B B B B B @ x 1 . . . x i . . . x n 1 C C C C C A .
The number of unknown parameters and the number of available measurements does not necessarily match.

Additionally, the forward function is not entirely known and has to be approximated by a model. The inverse problem is then expressed as follows: y = F (x)+✏ with F the forward model and ✏ the error associated to this model. As measurements are also never perfect, their errors are accounted for in ✏ as well.

A good knowledge in the forward model F is essential to solve an inverse problem. However, such operators are generally complex and not explicitly invertible, which means that it is impossible to directly retrieve x from y using the relation x = F -1 (y -✏). Several methods exist in atmospheric physics to solve the inverse problem. For example, lookup tables can be created using approximated forms of the lidar and radar equations or empirical relationships between the measurement and the cloud properties [START_REF] Hogan | The retrieval of ice water content from radar reflectivity factor and temperature and its use in evaluating a mesoscale model[END_REF][START_REF] Hong | Estimating effective particle size of tropical deep convective clouds with a look-up table method using satellite measurements of brightness temperature differences[END_REF]). Another method is to use statistical machine learning techniques [START_REF] Cornet | Neural network retrieval of cloud parameters of inhomogeneous clouds from multispectral and multiscale radiance data: Feasibility study[END_REF][START_REF] Strandgren | Cirrus cloud retrieval with MSG/SEVIRI using artificial neural networks[END_REF]. A solution often chosen in atmospheric physics when it comes to instrumental synergies and progressive attenuation of active sensors is a probabilistic approach based on the Bayes theorem.

The Bayes theorem

This theorem describes the conditional probabilities between two variables. For x and y two variables that follow independant probability density laws (or pdf ) P (x) and P (y),a conjoint pdf P (x, y) can be defined. If the value of x is fixed, the conditional probability for y given x is:

P (y|x)= P (x, y) P (x) . (III.1)
Considering x to be a cloud property and y ameasurement,P (x) and P (y) can be defined as our knowledge of x and y before the measurement is made (e.g. a climatology) and P (y|x) refers to the uncertainty in the measurement of a given value of x.S i m i l a r l yt o Eq.III.1, the conditional probability of x given y can be defined, leading the relationship between the two different conditional pdf 's:

P (x|y)= P (y|x)P (x) P (y) . (III.2)
This equation allows us to refine our prior knowledge P (x) according to the measurement. We are lo oking for the most probable value of x,g i v e nt h ev a l u eo ft h em e a s u r e m e n ty.

In other words, we want x that maximizes the probability P (x|y).

1.2 Optimisation of a cost function P (y|x) is the pdf for the variable y = F (x)+✏. Considering the gaussian assumption and the unbiased nature of instrumental errors, this probability can be expressed as follows:

P (y|x)=exp[- 1 2 (y -F (x)) T R -1 (y -F (x))]. (III.3)
R is the error covariance matrix accounting for measurement and forward model errors

(R ii = ✏ i ).
The gaussian assumption is also applied to P (x), which gives:

P (x)=exp[- 1 2 (x -x a ) T B -1 (x -x a )],
(III.4) with xx a the difference between the state vector and the a priori state vector and B the error covariance matrix for this a priori information. P (y) can be considered as a scaling factor. As a result, replacing equations III.3 and III.4 in III.2 the function that has to be maximized is given by:

P (x|y) / exp[- 1 2 (y -F (x)) T R -1 (y -F (x))] ⇥ exp[- 1 2 (x -x a ) T B -1 (x -x a )] (III.5)
which is equivalent to minimizing the so-called cost function J expressed as follows:

2J = δy T R -1 δy + δx T a B -1 δx a (III.6)
with δy = y -F (x) and δx a = xx a .

Minimizing J implies to be able to calculate its first derivative. However, in atmospheric physics, due to the non-linearity of the F operator, this is not straightforward and an optimisation process has to be applied. Optimisation methods often consist in looking for local minimas, and thus iteratively reducing the value of the cost function. An example is the Gauss-Newton method [START_REF] Rodgers | Inverse methods for atmospheric sounding: Theory and practice[END_REF], which consists in using a first-order limited developpement for F :

F (x)=F (x k )+K(x -x k ) (III.7)
with K the Jacobian matrix, that is the matrix of partial derivatives of the measurements with respect to the parameters in the state vector x.I n t r o d u c i n gt h i se x p r e s s i o ni nt h e derivative of the cost function, the new state vector corresponding to the next iteration can be defined:

x k+1 = x k + A -1 [K T R -1 δy + B -1 δx a ] (III.8) with A = K T R -1 K + B -1 .
The error covariance matrix of the final ap o s t e r i o r istate S x is derived from R and B and equals A -1 . The algorithm that I studied during this phD focuses on active remote sensors. Based on the Bayes theorem, it uses a variational method that minimizes a cost function to retrieve the microphysical properties of ice clouds. Before running the retrieval algorithm, the different instruments used in the synergy have to be colocated on the same [ time ⇥ altitude ] grid. Indeed, their original resolution is not necessarily the same. As a result, interpolation, averaging or resampling methods have to be performed. It is also possible that the projections on the Earth surface of the instrumental gates from the different instruments are not completely superimposed. This happens if the instruments are not mounted on the same platform or do not point exactly in the same direction.

2K e y f e a t u r e s o f t h e r e t r i e v a l m e t h o d

For example, Figure I I I.1 illustrates the fo otprints of the different A-Train instruments. One can see that the different instruments cannot see the same scene at the same time, due to the delay between the platforms. The footprints of Cloudsat and CALIOP do not exactly overlap either. Most of the time, the uncertainties related to such configurations are assumed to be negligible, considering the resolution of the instruments and the homogeneity of the observed atmospheric scenes.

Then, a classification scheme has to be applied to the observations in order to determine the nature of the targets. An example of classification method, used on the combined measurements of CloudSat and CALIPSO is described by [START_REF] Ceccaldi | From CloudSat-CALIPSO to EarthCare: Evolution of the DARDAR cloud classification and its comparison to airborne radar-lidar observations[END_REF]. This method can be described in two main steps. First, for each instrument separately, all pixels are separated between noisy pixels, pixels corresponding to a clear sky atmosphere (e.g. an atmosphere free of clouds and aerosols) and pixels corresponding to any solid or liquid target (cloud, rain, aerosols, ...). Then, the nature of the target is determined as precisely as possible. A distinction is made between clouds and rain on the radar measurements and between clouds and aerosols on the lidar measurements. Indeed, the lidar cannot see the rain due to the strong attenuation of the signal in liquid clouds, and the radar does not detect aerosols. A basic method to distinguish between those different features is to use thresholds on the lidar attenuated backscatter or attenuated scattering ratio and on the radar reflectivity . Those thresholds are determined empirically and are specific to the instruments, the level of noise and the resolution of the measurements. The classification is then refined using the combined information of both instruments, to distinguish, for example, between liquid supercooled layers and ice with strong backscatter signal. Additional information, such as a lidar measurement of the depolarization ratio or a second lidar channel at a different wavelength can help to improve the detection of liquid and the classification of aerosols. Similarly, radar Doppler velocity measurements allow for a better detection of rain. More details on categorization algorithms can be found in [START_REF] Ceccaldi | From CloudSat-CALIPSO to EarthCare: Evolution of the DARDAR cloud classification and its comparison to airborne radar-lidar observations[END_REF], as well as in the CALIOP Algorithm Theoretical Basis Document (ATBD) (https://www-calipso.larc.nasa.gov/resources/project_documentation.php). Where the ice cloud becomes thicker (between latitudes -9 • and -6 • )t h el i d a ri st o o attenuated to detect the bottom of the cloud, visible in the radar signal. Around latitude -19 • ,a na e r o s o ll a y e ri sd e t e c t e db yt h el i d a rs i g n a lb e t w e e n0a n d5 k ma n da tl a t i t u d e -13 • , convective clouds are reported. Convection is characterized by very strong signals on both instruments and a vertical extension. At the altitude of 5km, a series of liquid layers are visible in the lidar signal. The temperature at this altitude being below 0 • C, those layers are assumed to be made of supercooled liquid droplets. Those supercooled layers are not visible in the radar signal due to the small size of the liquid droplets. On the contrary, their high concentration makes them detectable by the lidar. In some place, however, the presence of a radar signal superimposed on the layer detected by the lidar induces a modification in the classification and the feature is detected as ice, although by eye, no discontinuity is visible in the lidar signal.

below liquid water can be strongly attenuated and its backscatter value is hence not representative of the ice cloud properties. The algorithm will be run on those selected pixels only.

Next step after the good ice cloud pixels are selected, is to define a state vector x composed of a set of variables that can be used to describe the system being observed (e.g. the cloud) as a function of height. As this is precisely the information we are looking for, we do not have the final result yet and we need to start with a 'first guess" of this state vector, defined on the pixels of the profile where the retrieval can be performed. Af o r w a r dm o d e li st h e na p p l i e dt ot h i s" fi r s tg u e s s "t oc o m p u t es i m u l a t e dv a l u e so ft h e radar reflectivity (Z fwd )a n dt h el i d a ra p p a r e n tb a c k s c a t t e r( β fwd ). The state vector is updated until convergence is achieved (when Z fwd and β fwd are close enough to Z and β observations or when iterations do not produce better results).

The algorithm uses the logarithm of the state variables and measured quantities to account for the large dynamic range that can be found in the observations within a profile and also prevent the unphysical retrieval of negative values.

The state vector

The state vector is composed of visible extinction (↵ v ) [m -1 .sr -1 ],l i d a re x t i n c t i o n -t obackscatter ratio (S) [sr] and N 0 0 . N 0 0 is a variable related to the normalized number concentration parameter

N ⇤ 0 [m -4 ] via the relationship N 0 0 = N ⇤ 0 /↵ b v
, with the b coefficient determined from in-situ microphysical measurements (see Delanoë andHogan (2008, 2010)). The choice of the state vector lies in the fact that first, in the geometric optics limit, ↵ v has the advantage to be directly linked to the lidar measurements. Then, as presented in the previous chapter, the apparent lidar backscatter at range r from the instrument can be expressed in the single-scattering limit as a function of ↵ v and S.

Finally, introducing the concept of normalized PSD, it is possible to find a robust relationship linking ↵ v /N ⇤ 0 to any extensive and intensive variable describing the cloud [START_REF] Delanoë | Statistical properties of the normalized ice particle size distribution[END_REF].

