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Abstract 

 

Cloud feedbacks remain one of the major uncertainties of climate prediction models, 

particularly the interactions between aerosols, clouds and radiation (IPCC - Boucher et al., 

2013). Clouds are indeed difficult to account for because they have significant spatial and 

temporal variability depending on a lot of meteorological variables and aerosol concentration. 

Airborne remote sensing measurements with tens of meters resolution are very suitable for 

improving and refining our knowledge of cloud properties and their high spatial variability. 

In this context, we exploit the multi-angular measurements of the new airborne radiometer 

OSIRIS (Observing System Including PolaRization in the Solar Infrared Spectrum), 

developed by the Laboratoire d'Optique Atmosphérique. It is based on the POLDER concept 

as a prototype of the future 3MI space instrument planned to be launched on the EUMETSAT-

ESA MetOp-SG platform in 2022. 

In remote sensing applications, clouds are generally characterized by two optical properties: 

the Cloud Optical Thickness (COT) and the effective radius of the water/ice particles forming 

the cloud (Reff). Currently, most operational remote sensing algorithms used to extract these 

cloud properties from passive measurements are based on the construction of pre-computed 

lookup tables (LUT) under the assumption of a homogeneous plane-parallel cloud layer. The 

LUT method is very dependent on the simulation conditions chosen for their constructions and 

it is difficult to estimate the resulting uncertainties. 

In this thesis, we use the formalism of the optimal estimation method (Rodgers, 2000) to 

develop a flexible inversion method to retrieve COT and Reff using the visible and near-

infrared multi-angular measurements of OSIRIS. We show that this method allows the 

exploitation of all available information for each pixel to overcome the angular effects of 

radiances and retrieve cloud properties more consistently using all measurements. 

We also applied the mathematical framework provided by the optimal estimation method to 

quantify the uncertainties on the retrieved parameters. Three types of errors were evaluated: 

(1) Errors related to measurement uncertainties, which reach 10% for high values of COT and 

Reff. (2) Model errors related to an incorrect estimation of the fixed parameters of the model 

(ocean surface wind, cloud altitude and effective variance of water droplet size distribution) 

that remain below 0.5% regardless of the values of retrieved COT and Reff. (3) Errors related 

to the simplified physical model that uses the classical homogeneous plan-parallel cloud 

assumption and the independent pixel approximation and hence does not take into account the 

heterogeneous vertical profiles and the 3D radiative transfer effects. These last two 

uncertainties turn out to be the most important. 

 

Keywords: Clouds, airborne remote sensing, multi-angular measurements, optimal estimation, 

uncertainties. 
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Résumé 

 

La rétroaction des nuages demeure l’une des incertitudes majeures des modèles de prévision 

climatique, en particulier les interactions entre aérosols, nuages et rayonnement (IPCC - 

Boucher et al., 2013). Les nuages sont en effet difficiles à prendre en compte car ils présentent 

des variabilités spatiales et temporelles importantes. Les mesures de télédétection aéroportées 

avec une résolution de quelques dizaines de mètres sont très appropriées pour améliorer et 

affiner nos connaissances sur les propriétés des nuages et leurs variabilités à haute résolution 

spatiale. 

Dans ce contexte, nous exploitons les mesures multi-angulaires du nouveau radiomètre 

aéroporté OSIRIS (Observing System Including PolaRization in the Solar Infrared Spectrum), 

développé par le Laboratoire d'Optique Atmosphérique. Il est basé sur le concept POLDER et 

est un prototype du futur instrument spatial 3MI sur les plates-formes MetOp-SG de 

l’EUMETSAT-ESA à partir de 2022. 

En télédétection, les nuages sont généralement caractérisés par deux propriétés optiques: 

l'épaisseur optique des nuages (COT) et le rayon effectif des particules d'eau / de glace formant 

le nuage (Reff). Actuellement, la plupart des algorithmes de télédétection opérationnels utilisés 

pour extraire ces propriétés de nuage à partir de mesures passives sont basés sur la construction 

de tables pré-calculées (LUT) sous l'hypothèse d'une couche de nuage plan-parallèle. Cette 

méthode est très dépendante des conditions de simulations choisies pour la construction des 

LUT et rend difficile l'estimation des incertitudes qui en découlent. 

Au cours de cette thèse, nous utilisons le formalisme de la méthode d’estimation optimale 

(Rodgers, 2000) pour mettre au point une méthode d’inversion flexible permettant de restituer 

COT et Reff en utilisant les mesures multi-angulaires visibles et proche-infrarouges d’OSIRIS. 

Nous montrons que cela permet l'exploitation de l'ensemble des informations disponibles pour 

chaque pixel afin de s'affranchir des effets angulaires des radiances et d’inverser des propriétés 

plus cohérente avec l'ensemble des mesures. 

Nous avons, d’autre part, appliqué le cadre mathématique fourni par la méthode d’estimation 

optimale pour quantifier les incertitudes sur les paramètres restitués. Trois types d’erreurs ont 

été évaluées: (1) Les erreurs liées aux incertitudes de mesure, qui atteignent 10% pour les 

valeurs élevées de COT et de Reff. (2) Les erreurs de modèle liées à une estimation incorrecte 

des paramètres fixes du modèle (vent de surface de l'océan, altitude des nuages et variance 

effective de la distribution en taille des gouttelettes d'eau) qui restent inférieures à 0,5% quelles 

que soient les valeurs de COT et Reff restituées. (3) Les erreurs liées au modèle physique 

simplifié qui ne prend pas en compte les profils verticaux hétérogènes et utilise l'hypothèse du 

nuage plan-parallèle homogène et l'approximation du pixel indépendant. Ces deux dernières 

incertitudes s'avèrent être les plus importantes. 

 

Mots-clés: Nuage, télédétection aéroportée, mesures multi-angulaires, estimation optimale, 

incertitude. 
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Introduction 

 

“The beginning is the most important part of the work” 

Plato 

~ 

It dates back to 1896 when the Swedish scientist Svante Arrhenius was the first to 

suggest that human emissions might warm the planet and create the problematic of the century, 

“the climate change”. Many studies addressed this issue from different perspectives, it made 

us sure about some things like the fact that we are heading to a warmer planet but there is still 

a lot that we do not understand. The Fifth Assessment Report by the International Panel on 

Climate Change (IPCC - Boucher et al., 2013) states that “Human influence on the climate 

system is clear, and recent anthropogenic emissions of greenhouse gases are the highest in 

history” and that “Warming of the climate system is unequivocal, and since the 1950s, many 

of the observed changes are unprecedented over decades to millennia”. However, large 

inconsistencies exist in the prediction of climate warming at the end of the century. The 

disagreement in the warming predictions originates from the uncertainties associated with 

radiative forcing and feedback estimations for the main drivers of climate change, among 

which clouds are a major contributor (Arakawa, 1975, 2004; Bony et al., 2006; Caldwell et 

al., 2018; Cess et al., 1990; Charney and DeVore, 1979; Randall et al., 2003). 

That being said, clouds are a fundamental aspect of humanity, not only by providing 

fresh water supplies, but also by regulating the temperature of the planet Earth. However, the 

quantification of this role is not an easy task. The clouds effect on the radiation that enters and 

leaves the atmosphere has to be addressed by observing their distributions, variabilities and 

properties over time. As per the World Meteorological Organization (WMO), the clouds are 

divided into ten types according to the altitude of their base and their approximate appearance. 

They are distributed in three altitude levels (Figure 0-1): low-level clouds (Cumulus, Stratus 

and Stratocumulus and Nimbostratus), middle-level clouds (Altocumulus and Altostratus), 

high-level clouds (Cirrus, Cirrocumulus and Cirrostratus) and the vertically extended cloud 

(Cumulonimbus). 

http://www.rsc.org/images/Arrhenius1896_tcm18-173546.pdf
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Depending on their altitude, clouds have different impacts on the Earth radiative 

budget. Low thick clouds block out the sun reflecting about 50 w/m2 (20%) of the incoming 

solar radiation. They have an important albedo effect and contribute mainly to the cooling of 

the atmosphere. High wispy clouds like the cirrus are transparent for shortwave radiations and 

have thus a weak albedo effect. At the same time, they have a strong greenhouse effect since 

they absorb the longwave radiation emitted by the Earth surface and re-emit it towards the 

ground and space. This process traps about 30 w/m2 of the Earth infrared radiation and heats 

up the atmosphere. The net radiative budget of the cloud is then around -20 w/m2. However, 

the difficulty arises in the estimation of cloud feedback in the future and whether it is going to 

amplify or limit the climate warming.  

 

Figure 0-1: Distribution of different clouds types in three atmosphere levels: low, 

middle and high (Ahrens, 2015) 
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Indeed, clouds are not alone in the climate system. We cannot overlook the cloud 

feedback influenced by other climate variables, such as the increase of surface temperature 

and water vapor concentrations. High clouds are expected to rise in altitude where the lower 

temperature results in less re-emission of long-wave radiation increasing the cloud greenhouse 

effects. Low clouds seem to be moving from the tropics toward the poles, contributing in the 

planet warming by being less effective in blocking the intense tropical Sun radiation (Marvel 

et al., 2015; Norris et al., 2016). Subtle changes of cloud properties can occur due to the climate 

warming and also to anthropogenic emissions of small aerosol particles, which act as cloud 

condensation or ice nuclei. Even small variations of cloud cover and properties can have 

profound consequences on the Earth’s climate. This adds more to the complexity of clouds 

study. They have to be characterized on the microscopic scale of water droplets or ice crystals 

forming the clouds, and on the larger scale since they cover two-thirds of the earth's surface 

(Rossow and Schiffer, 1999). 

Fortunately, we do have different types of clouds observation techniques covering 

different scales. They improve our overall representation of clouds and their properties, 

validate the results of climate models and characterize the cloud-aerosol interactions. Each 

instrument has been designed for specific applications and may have particular limitations: 

 

Figure 0-2: Qualitative radiative effect of clouds according to their altitude. 
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range, resolution, continuity, coverage and precision. The Ground-based observations provide 

continuous data but are spatially limited, as they do not allow a global vision of the planet and 

lack the coverage over the ocean or Polar Regions. On the other hand, airborne observations 

are useful for case studies on a regional scale, and for testing and validating the spatial 

instruments. They are localized in space and time but the low altitude flights provide high 

spatial resolution data, allowing an enhanced representation of the cloud variabilities. In situ 

airborne measurements exist also; they add more information on the properties of particles in 

a case study. The progress of artificial satellites technology in the 20th century allowed remote 

sensing on a global scale: the satellite observations. The satellites of different space missions, 

starting from TIROS (Television Infrared Observation Satellites) in 1960, to the Geostationary 

Operational Environmental Satellite (GOES), the Polar-orbiting Operational Environmental 

Satellite (POES), the Afternoon constellation (A-train) and many other systems, are the main 

provider of Earth observations. These space missions carried passive instruments that rely on 

the modification of solar or thermal radiation by the atmosphere (e.g. Moderate Resolution 

Imaging Spectroradiometer (MODIS), POLarization and Directionality of the Earth's 

Reflectances (POLDER)...). In addition, since the A-train mission, satellites started to carry 

active instruments that use their own source of radiation and provide a vertical profile of 

aerosols and clouds (e.g. Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), Cloud 

Profiling Radar (CPR)). 

The cloud properties are retrieved using the information carried by the measurements 

of the reflected (or transmitted) radiations by the clouds. Two main optical cloud properties 

are generally retrieved: the cloud optical thickness (COT) and the effective radius of the 

water/ice particles forming the cloud (Reff). These optical properties, along with the cloud 

altitude, allow to characterize the clouds at a global scale and help to determine the radiative 

impacts of clouds along with their cooling and warming effects (Lohmann and Feichter, 2005; 

Platnick et al., 2003; Twomey, 1991). Three passive remote sensing methods are commonly 

used in the retrievals of these optical properties. The infrared split-window technique (Giraud 

et al., 1997; Inoue, 1985; Parol et al., 1991) uses infrared measurements and is more suitable 

for optically thin ice clouds (Garnier et al., 2012). The bispectral method (Nakajima and King, 

1990) which uses visible and shortwave infrared wavelength, is more suitable for optically 

thick clouds, often water cloud. It is currently used in a lot of operational algorithms and in 

https://en.wikipedia.org/wiki/Television_Infrared_Observation_Satellite
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particular for MODIS (Platnick et al., 2003). It is also possible to use a combination of multi-

angular total and polarized measurements in the visible range, such as POLDER measurements 

(Deschamps et al., 1994), in order to retrieve COT and Reff (Bréon and Goloub, 1998; Buriez 

et al., 1997). 