The lidar ratio is the inverse of the value of the normalized phase function at 180 • .I t is a function of many microphysical parameters such as the particle size and shape as well as its orientation (Liou and Yang 2016). Those variables are expected to vary through the cloud profile. The total attenuated backscatter signal alone, measured by the lidar, is not enough to give information on this height dependence. However, to account for the variation of the lidar ratio along the cloud profile, following [START_REF] Platt | LIRAD Observations of tropical cirrus clouds in MCTEX. Part I: Optical properties and detection of small particles in cold cirrus[END_REF], ln(S) is assumed to vary linearly with temperature (in • C):

ln(S)=a lnS T + b lnS .
(III.9)

This parameterization allows to use the coefficients a lnS and b lnS to represent the lidar ratio in the state vector, simplify the iteration process and improve the computational efficiency. On the contrary, ↵ v is defined at each of the n gates selected to describe the ice cloud profile.

An additional simplification is done on the N 0 0 part of the state vector: N 0 0 is not retrieved at each of the n selected gates but is defined for a subset m of N 0 0 values, referred to as the basis functions N b ,s u c ht h a tas h o r t e rc o m p u t a t i o nt i m ea n ds m o o t h variation in range are guaranteed [START_REF] Hogan | A Variational Scheme for Retrieving Rainfall Rate and Hail Reflectivity Fraction from Polarization Radar[END_REF]). This subset is defined according to the vertical resolution of the profile.

The final state vector x looks like this:

x = 0 B B B B B B B B B B B B B B @ ln↵ v,1 . . . ln↵ v,n . . . a lnS b lnS lnN b,1 . . . lnN b,m 1 C C C C C C C C C C C C C C A .
As the forward model is run on the initial n gates, a (3n) ⇥ (n +2+m) conversion matrix W is used to transform the parts of the state vector corresponding to the lidar ratio and N 0 0 . The top left (n) ⇥ (n) elements correspond to ↵ v and are therefore unchanged, which is represented in W by an identity matrix. The following (n) ⇥ (2) terms in the centre of the matrix correspond to the lidar ratio and are filled according to the parameterization of S as a function of temperature: for every element i of the total cloud profile, the corresponding lidar ratio corresponds to the first coefficient a lnS multiplied by the temperature T• C i (first term in the (n + i) th row) plus the second coefficient b lnS (the second term is therefore 1). Finally, the last bottom right (n) ⇥ (m) elements are set using cubic spline basis functions f b in order for the resulting N 0 0 to be continuous until its second derivative, included [START_REF] Hogan | A Variational Scheme for Retrieving Rainfall Rate and Hail Reflectivity Fraction from Polarization Radar[END_REF]. 

W = 0 B B B B B B B B B B B B B B @ 1 ...
1 C C C C C C C C C C C C C C A .

The forward model

The 1D-Lookup table

Using the normalized particle size distribution presented in the first chapter and for a given range of D m , it is possible to create a one-dimensional look-up table (LUT) linking all the cloud microphysical variables described in section I.3 to the ratio of ↵ v to N ⇤ 0 . This LUT is used in the forward model within the iterative process, but also once the optimized cloud profile has been determined, to retrieve additional features of the profile, such as IWC and effective radius.

The LUT also needs for the equivalent melted diameter D eq to be determined for any ice crystal. To do so, we introduce a relationship giving the mass of a particle as a function of its maximum diameter. As detailed in I.3, this relationship is usually described as a power-law of diameter: m(D)=aD b .F o rt h ev e r s i o no ft h ea l g o r i t h mr u no nt h eA -Train measurements, a combination of [START_REF] Brown | Improved measurements of the ice water content in cirrus using a total-water probe[END_REF] and [START_REF] Mitchell | Use of mass-and area-dimensional power laws for determining precipitation particle terminal velocity[END_REF] for hexagonal columns is used. In the following, this relationship will be referred to as "BFM". Other relationships are described in the literature, for specific types of clouds, specific crystal habits or temperature range and are discussed in [START_REF] Erfani | Developing and bounding ice particle mass-and area-dimension expressions for use in atmospheric models and remote sensing[END_REF]. To account for the dependency of the relationship between D and M on temperature and particle size, [START_REF] Erfani | Developing and bounding ice particle mass-and area-dimension expressions for use in atmospheric models and remote sensing[END_REF] proposes to use a b coefficient depending on temperature. However, it is difficult to change m(D) in the retrieval scheme upon the cloud type and the meteorological conditions without risking to bring discontinuity on the retrievals. As a result, we assumed a single m(D) relationship which can work for most of the situations.

The radar reflectivity model

The forward model of the radar reflectivity uses the 1D-Lookup table to retrieve Z/N ⇤ 0 from ↵ v /N ⇤ 0 (↵ v and N ⇤ 0 being defined in the state vector). The reflectivity defined in the LUT was calculated using equation II.6 and the scattering cross-section obtained with the T-matrix method and the [START_REF] Mishchenko | T-matrix theory of electromagnetic scattering by particles and its applications: A comprehensive reference database[END_REF] spheroid approximation. This model does not account for attenuation and multiple scattering effects in clouds.

The lidar backscatter model

The lidar backscatter model was developped by [START_REF] Hogan | Fast Lidar and Radar Multiple-Scattering Models. Part I: Small-Angle Scattering Using the Photon Variance-Covariance Method[END_REF]. It is based on equation II.8 and accounts for multiple scattering.

Multiple scattering, as opposed to single scattering, describes the fact that within a single sampled volume, the emitted wave will be scattered by several particles, one after the other, before being backscattered and detected by the receiver. Depending on the concentration of particles in the sounded volume and the width of the receiver's FOV, 2 nd ,3 rd or higher scattering orders can be taken into account in the measured backscatter, which then departs from the single-scattering theory. Multiple scattering effects are characterized by an inhanced backscattered signal. In some cases, the path length can increase to the point that the backscattered light appears as if coming from below the sounded cloud layer, resulting in a streching of the cloud.

Several methods are used to account for multiple scattering effects. As an alternative to Monte-Carlo methods, that allow for a high-resolution representativity of the trajectory of the emitted photons but are time consuming [START_REF] Platt | Remote Sounding of High Clouds: III. Monte Carlo Calculations of Multiple-Scattered Lidar Returns[END_REF]), a simple parameter ⌘ which can take values between 0.5 and 1, can be used to modulate the particular optical thickness of the layer as a function of multiple scattering: δ p,multiscat = ⌘δ p [START_REF] Platt | Remote Sounding of High Clouds: I. Calculation of Visible and Infrared Optical Properties from Lidar and Radiometer Measurements[END_REF][START_REF] Garnier | Lidar multiple scattering factors inferred from CALIPSO lidar and IIR retrievals of semi-transparent cirrus cloud optical depths over oceans[END_REF]. ⌘ =1without multiple scattering. This method is best suited when integrated cloud layers are considered and a single average value can be used for ⌘.T o estimate the variation of mutiple scattering in the profiles of CALIOP bacskcatter, Garnier et al. (2015) propose a variation of ⌘ with the temperature. Hogan (2008) uses a fast, approximate analytical method based on the representation of the photon distributions by their variance and covariance to infer mulitple scattering effect at each gate of the measured profile.

A priori information

Ap r i o r ii n f o r m a t i o na b o u tt h es t a t ev e c t o r-d e r i v e df r o mac l i m a t o l o g yo fa i r b o r n e ,

ground-based and previous satellite measurements -is used to constrain the inverse problem. This is especially useful when only one measurement is available. Indeed, in most cases, when a cloud profile is measured by both radar and lidar, the vertical fraction of the cloud detected by both instruments is often preceded in the upper layers by a region only detected by the lidar and followed by a region detected by the radar alone in the lower part. In such regions, the algorithm needs additional information to ensure that the state vector tends towards a physical value. In practice, a priori information is only necessary for S and N ⇤ 0 as the extinction is already well constrained by both the radar and the lidar. In addition, whenever available (that is for semi-transparent isolated cloud layers with optical depths <3), the molecular signal located below the cloud and measured by the lidar is also used as an extra constraint on the extinction (see Delanoë andHogan (2008, 2010)).

N 0 0 was shown to have a smooth temperature dependence [START_REF] Delanoë | A variational scheme for retrieving ice cloud properties from combined radar, lidar and infrared radiometer[END_REF]). For this reason, it was chosen over N ⇤ 0 as part of the state vector and the a priori of ln(N 0 0 ) can be expressed with good confidence as a linear function of temperature (T ). We therefore have the relationship

ln(N 0 0 )=ln(N ⇤ 0 /↵ b v )=xT + y, (III.10)
with T in • C. Physically, this describes the idea that as the temperature gets warmer, the aggregation processes tend to increase the size of the particles and reduce their number (x<0).

As said previously, the lidar ratio is represented in the state vector by the coefficients of its linear parameterization as a function of temperature. An a priori value is determined for each of those two coefficients.

Optimal estimation

Iterations to reach convergence are performed following the Gauss-Newton method (see section III.1.2). The state vector at iteration k +1 is updated from the state vector at iteration k following an equation similar to eq.III.8:

x k+1 = x k + A -1 [K T R -1 δy + B -1 δx a -Tx k ].
(III.11)

The final term Tx k is a smoothness constraint added to the retrieved extinction to prevent it from being contaminated by the noisiness of the lidar measurement. T is called the "Towmey-Tikhonov" matrix [START_REF] Delanoë | A variational scheme for retrieving ice cloud properties from combined radar, lidar and infrared radiometer[END_REF]. It penalizes the second derivative of the cloud profile, creating a smoother extinction which allows the forward model to reproduce the lidar measurements without the variability due to random noise. T is a square matrix with the number of rows and columns corresponding to the size of the sate vector: (n +2+m) ⇥ (n +2+m).H o w e v e r ,s i n c et h es m o o t h i n gi so n l ya p p l i e dt o↵ v , the elements of the matrix corresponding to the other state variables are set to 0.

At each iteration, convergence is tested using the following variable to estimate how close from the observations the model was able to get:

χ 2 k = X i (y obs,i -y k fwd,i ) 2 R 2 ii .
(III.12)

ERRORS

Convergence is achieved when the value of χ 2 reaches a plateau (χ 2 k -χ 2 k+1 < 0.01 for the 6 th time).

Errors

One can distinguish two categories of instrumental errors: systematic error and random error. Systematic error is introduced by a bias due to a calibration error. The variational method only takes into account instrumental random errors. This allows for the algorithm to decide how to distribute weigths between measurements and a priori information. If the random error on the instrument is larger, more weight will be given to the a priori. The algorithm assumes that all instruments have been correctly calibrated and that all biases have been corrected. An uncorrected measurement bias will lead to a shift in the results.