In the operational algorithms, the retrieval of COT and Reff is achieved through pre-

computed Look-Up Tables (LUT). These LUT are a multi-dimensional array, with each 

dimension containing modeled radiances for a combination of properties to be retrieved, at 

different wavelengths, surfaces types, cloud phase and geometry of observation and 

illumination. Knowing the radiances observed, the parameter(s) to be retrieved could be found 

by searching and interpolating the values in the LUT. This method can be used to process large 

database automatically. Its disadvantage is that a modification of the particle model or any 

other model parameter requires re-generating all these pre-calculated tables. Adding to that, 

for simplicity and computational time reasons, the computation of radiances is done under the 

hypothesis of a single homogeneous cloud layer between two parallel and infinite planes, 

which implies that the cloud columns are considered independent from each other. This allows 

the retrieval of several parameters (phase, droplets or crystals size, optical thickness...) but can 

lead to large uncertainties that add to the uncertainties originating from the measurements. For 

example, there is a disagreement in the retrievals of the cloud droplets effective radius 

according to the information used in these retrievals (Bréon and Doutriaux-Boucher, 2005; 

Platnick, 2000; Zhang and Platnick, 2011). These inconsistencies appear to be mainly due to 

the strong hypothesis of horizontally and vertically homogeneous cloud. More identified errors 

are related to the subpixel variability of cloud properties (Cahalan et al., 1994), illumination 

and shadowing effects of solar radiation (Várnai and Marshak, 2002) or horizontal transport 

between cloud columns (Marshak et al., 1998). Therefore, the uncertainties on the retrieved 

properties, originating from the simulations and the observations have to be assessed. Indeed, 

the uncertainties estimates are one of the recommendations of the International Cloud Working 

Group (ICWG)*. 

                                                 

* http://www.icare.univ-lille1.fr/highlights_data/images/workshop_2018_first_announcement/Announcement_I_ICWG-2_Workshop_2018.pdf 
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The aim of the science community is to use multiple types of observations and retrieval 

methods to complete the gaps in our knowledge about the role of clouds in meteorological 

forecast and climate change. That is why more missions are planned in the future, like 

Earthcare and EPS-SG in 2022. One of the instruments that will be carried in those space 

missions is 3MI (Multi-viewing Multi-channel Multi-polarization Imaging), planned to be 

launched on MetOp-SG (2022). It has the multi-angular and polarized measurements 

capabilities of its ancestor POLDER extended to the shortwave infrared. 

In order to prepare for the future cloud retrieval algorithms of 3MI, during this thesis, 

we work on the measurements of OSIRIS the airborne prototype of 3MI. OSIRIS was 

developed in the Laboratoire d’Optique Atmosphérique (Lille, France). It can measure the 

degree of linear polarization from 440 to 2200 nm. It is has been used onboard the French 

research aircraft, Falcon-20, during several airborne campaigns: CHARMEX/ADRIMED 

(Mallet et al., 2016), CALIOSIRIS and AEROCLO-sA (Formenti et al., 2018). Besides the 

possibility to have dedicated objectives over geographical areas campaigns, the advantage of 

these airborne measurements lies in the high spatial resolution (a few tens of meters) compared 

to spatial measurements, which allow a better characterization of the clouds. 

OSIRIS is currently in test phase, we apply several pre-retrieval processes to improve 

the ability of using its measurements. We couple the multi-angular visible and shortwave 

infrared measurements of OSIRIS with a statistical inversion method in order to obtain a 

flexible retrieval process of COT and Reff. The exploitation of the additional information on 

the cloud provided by these versatile measurements implies the use of a more complex 

retrieval method of clouds properties. The algorithm is based on the optimal estimation method 

(Rodgers, 1976, 2000). It is a more sophisticated inversion method compared the LUT and has 

been widely used for applications in cloud remote sensing (Cooper et al., 2003; Poulsen et al., 

2012; Sourdeval et al., 2013; Wang et al., 2016). In this method, the Bayesian conditional 

probability together with a variational iteration method allows the convergence to the physical 

model that best fit the measurements. Therefore, it introduces probability distribution of 

solutions where the retrieved parameter being the most probable, with an ability to extract 

uncertainties on the retrieved parameters. Our aim is to: 

1) Enhance the state of OSIRIS measurements by characterizing potential artifacts and 

developing the techniques needed to exploit its measurements at best. 
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2) Retrieve COT and Reff by a new approach that benefits from the versatility of OSIRIS/3MI 

measurements and compare it with the POLDER and MODIS-like methods. 

3) Build the mathematical framework needed to study the uncertainties on the retrieved cloud 

properties that separate the contributions of different sources of uncertainties, and for the first 

time, quantify the magnitude of the simplified 1D cloud model used on real cloud reflected 

measurements. 

In the first chapter, we present a background on the physical theories that allow us to 

describe the atmosphere-radiation interaction, the core of remote sensing techniques. 

Likewise, we discuss the insights of different instrumentations and approaches used to study 

the clouds, while focusing on the A-train constellation mission and the three instruments 

related to our work: POLDER, MODIS and 3MI, along with a more detailed outline of the two 

retrieval methods used with POLDER and MODIS.  

In the second chapter, we describe the multi-angular, multi-spectral and polarized 

characteristics of the instrument OSIRIS and basic details of the airborne campaigns 

CHARMEX and CALIOSIRIS. We discuss also several operations that needed to be addressed 

before the retrieval process including the stray light corrections and tracking of the cloud 

scenes that permits to obtain the multi-angular measurements.  

In the third chapter, we report a description of the optimal estimation method used in 

the retrieval algorithms developed in this thesis as well as the forward model constructed to 

simulate the radiations scattered by the clouds and captured by OSIRIS. We present also the 

sensitivity of OSIRIS channels on the cloud optical thickness and the effective radius of water 

cloud droplets. Then we show the results of different techniques of retrievals for two case 

studies: a mid-level thin cloud and a low-level thick cloud. The retrieved values are compared 

with the results obtained by the classical retrieval algorithms of MODIS and POLDER. 

Since the optimal estimation method allows the quantifying of uncertainties on the 

retrieved parameters, in the fourth chapter, we assess the magnitude of different types of errors, 

such as the errors due to measurements noise, the errors linked to the fixed parameters in the 

simulations and the errors related to the unrealistic homogeneous cloud assumption. 