Instrumental errors are defined in the R matrix. They describe the combination of the background noise on the detection channel (photon noise for the lidar and thermal noise for the radar) and the fact that measurements are made of a finite number of samples. In the R matrix are also entered the errors in the forward model. For the radar, this error is due to the simplifications made in the spheroid assumption of the T-matrix scattering model as well as the uncertainties in the m-D relationships. The fact that the radar model does not account for attenuation and multiple scattering in clouds can also be a source of error. However, it was not quantified in the algorithm, assuming this contribution was not significative compared to the uncertainty in the scattering model. For the lidar, the main source of errors is the parameterization of the lidar ratio as a function of temperature. The ability of the lidar forward model to represent multiple-scattering can also be a source of errors, although to a lesser extent.

The errors in the model and in the measurements are assumed independent with height and time.

The errors assigned to the a priori -defined in the B matrix -represent how strong this constraint is: the larger the error on the a priori, relative to the measurement error, the less relevant the difference between the actual value of the state vector and the a priori is and the more the state vector will be allowed to move away from it. The straightforward way to account for the uncertainty on the a priori information is to use an error covariance matrix with constant diagonal terms, assuming the confidence we have in this information is the same everywhere in the cloud profile. When both instruments are available, hopefully the confidence in the measurements is higher than in the a priori and the algorithm does not rely on this information. On the contrary, in regions where only one instrument is available, the retrieved values of S and N 0 0 would essentially be determined by the a priori. Therefore, to allow the information from synergistic regions to propagate towards regions where fewer measurements are available, additional off-diagonal elements are added to the error covariance matrix of the N 0 0 a priori. Those off-diagonal terms decrease exponentially as a function of the distance and aim at describing a spatial correlation in the difference between the actual value of N 0 0 and its a priori. This spatial correlation in the retrieval of N 0 0 is of course transmitted to the other cloud variables through optimal estimation. More details can be found in [START_REF] Delanoë | A variational scheme for retrieving ice cloud properties from combined radar, lidar and infrared radiometer[END_REF].

3N e w p a r a m e t e r i z a t i o n s

The Varcloud algorithm has been working in an operational way since 2010 for the DAR-DAR (raDAR / liDAR) project. This project, initiated by the LATMOS (Laboratoire ATmosphères Milieux Observations Spatiales) and the University of Reading, was developed to retrieve ice cloud properties globally from CloudSat and CALIPSO measurements. DARDAR has 3 products, all hosted and available on the ICARE (Interactions Clouds Aerosols Radiations Etc) FTP website ftp://ftp.icare.univ-lille1.fr/. The first one is the CS-TRACK product which is the colocated processed A-Train product on the CloudSat track. This product gives the possibility to work on lidar and radar data on the same resolution grid of 1.1 km horizontally and 60 m vertically. From these profiles of active instruments data, a technique for the classification of hydrometeors (called DARAR-MASK) has been developed. It is used to select the lidar-radar range bins (or pixels) where ice cloud properties retrievals (DARDAR-CLOUD) can be performed (Ceccaldi et al. 2013). From colocated profiles of CloudSat and CALIPSO and hydrometeor classification, the Varcloud algorithm performs retrievals of extinction, IWC and r e at each pixel of ice cloud detection (even when only one instrument is available) on the CS-TRACK grid to produce the DARDAR-CLOUD product. 

U n c e r t a i n t i e si nt h ed e t e c t i o no fi c ec l o u d sa n dt h ed i s t i n c t i o n

between the different targets (ice/liquid) were also identified [START_REF] Ceccaldi | From CloudSat-CALIPSO to EarthCare: Evolution of the DARDAR cloud classification and its comparison to airborne radar-lidar observations[END_REF]). As ac o n s e q u e n c e ,a d j u s t m e n t sh a v eb e e nm a d eo nt h ea l g o r i t h m ,e s p e c i a l l yc o n c e r n i n gt h e detection of ice particles, the parameterization fo the lidar extinction-to-backscatter ratio and the cloud microphysical model. In the following, the new version of DARDAR-CLOUD ensuing from those changes will be called V 2 and the version available on the ICARE website until 2018, namely DARDAR-CLOUD v2.1.1, will be referred to as V 1 . It is important, for the consistency of future studies compared to earlier ones, to give information on the differences between the two versions and the way they impact the results of the algorithm, which is what will be detailed in the following.

A priori information for the lidar ratio

In DARDAR-CLOUD V 1 the a priori relationship linking S to the temperature was ln(S)=-0.0237T +2.7765, with T in • C. This was found to produce values of S that are too large at cold temperatures (up to 120 sr) whereas according to the climatology [START_REF] Platt | Remote Sounding of High Clouds: III. Monte Carlo Calculations of Multiple-Scattered Lidar Returns[END_REF][START_REF] Chen | Lidar ratio and depolarization ratio for cirrus clouds[END_REF][START_REF] Yorks | Statistics of cloud optical properties from airborne lidar measurements[END_REF][START_REF] Garnier | Lidar multiple scattering factors inferred from CALIPSO lidar and IIR retrievals of semi-transparent cirrus cloud optical depths over oceans[END_REF] it should rarely exceed 50 sr. In order to rectify this problem and produce more sensible retrievals, a new a priori relationship has to be determined for S.T od os o ,t h eV a r c l o u da l g o r i t h mw a sr u no n1 0 days of CloudSat-CALIPSO observations of the year 2008. To be less dependent on the a temperatures for which synergistic measurements are statistically most likely to be found. In this domain of temperatures, one can see that the mean and median values of lidar ratio for the different temperature bins are almost identical and fairly close to the first mode of the distributions, which allows for a good assessment of the lidar ratio, as shown by the result of the linear fit. On the contrary, except for the warmest temperatures (above -30 • C), the old parameterization clearly overestimates the lidar ratio. For colder and warmer temperatures (below -55 • C and above -20 • C, respectively) the slope of the mean curve changes, with lidar ratio shifting to values <30 sr. This leads to a rather low correlation coefficient (-0.3) for the linear regression. Indeed, the fitting process is mainly constrained by the central region where most of the data is found, and therefore cannont account for the different behaviour of the lidar ratio at the edges of the temperature domain. This illustrates the fact that the variation of the lidar ratio along the cloud profile cannot only be described by the temperature. The comparison of this study to the one from [START_REF] Garnier | Lidar multiple scattering factors inferred from CALIPSO lidar and IIR retrievals of semi-transparent cirrus cloud optical depths over oceans[END_REF] confirms this: they are in good agreement where the temperature domains overlap. But as only cold semi-transparent cirrus measured by the lidar and the radiometer are represented in [START_REF] Garnier | Lidar multiple scattering factors inferred from CALIPSO lidar and IIR retrievals of semi-transparent cirrus cloud optical depths over oceans[END_REF], the behaviour is different and the lidar ratios retrieved at temperatures below -60 • C are lower (up to 50% lower at -70 • C).

However, this approximation appears to be legitimate in the lidar-radar areas and is considered valid as a priori information on the entire profile, even though larger errors can be expected in lidar-only regions. The final coefficients are chosen to be: a lnS = -0.0086 and b lnS =3.18, as reported in Figure III.3. The reduction of the slope coefficient should prevent the occurrence of too high values for S at the coldest temperatures.

The microphysical model

The microphysical model is based on 3 main parameterizations: the normalized PSD, the ap r i o r io fN 0 0 and the mass-diameter relationship. As previously said, for DARDAR-CLOUD V 1 ,t h em a s s -d i a m e t e rr e l a t i o n s h i pu s e d ("BFM") is a combination of [START_REF] Brown | Improved measurements of the ice water content in cirrus using a total-water probe[END_REF] and [START_REF] Mitchell | Use of mass-and area-dimensional power laws for determining precipitation particle terminal velocity[END_REF] for hexagonal columns. The Brown and Francis relationship was validated on direct measurements of IWC, using a Total Water Content probe combined with a Fluoresence Water Vapor Sensor. However, those measurements were restricted to a couple of flights performed in April, 1992 over the North Sea and to the southwest of the UK, providing a dataset of less than 3000 points recorded at temperatures between -30 • C and -20 • C. The parameterizations of the PSD and the a priori were determined using the in-situ dataset described in [START_REF] Delanoë | Statistical properties of the normalized ice particle size distribution[END_REF]. The main caveat of this study is that it did not use direct measurements of IWC, which may question the reliability of the validation of the microphysical model. Indead, to retrieve IWC from optical array probes, an assumption of the mass-size relationship is needed. [START_REF] Delanoë | Comparison of airborne in-situ, airborne radar-lidar, and spaceborne radar-lidar retrievals of polar ice cloud properties sampled during the POLARCAT campaign[END_REF] shows that depending on the type of OAP and the m-D relationship used, the differences in the in-situ retrieved IWC could be of the same order of magnitude as the difference between the in-situ and the satellite. III.1. During those campaigns, direct measurements of IWC were performed with a Counterflow Virtual Impactor or a Cloud Spectrometer and Impactor (CVI/CSI). Such instruments provide valid measurements in the range from 0.01 gm -3 to 2 gm -3 . For a better quality control of the measured PSD, the shattering effect was also considered in this study. Parallel to this, a series of m(D) relationships, based on power-laws of diameter, has been derived by [START_REF] Heymsfield | Improved Representation of Ice Particle Masses Based on Observations in Natural Clouds[END_REF] for specific cloud conditions. Delanoë et al. ( 2014) compared the measured IWC to the IWC retrieved using the measured PSD and one of those power laws, which allowed to select for each campaign the m(D) relationship giving the best match to the measured IWC. The selected m(D) are presented in [START_REF] Delanoë | Normalised Particle Size Distribution for remote sensing application[END_REF], Table 3). The general mass-size parameterization, specific to this dataset and made of different power-laws as a function of the measurement campaigns, will be referred to as the "BEST" parameterization.

Campaign

Year In the following, we present how this dataset was used to refine the microphysical model of the Varcloud algorithm.

The normalized PSD

The normalized particle size distribution is updated with the new coefficients determined by Delanoë et al. (2014) using a least square regression on two moments of the PSD, namely the visible extinction, ↵ v ,a n dt h er a d a rr e fl e c t i v i t y ,Z .T od os o ,am a s s -s i z e relationship had to be assumed and the "BEST" parameterization was chosen. H o w e v e r , the new normalized PSD is now characterized by higher values of normalized number concentration for the largest particles. This could increase the impact of the change in the mass-diameter relationship. Additionally, it is reminded here that in a first-order study on the new lidar ratio a priori, we can look at the differences in the distribution of log 10 (IWC) (Figure III.11). The impacts of the microphysical model is more complex as its action occurs both in the radar forward model and at the end of the process when the IWC is retrieved from extinction and N ⇤ 0 thanks to the 1D-Lookup table. Moreover, the interactions that may exist between the parameters that were refined (the PSD, m(D) and N 0 0 apriori)arelik elytoha v edifferent impacts on the retrieval depending on the physical and microphysical conditions of the observed cloud region. As a result, we will not try to interpret here the differences observed between the two microphysical configurations but describe how the retrieval is impacted.