Finally, we will give the concluding remarks and the perspectives of this thesis. 
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I  
Clouds and Atmospheric Radiations 

Clouds are composed of water droplets and ice crystals. They are visible through the 

scattering of light by these small particles. White or gray contrasted with a blue sky, the 

different color shades a cloud can have, are a vast indicator of the cloud-radiation interaction, 

which is a major part of the atmosphere-radiation interaction. Cloud studies can thus be done 

remotely. It requires accurate simulations of the radiation propagating the atmosphere and 

interacting with the clouds, coupled with accurate observations of the results of these 

interactions. In this chapter, we will review the fundamentals of this coupling system, from the 

interactions to the measurements. 

I.1 The Cloud-Radiation Interaction 

To study the propagation of radiation in the clouds, we have to look first into the 

interaction between radiations and cloud components. This interaction is responsible for 

numerous phenomena such as absorption and scattering. The following sections are devoted 

to define the optical and radiative quantities related to this interaction. 

I.1.1 Cloud microphysics 

Any volume of air defined by its temperature and water vapor is called an air mass. 

The hotter the air mass, the more it can be loaded with water vapor until it reaches a saturated 

concentration. When a saturated air mass is cooled under a threshold temperature (dew point), 

water vapor will condense and form droplets. It happens generally during an upward 

movement of air in the lowest atmosphere layer “the troposphere”, where the mean 
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temperature decreases with altitude. This process produces a liquid or ice water cloud 

depending on the temperature and available condensation nuclei (Koop et al., 2000). The 

particles then may grow by additional condensation or by coalescence during collision with 

other particles. When they become large enough, they fall in and out of the cloud as 

precipitation. In this thesis, we are interested in liquid clouds composed of water droplets. We 

introduce the microphysical properties that help to describe the vast number of cloud droplets 

within each cloud. 

Due to the spatial and temporal variability of the air physical properties and 

variabilities in the cloud condensation particles size, a constant dimension for all the particles 

cannot be assumed (Twomey, 1977). Thus, we consider that the distribution of droplet radius 

 𝑟 can be approached by a particle size distribution (PSD). The distribution can have any shape 

but generally, it is approximated by a gamma distribution (Deirmendjian, 1964), a log-normal 

distribution (Hansen and Travis, 1974) or any other analytical formulas that match values 

measured in various types of clouds (Hobbs, 1981). In this work, we use the log-normal 

distribution: 

 𝑛(𝑟) =
1

√2𝜋𝜎𝑟
𝑒
−
𝑙𝑛2(𝑟/𝑟𝑚)

𝜎2  Equation I-1 

where 𝑟𝑚 is the mean radius of water droplets and 𝜎2is the distribution variance. 

Different parameters can then be defined using this distribution, e.g. the particle 

number concentration 𝑁, the average volume of water droplets < 𝑉 > , the average surface 

they occupy < 𝑆 > and their average mass < 𝑊 >. They are listed in Table I-1 along with 

their typical order of values. 

Table I-1: Analytical equations and typical values of number concentration, average 

volume, surface and mass of water droplets. 

Quantity 𝑁 < 𝑉 > < 𝑆 > < 𝑊 > 

Analytical 

equation 
∫ 𝑛(𝑟)𝑑𝑟
∞

0

 
4

3
𝜋∫ 𝑟3𝑛(𝑟)𝑑𝑟

∞

0

 4𝜋∫ 𝑟2𝑛(𝑟)𝑑𝑟
∞

0

 𝜌𝑤𝑎𝑡𝑒𝑟 < 𝑉 > 

Typical order 

of values 
100/cm3 10-16 m3 10-12 m2 10-10 g 
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Numbers indicated in the second line of Table I-1 are typical values. Even if water 

droplets show very small dimensions, their large numbers influence the extinction of light in 

the cloud and control significant aspects of the atmospheric processes. Moreover, though these 

quantities we can obtain more parameters that describe the cloud. Like the liquid water content 

(𝐿𝑊𝐶) expressed in kg/m3: 

 𝐿𝑊𝐶 = 𝜌𝑤𝑎𝑡𝑒𝑟∫
4

3
𝜋𝑟3𝑛(𝑟)𝑑𝑟

∞

0

 Equation I-2 

The importance of this property is that it removes any dependency on the type of PSD, 

𝑛(𝑟) used. Indeed, light extinction in a cloud having the same 𝐿𝑊𝐶 and particles size with 

different PSDs will be almost identical (Kokhanovsky, 2004). 𝐿𝑊𝐶 varies all over the cloud 

and, for non-precipitating clouds, has larger values at the cloud top (Feigelson, 1984).  

An integrated water content can be calculated using the geometrical thickness of the 

cloud, it is the liquid water path (𝐿𝑊𝑃) defined as: 

 𝐿𝑊𝑃 = ∫ 𝐿𝑊𝐶(𝑧)𝑑𝑧
𝑧𝑡𝑜𝑝

𝑧𝑏𝑜𝑡

 Equation I-3 

where 𝑧𝑡𝑜𝑝 and 𝑧𝑏𝑜𝑡 represent the cloud top and bottom altitudes. 𝐿𝑊𝑃 is usually given in 

g/m2 and, with the particle size, it links the 𝐿𝑊𝐶 with the reflected solar radiation by the cloud: 

the smaller the 𝐿𝑊𝑃, the less opaque the cloud. 

I.1.2 Characteristics of radiation 

Now that we introduced the basic cloud microphysical properties, we must define the 

second element of the cloud-radiation interaction. In the atmosphere, radiations are streams of 

photons carrying the energy originating from the Sun, the Earth’s surface and the atmosphere 

itself. The amount of energy transported by these photons defines different types of radiation 

but the studies presented in this thesis are restricted to the domain of solar radiations. It covers 

the visible part of the solar spectrum between violet and red (0.4-0.7 μm), the infrared 

wavelengths from the Near InfraRed (NIR, 0.7-1.4 μm) and the Short-Wavelength Infrared 

(SWIR, 1.4-5 μm). 
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In addition to the description of light as photons streams, the dual nature of light allows 

its “wave” definition. In fact, the solar radiation field can be defined as a superposition of 

plane and monochromatic electromagnetic waves. Each of these transverse waves consists of 

an electric field and a magnetic field simultaneously oscillating and propagating at the speed 

of light. They are mutually perpendicular to each other and to the propagation direction. By 

convention, the geometrical orientation of the electric field defines the polarization of 

electromagnetic waves. 