First of all, when looking at Figure III.11, panel e), it seems that the impact of the new microphysics strongly depends on the temperature, with an increase in the averaged retrieved IWC for temperatures below -40 • C and a decrease for temperatures above -40 • C. When pixels are separated in different regions depending on the available instruments (lidar only, radar only or both), it is clear that the impact of the new model (DARDAR is also very different for the two instruments: the increase of IWC observed for the cold temperatures is associated with lidar-only pixels (panel f). On the contrary, radar-only pixels are marked by a shift of the distribution towards lower values of IWC. Where both instruments are available, the opposite effects cancel each other out, which leads to almost no difference in the distribution of log 10 (IWC) in such regions (panel h). The differences observed in the retrieved IWC in regions detected by the two instruments barely exceed 10% (panel l). On the contrary, in regions where only one instrument is available, differences are observed between 0% and 40% for lidar-only pixels and between -40% and 0% for radar-only pixels.

For pixels detected by the lidar only, two mo des can b e observed in the distribution of the differences between V 1 and V 2 , which overall leads to a decrease in the retrieved ice water path. The main mode is the thin red (strong occurrence) curved line and accounts for profiles where only the lidar was able to detect a cloud. In such conditions, the extinction is retrieved using the lidar measurement and the lidar ratio a priori. It is therefore completely independent on the microphysical model. The normalized concentration number parameter N ⇤ 0 is then derived using the extinction and the a priori of N 0 0 . As a result, the retrieved IWC, derived using the extinction and the LUT, depends on the microphysical model in a deterministic way. This curve is the direct translation of the difference between the 2 configurations into the relationship between visible extinction and IWC as it is parameterized in the LUT. It also illustrates the strong dependency of the microphysical parameterization on the temperature. The second mode presents smaller differences and accounts for the influence of radar measurements deeper in the cloud profile, which balance the increase in IWC by their opposite effect. For radar-only pixels, the influence of the microphysical parameterization is more diffuse as it also plays ar o l ei nt h ei t e r a t i o np r oc e s st h r o u g ht h er a d a rf o r w a r dm od e l .

+20% and +40%) are found in the radar-only regions at the warmest temperatures. For pixels that benefit from the combined influence of the two instruments, the impact of the configuration change is reduced (differences are found between +5% and +25%).

5C o n c l u s i o n

The evolution of the DARDAR-CLOUD forward model configuration and the DARDAR-MASK hydrometeors classification can lead to differences in retrieved IWC of up to a factor 2 relative to the earlier release, regardless of the instruments available or the temperature range. These very large discrepancies, which are mainly the consequence of the new phase categorization, represent 5% of the data used for this study. 90% of the IWC values show differences less than 50% with the old configuration. The change in the microphysical model also affects the retrieved r e everywhere along the temperature profile, with differences ranging from 5% to 40%.

The new parameterization of the lidar extinction-to-backscatter ratio a priori has little influence on the retrieved r e .O nt h eo t h e rh a n d ,f o rI W Cr e t r i e v a l s ,i th a sm o r ei m p a c t for temperatures below -40 • C and induces lower IWC (up to -50% for the coldest temperatures) in every cloud region detected by the lidar. However, its impact is significantly reduced by the new LUT which introduces opposite modifications in lidar-only regions. Radar-only regions are mainly influenced by the modifications of the LUT and the a priori of N ⇤ 0 , which also reduce the values of IWC up to -40% for the warmest temperatures. In synergistic areas, the combination of the two instruments seems to mitigate the impact of the modifications made in the microphysical model. Nevertheless, differences between -20% and 20% are also found in this region between -60 • C and -20 • C.

Trying to find a simple parameterization of the lidar extinction-to-backscatter ratio was shown to be rather challenging and uncertainties remain high, particularly in regions where synergies are not available. More work could be done on the subject, adding radiometric instruments or looking at new instrumental platforms, such as the upcoming ESA/JAXA EarthCARE satellite, whith a more sensitive radar and High Spectral Resolution Lidar, which could help refine our analysis. This sensitivity study was done to help us identify improvements to be considered in the new version that will be made available at ICARE/Aeris data center. The approach here is to use information and datasets validated by the litterature to determine the microphysical assumptions and study the sensitivity of our algorithm to those assumptions. Further improvements are aimed at, relying on more in situ and satellite observations to make parameterizations and combination of instruments more efficient benefiting from CALIPSO-CloudSat extension and EarthCARE advent.

To bridge the gap between those two platforms, a measurement campaign was performed in 2016 involving the two aircraft presented in the previous chapter. Those aircraft have the particularity to carry on board a set of instruments similar to the CALIPSO-CloudSat and EarthCARE platforms. In the next section, we will present the said campaign and show how HSRL measurements within the inversion scheme can help improve the retrievals of the lidar ratio and visible extinction, especially in regions detected by the lidar alone. increases, then decreases again and finally increases. If the feature described here were constant during the flight, it could be easily corrected. However, this is not the case. As aconsequence,theUVsignalcannotbeusedinthefirstkilometer. T obeabletomeasure all clouds using the UV channel, it is essential for the aircraft to fly at least 1km above cloud top.

Due to the limitations of the Falcon 20, it is often the case that the measurement flights are performed at altitudes where high clouds are likely to be found. As a result, it is important to detect for every profile if a clear sky region can be used for calibration. Calibration regions are defined using the 1064nm channel, which is more sensitive to cloud particles and aerosols due to its higher emitted power and its lower sensitivity to air molecules. Cloud free regions are detected using a threshold on the intensity of the signal P and detection noise ✏ P (log 10 (P ) < -3 and ✏ P /P > 0.2). A calibration constant is then calculated for profiles where a cloud free region is detectd between 1.5 and 2km. For the cases when a few cloud pixels are included in the calibration region, all profiles where the calculated calibration constant is 50% higher than the median value are considered not to be valid for calibration.

The issue with the UV channel is also visible on Figure IV.5, which shows the first 4 kilometers below the aircraft for the different LNG channels, along with the calibration constants computed for the selected clear sky profiles and different values of z 0 (the calibration distance). First, C(355) decreases with the distance to the aircraft (darker dots, Figure IV.5, last panel), which is not the case with the other wavelengths. The calibration procedure is supposed to correct the signal from instrumental factors. As a result, it should be constant in altitude. Second, it also tends to drift in time to lower values. This behaviour is most likely due to a misalignment between of the laser beam and the reception channels, which modifies the overlap function and reduces the amount of energy received by the telescope. This misalignment was corrected twice during the flight, once at 10:48 and a second time at 11:15. The VIS and IR channels are less impacted by this deviation due to their large FOVs. This effect can be corrected, provided there is enough clear sky between the aircraft and the cloud top to perform a calibration in a region where the effect of the overlap function can be neglected.

For profiles where there is not enough clear sky between the aircraft and the top of the cloud, the calibration cannot be performed and an average value of the constant determined on other profiles has to be used. To do so, the flight is divided in several legs with respects to the pointing of the lidar. Indeed, one must distinguish between legs performed in the Aeolus-like configuration and legs performed in the classic nadirpointing configuration. In case of misalignement, the division of the flight in legs must also take into account this parameter. For example, in the case of Flight 11, measurements were only made in the nadir configuration, but due to misalignment issues, 3 legs were defined. Then, for every profile with no calibration area available above cloud top, we look at the corresponding leg: if a calibration constant can be determined before and after, then a linear interpolation of the calibration is performed over a maximum of 20 profiles (10 consecutive profiles before and 10 consecutive profiles after the profile that has to be calibrated). If this method is not possible, the profile is calibrated using the mean calibration constant of the corresponding leg. There are legs for which no calibration constant can be determined directly in clear sky. In such cases, the value of the calibration constant used is a mean value that has been determined for another leg or for the entire campaign (the pointing has to be the same).

The depolarization ratio

The molecular backscatter can be defined as the sum of two signals, one in the polarization parallel to that of the emission and another one in the perpendicular polarization:

β m = β // m + β ? m . (IV.1)
Introducing the molecular depolarization ratio δ pol,m ,e q u a t i o nI V . 1c a nb em o d i fi e da s follows:

β m =(1+δ pol,m )β // m . (IV.2)
Assuming the parallel and cross UV channels have been correctly inter-calibrated and this calibration is stable during the campaign, the total, molecular and particular calibrated signals are given by: If the relative calibration constant between the parallel and cross channels changes during the flights, it introduces an error in the depolarization ratio. To account for this, the calibration constant used for the perpendicular channel has to be modified:

β a = P // C(
C(355) ? = C(355) ⇥ δ pol,m / [ δ pol,m . (IV.6)
δ pol,m is the molecular depolarization ratio measured in the calibration region. [ δ pol,m = 1.1%i st h et h e o r e t i c a lm o l e c u l a rd e p o l a r i z a t i o nr a t i oa sd e fi n e db yS h e( 2 0 0 1 )a n d [START_REF] Behrendt | Calculation of the calibration constant of polarization lidar and its dependency on atmospheric temperature[END_REF], given the average size of the receiver bandwidth and assuming the influence of the wavelength can be neglected. Figure IV.6 shows the statistics of NAWDEX for the ratio δ pol,m / [ δ pol,m measured by LNG. The measured molecular depolarization ratio varies significantly during the measurement period, from 2 times smaller that the reference to more than 2 times larger, especially at the end of the campaign (during flights 17 ad 18). Although the molecular depolarization ratio seems to be overestimated in most cases, on the contrary, the depolarization measured in clouds (which consisted in ice clouds for the large majority) is below the values found in the litterature [START_REF] Reichardt | Correlations among the optical properties of cirrus-cloud particles: Implications for spaceborne remote sensing[END_REF][START_REF] Yorks | Statistics of cloud optical properties from airborne lidar measurements[END_REF]). However, this raw measurement corresponds to a volumic depolarization ratio that combines the contribution of the molecular and particular depolarizations. If the molecular signal accounts for a large portion of the total return, the measured value of the depolarization in the cloud can be underestimated. However, when looking at the global statistics, high values should appear for regions with strong backscatter ratios (e.g. when the molecular signal is attenuated or when the particular backscatter is very strong), which is not the case for the measurements described here. can be multiple and entangled, I could not perform a satisfactory calibration of the total UV channel. Additional tests in the lab and with ground-based measurements are currently performed to better characterize the impact of misalignement on the measurements. Although my work did not focus on depolarization measurement, a large error in the depolarization ratio can impact the recombined (understand here parallel + perpendicular) total, particular and molecular signals at 355nm, and lead to additional uncertainties in the retrievals.