I.1.2.1 Stokes vector 

Due to the electromagnetic nature of radiation and the necessity to consider the 

polarization and scattering effects (that will be addressed in the following sections), radiations 

cannot be addressed in a scalar framework. The four-element Stokes vector provides a detailed 

mathematical description of the electromagnetic waves and their state of polarization 

(Chandrasekhar, 1950; Van de Hulst, 1957; Stokes, 1852): 

 𝑺 = (

𝐼
𝑄
𝑈
𝑉

) Equation I-4 

- 𝐼 describes the total intensity of the radiation,  

- 𝑄 and 𝑈 correspond to the linear polarization state, 

- 𝑉 defines the circular polarization state. 

In case of purely monochromatic and coherent radiation, the wave is totally polarized 

and the Stokes parameters verify the relation: 

 𝐼2 = 𝑄2 + 𝑈2 + 𝑉2 Equation I-5 

This is not the case for natural radiation. In fact, solar radiation reaching the top of the 

atmosphere is an equal mixture of polarizations; there is no dominant polarization direction 

and thus light is unpolarized (𝑄 = 𝑈 = 𝑉 = 0). However, with its interaction with the 

atmospheric components (molecules, stratospheric and tropospheric aerosols and clouds) and 

surfaces (vegetation, bare soil, snow, ice, water…), the radiation gradually becomes polarized. 

The relation between the Stokes parameters becomes: 
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 𝑄2 + 𝑈2 + 𝑉2 = 𝐼𝑝
2 ≤ 𝐼2 Equation I-6 

with: 

 𝐼 = 𝐼𝑛𝑎𝑡 + 𝐼𝑝 Equation I-7 

where 𝐼𝑛𝑎𝑡  and 𝐼𝑝 are respectively the natural (or unpolarized) and polarized components of 

radiation. It is also worth to mention that the circular polarization generated by the radiation 

interaction with the atmosphere is very weak (Kawata, 1978). Therefore, the fourth 

parameter 𝑉 can be neglected. 

The Stokes vector allows the computation of radiative quantities in the simulations 

needed for remote sensing application. 

I.1.2.2 Radiative quantities 

In a remote sensing application, the propagation of radiation in the atmosphere ends 

when the radiation hits the surface of the detector. The knowledge of the measured radiation 

quantity is thus necessary. Its magnitude is related to the properties of the observed scene, but 

not solely. It also depends on many other parameters related to the instrument (e.g. the spectral 

response of its filters, the surface and orientation of the detector…) and are generally 

accounted for in the calibration phase of the instrument. In this section, we present the physical 

quantities useful for the description of radiation measured by passive remote sensing 

instruments, which are the main provider of measurements in our work. 

Radiant flux 

The detectors of optical instruments are sensitive to the amount of light energy 𝜖𝑙 they 

receive during an observation period, the integration time (fixed by the electronics of the 

instrument). This energy is provided by photons of various wavelengths with different spectral 

energy 𝜖(𝜆), hence the role of filters that determine the instrument spectral sensitivity 𝑆(𝜆). 

Thereby, the energy an instrument receives during the integration time, with a sensitivity 𝑆(𝜆) 

between [λ1, λ2] is: 
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 𝜖𝑙 = ∫ 𝑆(𝜆)𝜖(𝜆)𝑑𝜆
𝜆2

𝜆1

 Equation I-8 

The spectral energy 𝜖(𝜆) is expressed in joules per unit of wavelength, 𝑆(𝜆) is unitless and the 

energy 𝜖𝑙 is expressed in joules. We note that all the following quantities are defined in the 

interval [λ1, λ2] corresponding to the limit of the spectral filters. 

We can then define the radiant flux 𝜙 (in watts) representing the variation of energy a 

detector receives over a time interval 𝑑𝑡: 

 𝜙 =
𝑑𝜖𝑙(𝑡)

𝑑𝑡
 Equation I-9 

Irradiance 

The amount of radiant flux reaching the detectors depends on the instantaneous field 

of view observed by the detector. To remove this dependency, it is necessary to introduce the 

irradiance, which is the radiant flux per surface unit 𝑑𝑠: 

 𝐸 =
𝑑𝜙

𝑑𝑠
 Equation I-10 

The irradiance characterizes the light power reaching a surface perpendicular to the light 

source per unit area. It is expressed in watts per surface unit (W/m2). 

Radiance 

The irradiance also depends on the orientation of the detector with respect to the light 

direction. To obtain a unit independent of these characteristics, the radiance 𝑅∗ is defined. It 

is the flux reaching the instrument per unit area 𝑑𝑠 in a solid angle 𝑑Ω (sr), perpendicular to 

the surface of the detector: 

 𝑅∗ =
𝑑2𝜙

𝑑𝑠𝑑Ω cos 𝜃𝑑
 Equation I-11 

where 𝜃𝑑  represents the angle between radiation and the normal to the surface of the detector 

(Figure I-1). The radiance is expressed in W.m-2.sr-1. 
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The observed radiance depends on the geometry of illumination. In case of solar 

source, the incoming solar radiation is characterized by a solar zenith angle 𝜃𝑠 and 

azimuthal 𝜑𝑠. The radiance depends also on the geometry of observation characterized by the 

view zenith angle 𝜃𝑣 (which is equal to 𝜃𝑑) and the view azimuth angle 𝜑𝑣. Generally, we use 

the relative azimuth angle 𝜑𝑟, which is the difference between the solar and observation 

azimuth angles, 𝜑𝑠 and 𝜑𝑣 (Figure I-1). 

Normalized radiance 

The quantity that is typically used in remote sensing is the normalized radiance 

𝑅 (unitless) at the top of the atmosphere: 

 𝑅(𝜃𝑠, 𝜃𝑣 , 𝜑𝑟) =
𝜋𝑅∗(𝜃𝑠, 𝜃𝑣, 𝜑𝑟)

𝐹0
 Equation I-12 

where 𝐹0 is the perpendicular solar irradiance incident on the Earth’s atmosphere. 

We can relate the measured radiance to the Stokes vector: 

- The total normalized radiance 𝑅 is proportional to the first Stokes parameter 𝐼. 