Errors in the calibration of the lidar backscatter

Table IV.2 reports the relative standard deviations of the 3 calibration constants calculated for profiles where clear sky was available below the aircraft (flight 6 was removed since most of the flight was performed too close from the clouds, leading to very few profiles available for calibration). Those values are used to estimated the error in the calibration. Contrary to the VIS and IR signals that are not impacted by the deviation of the beam thanks to their large FOVs, the standard deviations measured for the UV channel can be very large. However, those values take into account the bias introduced by the misalignment, which can be corrected for profiles with clear sky between the aircraft anf the cloud. As a result, for those profiles, the error in the calibration constant C(355) is estimated to be 3%, which is the lowest value measured, for a flight where no misalignement was detected. However, for profiles where the misalignement could not be corrected, the error ascribed to the calibration must account for this additional uncertainty and the total standard deviation is used.

Concerning the other two channels, the variability in the calibration can be explained by a higher level of noise in the measured signals due to the lower level of molecular return, as well as a higher influence of undetected aerosols in the calibration regions. Since those effects cannot be corrected, the same error is used for all the profiles. additionnal information was taken from the relative error of the corresponding channel.

For every profile, if the lidar cannot detect the ground b elow the lowest detected cloud or aerosol layer, then the signal is considered to be attenuated. If the lidar sees the ground, the signal is considered to be clear sky. Whenever the radar detects a cloud but not the lidar, then the lidar signal is considered to be attenuated all the way to the ground. If HSRL measurements are available, the molecular signal can be used to directly decide where the lidar is attenuated.

The two instruments information and masks are then combined to refine the target classification.

Supercooled layers are characterized by a very strong lidar signal and a horizontal dimension larger than the vertical dimension (supercooled layers are typically not more than 300m thick [START_REF] Ceccaldi | From CloudSat-CALIPSO to EarthCare: Evolution of the DARDAR cloud classification and its comparison to airborne radar-lidar observations[END_REF]). Moreover, due to the high concentration of liquid droplets, the attenuation of the lidar below is consequent, resulting in a strong vertical gradient in the measured backscatter. To detect such layers, the first step is to locate strong backscatter pixels. Then, for each of them, a vertical gradient below and above is calculated in the corresponding profile and the boundaries of the layer are defined where the gradient is maximum. All the pixels located at temperatures above 0 • C are flagged as "warm liquid clouds". All the pixels located at temperatures below -38 • C are flagged as "strong backscatter", since liquid water cannot be found at such temperatures. These pixels correspond to either highly concentrated ice or oriented crystals. The remaining selected pixels are used to create objects, an object being a group of collateral pixels. Each object is taken individually to calculate its average thickness and the ratio of its vertical to horizontal extents. If the object is too thick or not horizontally extended, it cannot be a liquid layer and is flagged as "strong backscatter". Otherwise, it can be defined as "supercooled layer". If the supercooled layer is also detected by the radar, it means there is also ice (airborne cloud radars are not able to detect particles of the size of the droplets present in such layers), and the layer is flagged as "mixed-phase".

If a depolarization measurement is available, it can be used to detect another type of target: 2D-oriented crystals. This kind of target is characterized by a strong backscatter and a low depolarization, just as supercooled layers are, but with less attenuation below. Additionnally, those crystals do not have to be organized in layers. This new feature can also appear inside the cloud. In this case, the lidar signal is attenuated but still presents a low depolarization ratio, associated to a fairly high radar signal. During my PhD, I further developped the categorization procedure on RALI, compared to the HALO platform. Although depolarization data from LNG are not absolutely reliable, they provide relative information that can be used to detect special features in the cloud. For RALI, oriented crystals are detected with a depolarization ratio below 4%. The same procedure could be used for HALO, but with a different threshold.

During NAWDEX, mostly marine aerosols were visible, in the first 2km above the ocean. A way to detect them is to combine a lowband filter on the bakcscatter with another lowband filter on the depolarization ratio. This resulted in also including the high clouds thin edges into the aerosol type. As a result, only pixels filling these conditions and located below 4km were considered to be aerosols.

Figure IV

.20 presents the final target classification for both platforms. The classes are the same as those used for CloudSat-CALIPSO. One can see that in the example presented here, several of them were not represented.

only the geometrical thickness of the cloud layer matters (in number of pixels per profile) but also the complexity of the profile (one or more layers, one or more instruments, with or without an overlap between the lidar and the radar). However, the difference in convergence between the two algorithms is larger when both instruments are involved. It appears, when looking at this example, that the two algorithms do not process the profiles exactly the same way.

Statistics of retrieved properties for the entire granule are compared for different instrumental configurations (Figure IV.22). First of all, let's point out the fact that in the case of a radar-only run, the lidar ratio is not retrieved. Instead is shown the difference in IWC. IWC statistics are closely related to extinction statistics, therefore, it is not shown for the other configurations.

More differences are observed in the lidar-only configuration, compared to the radaronly configuration. This is explained by the difference in the complexity of the two forward models. When the radar forward model is simply en entry in the 1D-LUT, the lidar model uses a numerical C code developped at the University of Reading by Robin Hogan (http://www.met.reading.ac.uk/clouds/multiscatter/) and wrapped within the python code using the SWIG (Simplified Wrapper and Interface Generator) software (http://swig.org/). The variability observed with the radar-only configuration reflects the way the different algorithms compute the jacobians (i.e. the matrices of partial derivatives of the measurements with respect to the state vector) and the updated state vector. These calculations are related to the way the gradient methods and the matrix products are defined by the programming languages. The larger variability observed in the lidaronly configuration can be first explained by the fact that varpy uses a more recent version of the C code than Varcloud.A l t h o u g ht h et w ov e r s i o n sr e m a i nf u n d a m e n t a l l yt h es a m e , one aspect that could impact our retrieval is that in the old version, the jacobians were directly expressed in logarithms of the different variables and in the new version, the jacobians are considered in the natural state. As a result, the conversion to the logarithmic state had to be done afterwards. The conversion from C-arrays to python-arrays can also add numerical noise as well as the fact that the jacobians in the lidar model are more complex than in the radar model due to the attenuation processes.

A behaviour of the algorithm pictured here is the fact that for variables with a large dynamic (e.g. N0* or ↵ compared to the effective radius and lidar ratio), the spread of the differences is also larger with larger standard deviations. The mean and median values are close to 0, which means that statistically, the two algorithms provide the same information. In the case of the lidar-only configuration, however, Varcloud tends to retrieve lidar ratios slightly larger that varpy and this trend is reinforced. Overall, combining the two instruments increases the tendencies observed when using one or the other. and a vertical gate dz li =10ma n dt h eg r i do ft h er a d a rm e a s u r e m e n t si s[ dt ra =750ms, dz ra =60m]. To perform synergistic retrievals, the two measurements have to be colocated on a single grid to minimize incoherences between the measurements. In this section, we want to know how sensitive the retrieval is to different colocation methods. To do so, the same common grid is used, but the selection of pixels from each instrument differs. Two methods were compared on the RALI measurements: using a nearest-neighbour method or averaging. In both situations, the final grid is defined by the largest time and range steps of the two instruments: dt =5sa n ddz =60m.

The first step is to reshape the 2D fields (e.g. Z, β,t e m p e r a t u r e ,m a s k s )o nt h e vertical grid. The following process is performed on each instrument and for every time step. If the resolution of the instrument is the same as that of the final grid, the closest gate is selected. The closest gate is also selected for the second instrument if the nearestneighbour method is chosen. When the averaging method is chosen, for every gate z on the new grid, a selection of gates z instr on the instrument grid is averaged so that |z -z instr |  dz/2. This has to be adapted for masks that consist of integers: the chosen value is the one that has the maximum occurence within the new averaged gate.

Then, once all the data from both instruments have be reshaped on the new vertical grid, the temporal colocation is performed: every profile of the new time grid is filled either by information from the nearest profile or by the mean of a selection of profiles.

Since the largest time step corresponds to the lidar grid and the largest vertical gate corresponds to the radar grid, lidar measurements can only be averaged in the vertical and radar measurements can only be averaged in time. In a statistical point of view, no bias is introduced by the choice of the colocation method: the maximum of points are gathered on the 1:1 line in panels a and c and the median values for the relative differences are close to 0% (<1%). However, a larger dispersion is observed with the averaging method for values below 10 -6 m -1 .sr -1 . This effect can be related to regions in the profile with a strong gradient in the lidar measurement, at cloud top or in clouds where attenuation is important. In such regions, the range of values that are averaged can span several orders of magnitude and the average will give more weight to the larger ones. The statistics of the relative differences show that 80% of the data present differences less that 40%. However, as indicated by the high values of the means and standard deviations, the variability is large and some of the outliers (i.e. pixels that exhibit differences higher than those determined by the whiskers of the boxplots, which represent 20% of the data) can be characterized by more than 2 orders of magnitude.

DEALING WITH INSTRUMENTAL CALIBRATION

20% error for the extinction and IWC (which are the variables with the largest dynamics) and less that 5% for the lidar ratio and effective radius. Although the uncertainty due to colocation cannot be neglected because of the variability observed, it will not impact the results of a statistical study. For specific case studies, one has to be aware that specific features can be strongly affected by the process and check that the method chosen allows for the most accurate description of the cloud scene.

Variable

Dealing with instrumental calibration

As previously explained, the calibration of LNG was not a trivial piece of work, in particular concerning the UV channels. In this section, we assess the sensitivity of the retrieval to a 10% bias in the lidar calibration. To do so, a new calibration constant is defined for every lidar profile as follows:

C new = C old +0.1C old , (IV.8)

with C old the average value of the calibration constant over all the profiles where it could be determined in a clear sky region above the cloud top. This is a simple way to check how a bias in the measurement can impact the retrieval. varpy is then run on RALI data, both with only the lidar as input measurement and with the synergy of lidar and radar. The retrieved extinction, lidar ratio and effective radius obtained with the two different calibrations constants are compared in Figure IV.26 using the 532nm channel. Results are showed in regions where lidar measurements are available.

Ap o s i t i v e1 0 %b i a si nt h ec a l i b r a t i o nc o n s t a n tr e s u l t si na nu n d e r e s t i m a t i o no ft h e lidar backscatter which leads to an underestimation of extinction of about the same order of magnitude (⇠ 10%) when only the lidar is used in the retrieval. The sensitivity of the extinction retrieval to the error in the lidar calibration is reduced when an independent measurement (i.e. the radar reflectivity) is added. However, the standard deviation in the observed differences increases because this difference depends on how much radar information is available in the profile to counteract the lidar.

Contrary to extinction, the lidar ratio is overestimated, but to a lesser extent. In the case of the lidar ratio, the influence of the calibration increases when radar measurements are added. This is due to the fact that when only the lidar is used, its measurement directly impacts the retrieval of extinction and the lidar ratio is constrained by its a priori value. But when the radar is added, the retrieved extinction is modified accordlingly and the only way the algorithm can account for the bias in the lidar backscatter is to change the lidar ratio. 4I m p a c t o f u s i n g H S R L m e a s u r e m e n t s i n t h e i t e r a t i o n process

In addition to a change in the wavelength (from 532 to 355nm), the ATLID lidar onboard EarthCARE will provide a high spectral resolution measurement, that was not available with CALIOP. This new system is expected to allow for a better estimation of aerosol properties, but we would like to see how it can be included in our synergistic algorithm to improve the retrievals and reduce uncertainties.

HSRL measurements provide additional information to the lidar equation. Contrary to a classic elastic lidar system with 1 equation and 2 unknowns, the HSRL problem is a 2-equations-2-unknowns system. The following equations are similar to equations II.8 and II.11, but with the distinction between the known and unkonwn (in red) variables. They express the particular and molecular attenuated backscatters (β a,p and β a,m )a sa function of particular and molecular extinctions (↵ p and ↵ m )andparticularandmolecular extinction-to-backscatter ratios (S p and S m ). One can see that in theory, using HSRL measurement allows to unambigiously retrieve both the extinction and the extinction-tobackscatter ratio.

β a,m = ↵ m S m e -2 R R 0 (αm(z)+αp(z))dz
(IV.9)

β a,p = ↵ p S p e -2 R R 0 (αm(z)+αp(z))dz .
(IV.10)

As previously described in section II.2.2.2, HSRL allows us to directly measure optical thickness and retrieve extinction from the molecular backscatter, provided its gradient can be considered linear over several hundred meters and assumptions are made on multiple scattering effects. However, we would like to include this information within our variationnal algorithm. To do so, I used the two equations hereabove within Hogan's lidar forward model, instead of the one describing the total attenuated backscatter (Eq. II.8). We want to check if this configuration can improve the retrieval in cloud layers observed by the lidar and in particular the cloud optical properties directly related to the lidar measurements, namely ↵ and S.A sp o i n t e di nP a r tI I I ,p a r a m e t e r i z a t i o n so ft h e lidar ratio in spaceborne lidar inversion problems still present a high level of uncertainty, which could be reduced by introducing HSRL information. The first column gives information on the distribution of retrieved pixels as a function of temperature: the majority of lidar-only regions are located at temperatures colder than synergistic regions. The second column presents the difference between a retrieval performed with the HSRL and a retrieval performed with the UV channel of the lidar alone.

Statistical analysis on RALI measurements

Differences are expressed in log 10 ([m -1 ]) for extinction and in [sr] for the lidar ratio. Ad i fference of +1u n i to flog 10 (↵) between two values ↵ 1 -↵ 2 means that ↵ 1 is 10 times larger than ↵ 2 .Ad i fference of +0.5 means that it is 3 times larger, a difference of +0.1, 25% larger and a difference of +0.05, 10% larger. The third column presents the difference between the retrieval using the combination of the radar and the UV channel and the retrieval using the lidar alone. The fourth column is similar to the third one, but with the visible channel of LNG. The fifth column investigates the impact of adding HSRL measurements to the synergy of RASTA and LNG (UV) and finally the last column presents the impact of changing the wavelength in a lidar-only retrieval.

First of all, when looking at the retrieved extinctions, it appears that the influence of adding information to the lidar-only retrieval increases with the temperature, and this is the case for the 3 different configurations: HSRL, RASTA + LNG (UV) and RASTA + LNG (VIS). This result for the radar-lidar configurations is in agreement with the way the instruments are organized along the profile, with statistically more radar information at the warmest temperatures. However, it is not obvious to find a reason for it in the case of HSRL measurements, especially when we know that the molecular signal is attenuated faster than the particular signal. An explanation could be that statistically, warmer temperatures are observed further away from the aircraft, resulting in larger variability in the molecular signal due to the noise of the measurement. Overall, the retrieval seems to be more sensitive to HSRL than radar measurements. This could be explained by the fact that the HSRL provides information almost everywhere in the lidar profile (except when it is attenuated) when the radar only gives information in the overlap region. However, the retrieval is less impacted by the addition of HSRL measurements when it already benefits from the synergy of the radar and the lidar (panel e).

The impact of adding the radar is more important on the UV channel, compared to the visible. This could be explained by the fact that uncertainties are larger for LNG at 355nm, resulting in larger errors and more weight put on the radar that forces the retrieval to better match the reflectivity.

The last column (f) presents the difference in lidar-only retrievals as a function of the wavelength used for the lidar measurements. These results show that the largest uncertainties come from the lidar wavelength. Two facts can explain this, that were already discussed in a previous section: either a bias was introduced during the calibration of the UV channel or the multiple scattering is not well represented in the forward model, which impacts the visible channel more than the UV one.

When looking at the retrieved lidar ratios, the main result is the influence of the lidar wavelength that significantly increases the lidar ratio.

It appears also that the influence of the radar is stronger than that of the HSRL, contrary to what could be observed in the retrieved extinctions. This result can be explained in the same way as the observed results for changes in the lidar calibration: when the radar is available, the extinction is retrieved to account for the reflectivity and if both instruments are in disagreement, the algorithm modifies the lidar ratio so that the forwarded backscatter can match with the measured one despite the change in extinction.

strumental tests are scheduled for the following weeks to check HSRL and depolarization measurements from ground.

The study on HSRL measurements showed that this additional information could be valuable to improve the retrieval of cloud optical properties, especially when the radar is not available. HSRL information could also be used to increase the vertical resolution of the lidar ratio. This could be interesting for specific features such as oriented hexagonal crystals for which the lidar ratio depends on their spatial orientation [START_REF] Borovoi | Backscatter ratios for arbitrary oriented hexagonal ice crystals of cirrus clouds[END_REF]). These oriented crystals are commonly observed at cold temperatures where the radar is not available. This effect, if not taken into account, could impact the retrieval of extinction and optical thickness.

In the scope of the EarthCARE mission, the work done during this PhD consisted first, in improving the microphysical model of the retrieval algorithm using more reliable in-situ measurements of IWC and particle size distribution (while keeping the simplified version of the model, using parameterizations as a function of temperature and a single masssize relationship). These new microphysical assumptions were used in the new version of the Varcloud algorithm and the resulting retrievals were compared to the old DARDAR-CLOUD version on a large dataset (10 days, ⇡ 3M profiles) of CloudSat-CALIPSO measurements. The results showed that the new retrieved IWC were around 50% smaller for the coldest and warmest temperatures, in regions where only one instrument is available (the lidar for the coldest temperatures and the radar for the warmest temperatures). The coldest regions are mainly impacted by the parameterization of the lidar ratio, when the radar-only regions are more sensitive to the mass-size relationship. In synergistic regions, retrievals are less impacted by the changes. Those modifications, however, would need to be validated by a comparison with in-situ measurements collected from an airborne platform flying on a track spatially and temporally colocated with the satellite track. of the integration of HSRL measurements within the variational framework. The data used were collected during the NAWDEX field campaign of fall 2016 over the North Atlantic. This campaign allowed us to make comparisons between two platforms, RALI and HALO, and study the impacts of using different instruments with different characteristics and wavelengths on the description of the cloud scenes and retrieved cloud properties. In particular, the difference between the two radars and the influence of the lidar wavelength were highlighted. For the first time, the algorithm could be run on real HSRL measurements at 532nm from the WALES system and at 355nm from the LNG lidar. Several satellite underpasses were also performed to illustrate the potential of airborne platforms for the calibration and validation of satellite data. Although these studies are not in the scope of my work, an example of comparison between RALI and CloudSat-CALIPSO is presented in the Appendix. Despite uncertainties in the measurements, results showed that the algorithm was sensitive to the integration of this additional information provided by the lidar, in the same order as when taking into account the radar reflectivity measurement. Again, however, the lack of in-situ measurements did not allow for a complete assessment of the retrievals.

An ideal configuration to validate remote sensing measurements (either from a satellite or from an aircraft) would be the combination of two platforms, one of them carrying insitu probes for validation, as well as at least one remote sensing instrument similar to one of the instruments that are being tested on the other platform. Thus, the validating aircraft can fly within the region sounded by the instruments that are being tested, to directly measure the cloud properties. The colocation of in-situ data with the retrieval can be checked by comparing the remote sensing measurements. This kind of flight configuration was performed in 2015 during a field campaign in Cayenne in the context of a project to study highly concentrated ice in convective clouds for aviation safety [START_REF] Dezitter | Haic (High altitude ice crystals)[END_REF]). The IWC retrieved using the CloudSat-CALIPSO synergy in its two different versions (DARDAR-CLOUD V 1 and V 2 )c o u l db ec o m p a r e dt oI W Cm e a s u r e d directly inside the cloud. Details on this study can be found in Appendix A.1. The poor performances obtained with DARDAR-CLOUD V 2 in this example suggest that one case study might not be enough to assess the impact of the microphysical parameterizations on the retrieved cloud properties. On the contrary, it is important to have different cases for different situations in an attempt to better represent the diversity of clouds and identify the cases for which the retrieval works, and those for which it does not work.

Another point worth mentioning: Doppler measurements are still not included in the retrieval, but this could be the subject of further developpements for the algorithm. Although we are not quite sure about the errors on the measurements that will be provided by the Doppler radar onboard EarthCARE, it would be an advantage to better constrain the retrieval of particle size, particularly in regions where the lidar is attenuated.