- The polarized normalized radiance 𝑅𝑝 is expressed according to the following equation: 

 

Figure I-1: Geometry of illumination and observation: 𝜃𝑠 and 𝜃𝑣 are the solar and view 

zenith angle, and 𝜑𝑠 and 𝜑𝑣 the solar and view azimuth angles. 
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 𝑅𝑝 ∝ √𝑄2 + 𝑈2 + 𝑉2 Equation I-13 

Hereafter we will use the normalized radiance 𝑅 that will be referred as “radiance”. 

I.1.3 Basics of radiative transfer 

We briefly presented the general quantities used to define clouds and radiations. We 

devote the next subsections to introduce the interactions that may encounter the radiations 

while passing through the clouds on their way to reach the detector. 

I.1.3.1 Extinction processes 

The propagation of electromagnetic radiation in the Earth’s atmosphere is governed by 

different types of interactions. They define the amount of radiant intensity lost and/or gained 

along the direction of traveling. The ability of any medium to interact with a photon is given 

by the photon mean free path. The denser the medium is, the more interactions a photon have 

and thus the smaller is the mean free path. In radiative transfer theory, the inverse of the mean 

free path is more commonly used. It is the extinction coefficient 𝜎𝑒𝑥𝑡, expressed in a unit of 

m-1. We use it to indicate how the energy of light is attenuated along a distance of one meter. 

A small extinction coefficient means that the medium is relatively transparent to the beam 

while a large value points out that the beam is highly attenuated by the medium. 

Now considering the interaction of the solar radiation with the atmosphere, which is 

the case in our work, an incoming photon can either be absorbed or scattered by atmospheric 

molecules. Thus, a beam of light traversing the atmosphere may lose energy through these two 

processes, and the extinction coefficient is the sum of these two contributions: 

 𝜎𝑒𝑥𝑡 = 𝜎𝑎𝑏𝑠 + 𝜎𝑠𝑐𝑎𝑡 Equation I-14 

where 𝜎𝑎𝑏𝑠 and 𝜎𝑠𝑐𝑎𝑡 are the absorption and scattering coefficients respectively. These 

coefficients depend on the shape, type and size of the particles with respect to the wavelength. 

The scattering process strongly depends on the size of the scattering particle. We 

distinguish three domains of scattering according to the particles size. Rayleigh scattering 

applies to particles whose size is much smaller than the wavelength, which is typically the 
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case for gas molecules interacting with visible radiation (Rayleigh, 1871). When the size of 

the particles is in the order of the radiation’s wavelength, the Mie theory is applied (Mie, 1908). 

For a given size and a refractive index, the Mie theory makes it possible to calculate the 

extinction, absorption and scattering coefficients (σext , σabs and σsca respectively), the single 

scattering albedo, the phase matrix and the asymmetry factor. In the case of homogeneous 

spherical particles (cloud water droplets for example), an exact solution of the Mie theory can 

be found. For particles with a much larger size than the wavelength like ice particles, the laws 

of geometrical optics have to be used to describe the scattering process (Van de Hulst, 1957). 

For example, by applying the Snell-Descartes laws for a radiation crossing spherical diopters, 

it is possible to explain the rainbow originating from the scattering of light by large size water 

droplets. 

Let us now consider the light propagation inside a medium. The incident radiation with 

intensity 𝐼0 will be attenuated due to extinction processes characterized by σext. According to 

Beer-Lambert’s law, after a layer of thickness 𝑑𝑧 perpendicular to the radiation beam, the 

variation of intensity will be: 

 𝑑𝐼 = −𝐼0𝜎𝑒𝑥𝑡(𝑧)𝑑𝑧 Equation I-15 

The integration of Equation I-15 defines the attenuation of the incident beam along an 

optical path between 𝑧1 and 𝑧2. 

 𝐼(𝑧2) =  𝐼(𝑧1)𝑒
−∫𝜎𝑒𝑥𝑡(𝑧)𝑑𝑧 = 𝐼(𝑧1)𝑒

−𝜏 Equation I-16 

where 𝜏 is the optical thickness of the path confined between 𝑧1 and 𝑧2, and 𝑒−𝜏 is its 

transmittance. 

I.1.3.2 Radiative transfer equation 

The transport of photons in an absorbing and multiple-scattering atmosphere, 

illuminated from above by the sun and limited below by a reflecting surface, can be described 

by an energy conservation formula known as the radiative transfer equation (RTE). The RTE 

has to consider the polarization terms of the Stokes vector because polarization effects can 

often not be neglected (Chandrasekhar, 1960; Lacis et al., 1998; Liou, 1992). The vector RTE 

has the following form: 



I.1 The Cloud-Radiation Interaction 

17 

 

𝜇𝑣
𝑑𝑺(𝛀)

𝑑𝜏
= −𝑺(𝛀) +

𝜔0𝑺𝟎
4𝜋

𝑷(𝛀𝟎, 𝛀)𝑒
−
𝜏
𝜇𝑠 

   +
𝜔0
4𝜋
∫ 𝑷(𝛀′,𝛀)𝑺(𝛀′)𝑑𝛀′
4𝜋

         

Equation I-17 

where vectors are represented in bold characters, 𝜇𝑣 and 𝜇𝑠 are the cosine of the viewing and 

solar zenith angles respectively, 𝑺𝟎 is the Stokes vector of the incident light while 𝑺(𝛀) is the 

Stokes vector of light scattered in the direction specified by the vector 𝛀 at an optical thickness 

𝜏, and 𝜔0 = 𝜎𝑠𝑐𝑎𝑡/𝜎𝑒𝑥𝑡 is the single scattering albedo. 

The first term of the right side of Equation I-17 represents the variation of the radiation 

along an optical path 𝑑𝜏 due to by scattering and absorption processes. The second term of the 

right side of Equation I-17 represents the single scattering of solar incident light from 

𝛀𝟎(𝜃𝑠, 𝜑𝑠) towards the viewing directions defined by 𝛀(𝜃𝑣, 𝜑𝑣). This contribution is regulated 

by the 4×4 phase matrix 𝑷(𝛀0, 𝛀) that quantify the probability of occurrence of this scattering. 

The third term represents the contribution of the multiple scattering originating from all space 

directions towards 𝛀 regulated by 𝑷(𝛀′,𝛀). 

We recall that our work focuses on the interaction of clouds with solar radiation only. 

A fourth term should be added to the RTE if the thermal emission is taken into account. 

Solving this integro-differential equation is not straightforward. The scattering integral 

(third term) treats radiances coming from all directions 𝛀′ that can be coupled with 𝛀. In a 

scattering medium, this term cannot be overlooked and an analytical solution does not exist, 

that is why we try to simplify this problem before solving it. 

I.1.3.3 Radiative transfer solver in a cloudy atmosphere 

Several methods have been developed to resolve the atmospheric radiative transfer 

problem. They are based on assumptions and approximations (that will be presented in 

section I.2.3) allowing each to respond to specific applications, and are well described in the 

literature (see Lenoble, 1985). Two categories of code were developed:  

1) The “1D” codes correspond to the so-called "plane-parallel" methods. They separate the 

atmosphere into several horizontal and parallel homogeneous infinite layers where the optical 



Chapter I: Clouds and Atmospheric Radiations 

18 

properties do not vary in the horizontal directions. In the 1D codes, the finite dimensions of 

atmospheric columns are not considered; each observed column (or pixel) is independent of 

the other. The transport of energy between neighboring pixels is not accounted for. Two 

widely used 1D codes are for example the adding-doubling (De Haan et al., 1987; Hansen and 

Travis, 1974) and discrete ordinates (Schulz et al., 1999). 

2) The "3D" codes refer to more complex approaches taking into account spatial heterogeneity 

of the atmosphere and provide more accurate results in case of a heterogeneous cloudy 

atmosphere. The resolution of the ETR takes place in a 3D space, which makes it more 

complex. Principally two techniques are used, the Monte-Carlo method (Metropolis and Ulam, 

1949) or the resolution using spherical harmonics (Evans, 1998). 

In our work, two radiative transfer codes have been used: the adding-doubling for 1D-

RT from the database “Atmospheric Radiative Transfer Database for Earth Climate 

Observation” (ARTDECO, http://www.icare.univ-lille1.fr/projects/artdeco) and the radiative 

transfer code 3DMCPOL (Cornet et al., 2010) for 3D-RT, based on the Monte-Carlo method. 

We use 3DMCPOL to quantify the errors induced by the assumptions in our model (presented 

in Chapter IV). Next, we will briefly discuss both RT codes: 

Adding doubling 

In this approach, the atmosphere is divided into thin layers providing a fast calculation 

of the RTE solution in each layer. The reflection function and transmission function are 

determined for each layer. They are then recombined and the new reflection and transmission 

functions are obtained by calculating the successive reflections and transmission between the 

layers. The “Adding” consists of reconstructing a layer of optical thickness 𝜏 by adding the 

optical thickness of each layer 𝜏𝑖. In the case of homogeneous layers, the “Doubling” method 

is applied to reach the desired optical thickness by successively doubling the layers’ optical 

thickness (2𝜏𝑖 , 4𝜏𝑖, … ). More details about this method can be found in Van de Hulst (1963) 

and De Haan et al. (1987). 

http://www.icare.univ-lille1.fr/projects/artdeco
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3DMCPOL 

The “3D” radiances in our work are simulated using the code developed in the LOA 

3DMCPOL (Cornet et al., 2010). 3DMCPOL is a Monte-Carlo based forward model 

(Metropolis and Ulam, 1949). It simulates the radiative transfer realistically by propagating 

the radiation in a three-dimensional atmosphere, divided into voxels (3D volume pixels). It is 

able to compute fluxes, total and polarized radiances using Stokes formalism. Originally 

developed for solar radiation, it has been then extended to thermal infrared radiation (Fauchez 

et al., 2014). This algorithm follows batches of photons, initially emitted from a direction 

defined by the Sun position, propagating the atmosphere until they are absorbed or they leave 

the allocated atmosphere. The various aspects that govern the medium-photons interactions 

such as the distance traveled between two interactions, the scattering angle, the absorption or 

scattering by the particles, the transmission or reflection by the surface are described using 

statistical laws. The surface can be either Lambertian or heterogeneous with a bidirectional 

function for ocean or snow. The model participated and was improved during the International 

Polarized Radiative Transfer (IPRT) on 3D cloud cases (Emde et al., 2018). 

I.1.4 Cloud optical properties 

When we combine the cloud microphysical properties (section I.1.1) with the 

interactions of light in the atmosphere (section I.1.3), we can resolve the RTE and obtain the 

optical properties of clouds in a specific volume. At this scale, the local cloud optical 

properties define the extinction processes with the extinction coefficient 𝜎𝑒𝑥𝑡, the single 

scattering albedo 𝜔0 and the phase function 𝑷 that are dependent on the considered 

wavelength and the particles shape. At a larger scale, remote sensing instruments measure the 

angular transmission and reflection functions of clouds on the whole cloud ensembles. 

Therefore, the remote sensing of cloud reflection evaluates the integrated optical properties of 

the cloud. The cloud optical thickness (COT) and the effective radius of water droplets (Reff) 

are two global optical properties that are directly related to the cloud-radiation interaction. 

They influence the amount of light reflected back to the instrument (Hansen and Pollack, 1970; 

Twomey and Cocks, 1982). They are important to quantify the cloud radiative impact (Warren 

et al., 1988). 
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I.1.4.1 Cloud optical thickness 

If we consider the light propagation through a cloud, the intensity of the incident 

radiation will be attenuated due to extinction processes. The vertical integration of the 

extinction coefficient path from the base (𝑧𝑏𝑜𝑡) to the top (𝑧𝑡𝑜𝑝) of the cloud gives the cloud 

optical thickness (COT): 

 COT =  ∫ 𝜎𝑒𝑥𝑡(𝑧)𝑑𝑧
𝑧𝑡𝑜𝑝

𝑧𝑏𝑜𝑡

 Equation I-18 

It is a unitless parameter. It characterizes the total attenuation (due to absorption and 

scattering) of the incident radiation by the particles of the cloud along the vertical. It depends 

on the wavelength, the cloud geometric thickness (𝑧𝑡𝑜𝑝 − 𝑧𝑏𝑜𝑡), the particles concentration 

and their abilities to interact with radiation. 