In theory, HSRL measurements can be used to improve our retrieval of the cloud extinction profile and would provide additional constraint on the lidar ratio. However, for the latter, the question of the lidar calibration is crucial. When only considering extinction, it would be possible to overcome calibration problems by integrating only the molecular channel to the variational algorithm. As previously described, the measured molecular signal is enough to retrieve the entire extinction profile in the part of the cloud seen by the lidar. To address the problems encountered with the 355nm channel of the LNG system during NAWDEX, we decided to conduct additional tests at LATMOS, both in the lab and with the lidar measuring clouds from the ground. The idea is to check if the measured depolarization ratio obtained from the ground is in the same order of magnitude as the one that was measured during the campaign, and assess the influence of a misalignement of the emission and reception channels by forcing this misalignement. The presence of the ground-based cloud radar BASTA [START_REF] Delanoë | BASTA: A 95-GHz FMCW Doppler Radar for Cloud and Fog Studies[END_REF]) would also give additional information on the characteristics of the cloud layers. In parallel, it would be interesting to use another type of lidar simulations to address the question of the difference in the multiple scattering effects.

When studying the possibility to release the constraint on the lidar ratio, thanks to the HSRL measurements, numerical artifacts appeared in the retrieved profile of S due to the introduction of splines. Those effects were particularly visible when the radar was used and did not seem to benefit from adding HSRL to the iteration process. This result questions the distribution of weights between the different measurements and a priori variables: is it because the errors are not correctly defined, is it a deeper problem in the developpement of code or is it an effect of the method? A way to try and answer those questions would be to use a cloud model to simulate high-resolution 3D cloud features and combine this to an instrument simulator. Thanks to the simulations, we would know the "real" cloud and the "real" errors of the instruments and check whether a wrong characterization of those errors can affect the retrievals. The McRali simulator [START_REF] Szczap | A3 dp o l a r i z e dm o n t ec a r l ol i d a rs y s t e ms i m u l a t o rf o rs t u d y i n ge ffects of cirrus inhomogeneities on caliop/calipso measurements[END_REF]) is an example of model that could be used for this study. the one measured by the radar [START_REF] Fontaine | Constraining mass-diameter relations from hydrometeor images and cloud radar reflectivities in tropical continental and oceanic convective anvils[END_REF][START_REF] Fontaine | Evaluation of radar reflectivity factor simulations of ice crystal populations from in situ observations for the retrieval of condensed water content in tropical mesoscale convective systems[END_REF]. One can see that the two methods agree quite well (panel e). The IWC retrieved using the two DARDAR-CLOUD versions are also presented and compared to the in-situ measurements. One can see that both versions underestimate the high IWC. In this kind of situation, high IWC is mainly carried by small particles whose concentration must be underestimated. Additionnaly, it does not seem that the new version is able to improve the retrieval, even slightly. On the contrary, it appears that it is rather the opposite. However, as mentioned above, this case is a particularly difficut case, first due to the suspicion of multiple scattering on the CloudSat measurements, and second because it is a case with little lidar-radar overlap (CALIOP is attenuated below 12km) with strong attenuation affecting both instruments. 

III.10

Comparison of the retrieved IWC for the V 1 and V 2 ap r i o r ip a r a m e t e r izations of the lidar ratio: probability density distributions of log 10 (IWC) as a function of temperature obtained when using the new configuration (V 2 )(a-d), differences in the log 10 (IWC) distributions in terms of number of retrieved pixels for each [log 10 (IWC)-T] bin (e-h), and finally the distribution of the relative difference between IWC obtained with the new V 2 lidar ratio a priori and IWC obtained with the old V 1 configuration as a function of temperature (i-l). First column shows the distributions for all retrieved pixels, second column, for lidar-only pixels, third column, for radar-only pixels and last columns for lidar-radar pixels. SW Short-Wave.

SWIG Simplified Wrapper and Interface Generator.

TOA Top Of the Atmosphere.

TWC Total Water Content.

UV UltraViolet.

VIS Visible (532nm).

WA L E S WAter vapor Lidar Experiment in Space. δ cloud optical thickness.

List of Variables

⌧ transmission of a cloud layer.

⌘ multiple scattering parameter.

β (m -1 .sr -1 )b a c k s c a t t e r i n ge fficiency / backscatter coefficient.

(rad or •)t h ep h a s ea n g l eo ft h ee l e c t r o m a g n e t i cs i g n a l .

∆ (m) optical path difference between the two arms of an interferometer.

✏ the statistical errors of the measurements.

⌧ 2 two-way transmission.

✏ λ emissivity of a grey body at a given wavelength: it is a correcting factor from the black body theory ad is always inferior to 1. ↵ sc λ (m -1 )s c a t t e r i n gc oe fficient at the wavelength λ.

β a (m -1 .sr -1 )a p p a r e n t( o ra t t e n u a t e d )b a c k s c a t t e r .

! cld cloudy sky albedo.

! clr clear sky albedo.

⇢ i =917kg.m -3 ,d e n s i t yo fi c e .

β m (m -1 .sr -1 )m o l e c u l a rb a c k s c a t t e rc o e fficient, accounting for the scattering of air molecules only.

β p (m -1 .sr -1 )p a r t i c u l a rb a c k s c a t t e rc o e fficient, accounting for the scattering of cloud particles and aerosols only.

δ pol volumic depolarization ratio, a contribution of all the molecules and particles within the volume.

δ pol,m molecular depolarization ratio.

δ pol,p particular depolarization ratio.

σ sc (m 2 )p a r t i c l es c a t t e r i n gc r o s s -s e c t i o n ,σ sc =

⇡ 4 Q sc D 2 .
↵ v or ↵ (m -1 )v i s i b l e( 5 3 2n m )e x t i n c t i o nc oe fficient.

B (W.m -2 .sr -1 .m -1 ) the Planck function, that gives the radiance of a black body as function of its temperature and the wavelength of the emitted radiation.

BR backscatter ratio.

C instr (a.u.) instrumental constant.

C lw (W.m -2 )topoftheatmosphereoutgoinglong-waveradiativefluxduetothepresence of clouds. F clr (W.m -2 )topoftheatmosphereoutgoinglong-w a v eradiativ efluxforanatmosphere free of clouds.

IWC (g.m -3 )i c ew a t e rc o n t e n t .

I λ (W.m -2 .sr -1 .m -1 )i n t e n s i t yo fa nr a d i a t i o na tt h ew a v e l e n g t hλ.

J the cost function of the optimal estimation.

L two-way attenuation parameter due to atmospheric gases.

M contrast of the interferences.

N (D) (m -3 )n u m be ro fp a r t i c l e so fg i v e nd i a m e t e rD per unit volume.

N 0 0 (A.U.) a number concentration parameter defined as:

N 0 0 = N ⇤ 0 /↵ b v .
N ⇤ 0 (m -4 )n o r m a l i z e dn u m be rc o n c e n t r a t i o n .

N cld cloud fraction.

O overlap function.

P (a.u.) received power.

P ? (a.u.) received power in the polarization perpendicular to that of the emitted signal.

P // (a.u.) received power in the polarization parallel to that of the emitted signal.

P 0 (a.u.) emitted power.

P m (a.u.) received power in the molecular channel.

P p (a.u.) received power in the particular channel.

Q a complex number used in the processing of the Mach-Zehnder interferometer measurements, Q = q 1 + iq 2 .

Q abs particle absorption efficiency.

Q sc particle scattering efficiency.

S (W.m -2 )t o po ft h ea t m o s p h e r ei n c o m i n gs o l a r( S W )r a d i a t i o n .

T (K or • C)t e m pe r a t u r e .

T B (K or • C) the brightness temperature, which corresponds to the temperature a black body should have to produce the observed intensity in the radiation emitted by a grey body at a given wavelength.

T c (K or • C) temperature at cloud top.

T x transmission function of the optical device x.

V (m.s -1 )D o p p l e rv e l oc i t y .

V z (m.s -1 )v e r t i c a lv e l oc i t y .

X pol internal depolarization ratio of the Mach-Zehnder interferometer.

Z (mm 6 .m -3 or dBZ) radar reflectivity factor.

a, b, x, y, a lnS ,b lnS , ↵ F , β F coefficients determined for empirical relationships between different cloud and atmospheric variables. c ⇡ 3.10 8 m.s -1 ,t h ec e l e r i t yo fa ne l e c t r o m a g n e t i cw a v e .

dσ (m 2 .sr-1)d i fferential scattering cross-section, defined per unit solid angle. v t (m.s -1 )p a r t i c l et e r m i n a lf a l lv e l oc i t y .

f
z (m or km) altitude.

|K| 2 the dielectric constant (depends on the nature of the medium).

B the error covariance matrix for the a priori information.

K the Jacobian matrix.

R the error covariance matrix accounting for measurement and forward model statistical errors.

T the Towmey-Tikhonov matrix.
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  Figure I.1, H1-H4). A cirrostratus is like a thin veil through which the sun is cleary visible, sometimes surrounded by a halo (Figure I.1, H7). Cirrocumulus clouds (Cc) are very high convective clouds, the sign of moist and turbulent conditions in the upper-troposphere. Mid-level clouds have their base between 2km and 7km and can be made of liquid droplets and ice crystals, the ratio between both depending on the temperature of the ambiant air. Altocumulus (Ac) and altostratus (As) are categorized as mid-level clouds, as well as the nimbostratus frontal cloud (Ns) (Figure I.1, M1-M9).

Figure I. 1 ,

 1 L2) and cumulonimbus (Cb) which are the clouds associated to thunderstorms (Figure I.1, L3-L9).
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 1 FIGURE I.1 -Sky watcher chart (NASA/noaa).
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 2 FIGURE I.2 -Morphology of ice crystals as a function of temperature and supersaturation (Libbrecht 2005).
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 4 FIGURE I.4 -Electromagnetic spectrum.
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 7 FIGURE I.7 -Representation of the scattering of an electromagnetic wave by a sphere for different sizes.

Following

  the formalism proposed by Testud et al. (2001), Delanoë et al. (2005) and Field et al. (
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  cld is the LW outgoing radiative flux that corresponds to a cloudy atmosphere. It depends on the temperature at the cloud top T c and the cloud emissivity ✏. F clr is the flux corresponding to an atmosphere free of clouds. ! clr and ! cld are the clear sky and cloudy sky albedos, respectively and S 4 represents the TOA incoming solar radiation.
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  Figure II.2.

FIGURE II. 2 -

 2 FIGURE II.2 -Examples of particles vs altitude (km) and temperature ( • C) imaged in three size ranges (<100, 400 -600, >800µm) by CPI probe on 99/08/19 (Heymsfield et al. 2002).

  al. 2012). Different remote sensing instruments are sensitive to different cloud properties: IR radiometers are commonly used to retrieve integrated r e (Stubenrauch et al. 1999a; Hong et al. 2012), lidars are useful to retrieve extinction (Vaughan et al. 2004) and radars are more sensitive to IWC and size (Liu and Illingworth 2000; Heymsfield et al. 2014).

  e w o f t h e m a i n c l o u d o b s e r v i n g p l a t f o r m s in space Since the begining of the 21 st century, the development of remote sensing observations from space considerably improved our knowledge of clouds, water cycle and the Earth's climate system. In 2006, the launch of a radar and a lidar on board the A-Train satellite constellation allowed for the sampling of cloud vertical profiles all over the globe and the connexion of this detailed description of their vertical structure to the energy budget of the atmosphere. The A-Train project has been flying for over ten years and has been ag r e a ts u c c e s s . T oe n s u r ec o n t i n u i t yo fs p a c eo b s e r v a t i o n sa n da s s o c i a t e ds t u d i e so f the earth-atmosphere system, new satellites missions have been prepared and launches scheduled for upcoming months/years.

FIGURE

  FIGURE II.12 -A-Train constellation (2014 configuration) and time delay between the different satellites (source NASA).

FIGURE

  FIGURE II.13 -EarthCARE instruments, pointing and footprints (Illingworth et al. 2015).

FIGURE II. 14 -

 14 FIGURE II.14 -Aeolus mission nominal measurement geometry and coverage (source ESA).

  • off-nadir direction (see Figure II.14). The ALADIN lidar consists in a 355nm high spectral resolution lidar which is able to measure the Doppler shift both in the Mie signal (contribution of cloud particles and aerosols) thanks to a Fizeau interferometer and in the Rayleigh signal (molecular signal) thanks to a double Fabry-Perot receiver. More information on the principle of the Doppler measurement techniques can be found in Tan et al. (2008) and Paffrath et al. (2009). The Fizeau interferometer can be considered as a narrowband filter and the double-edge Fabry-Perot as a broadband filter. As a result, it is possible to obtain information on cloud particles and aerosols as derived products of the wind measurements.

4. 1

 1 RALIin order to perform Doppler measurements similar to those from the ALADIN instrument onboard the Aeolus satellite. The laser viewing can be changed during flight.

Frequency

  Antenna beamwidth (deg) 0.5 Sensitivity at 5km (dBZ) -44.5

  For example, Ham et al. (2017) made an analytical study to assess the sensitivity of effective radius and IWC retrieved using radar reflectivity and visible extinction to mass-size and area-size relationships and found that a 10% change in one of the m-D and A-D parameters could lead to 100% change in effective radii. Several studies that compared the different synergistic algorithms show that the highest uncertainties remained in the choice of the microphysical model (Stein et al. 2011; Deng et al. 2013; Delanoë et al. 2013).
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2. 1

 1 FIGURE III.1 -Footprints of the A-Train instruments in 2010 -source NASA.

Figure III. 2

 2 Figure III.2 shows an example of a target classification performed on the combined measurements of CloudSat and CALIPSO. This cloud scene observed in the southern hemisphere, close to the equator, presents different features. First, several layers of cirrus clouds (ice) are visible between 10 and 17km, most of them only detected by the lidar.Where the ice cloud becomes thicker (between latitudes -9 • and -6 • )t h el i d a ri st o o attenuated to detect the bottom of the cloud, visible in the radar signal. Around latitude -19 • ,a na e r o s o ll a y e ri sd e t e c t e db yt h el i d a rs i g n a lb e t w e e n0a n d5 k ma n da tl a t i t u d e -13 • , convective clouds are reported. Convection is characterized by very strong signals on both instruments and a vertical extension. At the altitude of 5km, a series of liquid layers are visible in the lidar signal. The temperature at this altitude being below 0 • C, those layers are assumed to be made of supercooled liquid droplets. Those supercooled layers are not visible in the radar signal due to the small size of the liquid droplets. On the contrary, their high concentration makes them detectable by the lidar. In some place, however, the presence of a radar signal superimposed on the layer detected by the lidar induces a modification in the classification and the feature is detected as ice, although by eye, no discontinuity is visible in the lidar signal.

  The DARDAR-CLOUD product has been widely evaluated and used(Deng et al. 2013; Delanoë et al. 2013; Hong and Liu 2016; Sourdeval et al. 2016; Saito et al. 2017) and a few issued have been identified. For example, Deng et al. (2013) compared DARDAR-CLOUD with other satellite products and with cloud properties derived from aircraft in-situ measurements obtained with a 2D-S probe, during the SPARTICUS campaign in 2010. Compared to the other CloudSat-CALIPSO product and the aircraft observations, the DARDAR-CLOUD product seemed to overestimate IWC in cloud regions where only lidar measurements were available. Sourdeval et al. (2016) also compared the Ice Water Path (IWP) retrieved with different satellite products over the year 2008 and highlighted the fact that the DARDAR-CLOUD product tends to overestimate IWP, in particular for values below 10 g.m -2 .

  Delanoë et al. (2014) presents a large in-situ dataset collected during several groundbased and airborne campaigns between 2000 and 2007. The summary of those campaigns is given in Table

Figure III. 4

 4 Figure III.4 compares the shape of the normalized PSD obtained with the old parameterization (↵ F = -2, β F =4)tothenewupdate(↵ F = -0.262, β F =1.754). Those new coefficients mainly impact the very small diameters and the tail of the distribution. The centre of the distribution (around D eq /D m =1 )r e m a i n sa l m o s tu n c h a n g e d . H o w e v e r , the new normalized PSD is now characterized by higher values of normalized number concentration for the largest particles. This could increase the impact of the change in the mass-diameter relationship. Additionally, it is reminded here that in a first-order

Figure IV. 7

 7 Figure IV.7 presents the depolarization ratio in clouds (panel a) and in clear sky (panel b) measured by LNG during NAWDEX, without correction.Although the molecular depolarization ratio seems to be overestimated in most cases, on the contrary, the depolarization measured in clouds (which consisted in ice clouds for the large majority) is below the values found in the litterature[START_REF] Reichardt | Correlations among the optical properties of cirrus-cloud particles: Implications for spaceborne remote sensing[END_REF][START_REF] Yorks | Statistics of cloud optical properties from airborne lidar measurements[END_REF]). However, this raw measurement corresponds to a volumic depolarization ratio that combines the contribution of the molecular and particular depolarizations. If the molecular signal accounts for a large portion of the total return, the measured value of the depolarization in the cloud can be underestimated. However, when looking at the global statistics, high values should appear for regions with strong backscatter ratios (e.g. when the molecular signal is attenuated or when the particular backscatter is very strong), which is not the case for the measurements described here.

Figure

  Figure IV.23 compares the NAWDEX statistics of RALI observations (i.e. the radar reflectivity and the lidar backscatter at 532nm) obtained with one method or the other. In a statistical point of view, no bias is introduced by the choice of the colocation method: the maximum of points are gathered on the 1:1 line in panels a and c and the median values for the relative differences are close to 0% (<1%). However, a larger dispersion is observed with the averaging method for values below 10 -6 m -1 .sr -1 . This effect can be related to regions in the profile with a strong gradient in the lidar measurement, at cloud top or in clouds where attenuation is important. In such regions, the range of values that are averaged can span several orders of magnitude and the average will give more weight to the larger ones. The statistics of the relative differences show that 80% of the data present differences less that 40%. However, as indicated by the high values of the means and standard deviations, the variability is large and some of the outliers (i.e. pixels that exhibit differences higher than those determined by the whiskers of the boxplots, which represent 20% of the data) can be characterized by more than 2 orders of magnitude.
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Figure

  Figure IV.27 presents a comparison of different instrumental configurations: for all the F20 flights performed during NAWDEX, the statistics of the differences in retrieved extinctions and lidar ratios are presented as a function of temperature. The objective is to identify to what extent additionnal information provided by the radar or HSRL measurements are likely to change the results and if the result depends on the nature of the information.The first column gives information on the distribution of retrieved pixels as a function of temperature: the majority of lidar-only regions are located at temperatures colder than synergistic regions. The second column presents the difference between a retrieval performed with the HSRL and a retrieval performed with the UV channel of the lidar alone.

  Then, a new algorithm, varpy,c o m b i n i n gt h en e wm i c r o p h y s i c a la s s u m p t i o n sa n d am o r ef e x i b l ep y t h o nc o d e ,w a su s e do na i r b o r n eo b s e r v a t i o n st oa d d r e s st h eq u e s t i o n
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DARDAR-CLOUD V 1 was created using the DARDAR-MASK v1 classification to select the hydrometeors on which to perform the retrieval. Since the classification was updated by [START_REF] Ceccaldi | From CloudSat-CALIPSO to EarthCare: Evolution of the DARDAR cloud classification and its comparison to airborne radar-lidar observations[END_REF] (DARDAR-MASK v2), we will briefly show in a first instance the impact of the change in classification on the microphysical properties.

Considering new information obtained from larger and more recent in-situ datasets, several parameters were changed in the forward model in order to improve the results in a global scale. We will, in a second instance, show how those modifications impact the IWC.

The analysis is made over the same 10 days (⇠ 3M profiles) of CloudSat-CALIPSO observations as those used to determine the new a priori for the lidar ratio. The detail of this dataset is presented in Table III. 4. All the studies presented in this section were performed using the same set of observations. 

Year

Impact of the new classification

As detailed by [START_REF] Ceccaldi | From CloudSat-CALIPSO to EarthCare: Evolution of the DARDAR cloud classification and its comparison to airborne radar-lidar observations[END_REF] the new hydrometeor classification (DARDAR-MASK v2) reports fewer ice clouds in the upper troposphere than DARDAR-MASK v1. This is due to the fact that the new methodology is more restrictive in creating the lidar mask in order to include as few noisy pixels as possible. On the other hand, it can miss some very thin ice clouds. Also, the false cloud tops detected by the radar due to its original resolution have been removed from the radar mask; hence fewer fake ice pixels are retrieved on radar-only data on top of lidar-radar pixels.

To study the impact of the new classification on the retrieved IWC we run the algorithm with the DARDAR-CLOUD V 1 configuration with both the old and the new classifications. The distribution of derived log 10 (IWC) as a function of temperature is then compared.

The distributions are computed as the histogram of occurrence (as percentage of pixels included in the retrieval) of log 10 (IWC) in temperature bins of 0. We can see that using the new classification globally leads to fewer pixels included in the retrieval, especially for IWC lower than 10 -2 g.m -3 (Figure III.7, a). Consequently the mean log 10 (IWC) decreases more rapidly with decreasing temperature than when using the old classification (Figure III.7,b). This observation is consistent with the fact that the new classification is more restrictive; lidar noisy pixels and very thin ice clouds pixels producing very low IWC are not included in this distribution any longer, leading 
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