I.1.4.2 Effective Radius of water droplets 

As introduced in section I.1.1, clouds are composed of condensed water droplets with 

a concentration described by size distributions approximated by analytical functions. To 

facilitate the inversion of measured cloud reflections, different cloud droplets have to be 

weighted corresponding to their contributions to the scattered radiation. Therefore, we can 

define a weighed parameter to describe the distribution: the effective radius 𝑅𝑒𝑓𝑓. It is 

proportional to the ratio of the average volume over the average surface of the droplets (
<𝑉>

<𝑆>
): 

 𝑅𝑒𝑓𝑓 = 
∫ 𝑟3𝑛(𝑟)𝑑𝑟
∞

0

∫ 𝑟2𝑛(𝑟)𝑑𝑟
∞

0

 Equation I-19 

We can also define the effective variance 𝑣𝑒𝑓𝑓 that is the width of the particle size 

distribution: 

 

 
𝑣𝑒𝑓𝑓 =

1

𝑅𝑒𝑓𝑓
2

∫ (𝑟 − 𝑅𝑒𝑓𝑓)
2
𝑟2𝑛(𝑟)𝑑𝑟

∞

0

∫ 𝑟2𝑛(𝑟)𝑑𝑟
∞

0

 Equation I-20 

In case of vertically homogeneous liquid cloud we can consider the following relation 

between 𝐶𝑂𝑇, 𝑅𝑒𝑓𝑓 and 𝐿𝑊𝑃 (Equation I-3): 
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 𝐿𝑊𝑃 = 
2

3
𝜌𝑤𝑎𝑡𝑒𝑟𝑅𝑒𝑓𝑓𝐶𝑂𝑇 Equation I-21 

I.2 Cloud Remote Sensing 

In the first part of this chapter, we introduced how the optical and microphysical 

properties of cloud particles are connected with extinction processes through the cloud-

radiation interaction. Consequently, the radiation reaching the instrument after all kinds of 

interactions in the atmosphere carries the information needed to retrieve the cloud properties. 

That is why the scientific community is working on improving the remote sensing instruments 

used to measure the radiation scattered or emitted by clouds, aerosols and atmospheric gases, 

along with the corresponding inversion methods. In the following sections, we present the 

major observation missions and satellite instruments used to exploit the clouds. We will focus 

on MODIS and POLDER along with their cloud properties retrievals approaches, since 

OSIRIS, the instrument studied in this thesis is a mix of these two instruments. The future 

space counterpart of OSIRIS, the 3MI instrument, will also be presented. Last, we discuss the 

limitations of current retrieval algorithms. 

I.2.1 Observation systems 

Since the launch of the first Television Infrared Observation Satellite (TIROS) in 1960, 

clouds have been continuously observed from space by satellites. Back then, the primary focus 

was on precipitating clouds considering their direct impact on various economic activities and 

daily life. Numerical weather prediction and climate modeling revealed a need to characterize 

non-precipitating clouds and aerosols as well. Therefore, many instruments dedicated to 

retrieve cloud properties were developed and used extensively in fixed sites, during field 

campaigns, from geostationary satellites and from sun-synchronous polar orbits that allow 

global observation every day. 

One of the main space missions in our decade is the Afternoon or "A-Train" satellite 

constellation. Flying in a Sun-synchronous orbit formation at an altitude of 705 km at more 

than 24,000 km/h, it consists of several American, Canadian, French and Japanese satellites 
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performing daily near-simultaneous measurements across the globe. It takes them 98.5 

minutes to complete one round with all of them passing over the equator at about 1:30 p.m. 

local time. 

The satellites are mounted with several instruments such as radars, lidars and 

radiometers that can perform active and passive multi-spectral, multi-angle and polarized 

measurements of the Earth-atmosphere system (see Figure I-2). The use of each of them 

provides valuable information on the state of the Earth-atmosphere system, i.e. the surfaces 

(land, ocean, snow…) and atmospheric components (gases, aerosols and clouds). Aqua (2002) 

studies the water cycle on Earth (precipitation and evaporation processes). Aura (2004) 

surveys the chemistry and dynamics of the atmosphere focusing on the horizontal and vertical 

distribution of key atmospheric pollutants and greenhouse gases. PARASOL (2004-2013) 

allows a better characterization of clouds and aerosols with the polarized and multidirectional 

 

Figure I-2: Representation of the international Afternoon Constellation (A-Train). Active 

instruments (CALIOP, CPR) are indicated with dashed lines. This illustration color-codes 

instrument swaths based on observed wavelength ranges. Microwaves (observed by both 

AMSR instruments, AMSU-A, CPR, MLS) are represented as red-purple to deep purple 

colors; yellow represents solar wavelengths (OMI, OCO-2, POLDER); gray represents 

solar and infrared wavelengths (MODIS, CERES); and red represents other infrared 

wavelengths (IIR, AIRS, TES, HIRDLS). Note that PARASOL ceased operation in 

December 2013. Source: NASA (https://atrain.gsfc.nasa.gov/historical_graphics.php) 
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spectral reflectance measurements of POLDER. CALIPSO (2006) is specialized in the study 

of clouds, aerosols and their interactions. CloudSat (2006) allows a detailed study of clouds 

vertical structure and properties, and their role in the Earth's climate. GCOM-C1 (2017) 

collects data related to the carbon cycle and radiation budget. OCO-2 (2014) examines the 

amount of carbon dioxide present in the atmosphere. The synergy between all these 

instruments provides a panel of information that is much more exploitable and makes a precise 

study of atmospheric physics, climate monitoring and meteorological phenomena (see 

Figure I-3). It gave for the first time a 3D picture of the global cloud distribution (Stephens et 

al., 2018). 

Among all the A-train sensors, we will describe more precisely POLDER since it is 

the precursor of the future radiometer 3MI and consequently its airborne simulator OSIRIS. 

We will then present MODIS because it has some common bands with 3MI and we use some 

part of its cloud properties retrieval scheme in our work. 

 

Figure I-3: An image of Hurricane Bill as seen from the MODIS instrument (flying on 

Aqua) with cloud heights from the CALIOP lidar (on CALIPSO) on August 19, 2009. 

Superimposed over the MODIS image is the polarized reflected sunlight observed by 

POLDER (on PARASOL). Source: NASA. 
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I.2.1.1 POLDER 

POLDER (POLarization and directionality of the Earth’s Reflectance) is an imaging 

radiometer with a wide field of view designed to provide the first global measurements of 

directional and polarized characteristics of light reflected by the Earth/atmosphere system 

(Deschamps et al., 1994). After the failures of the ADEOS (Advanced Earth Observing 

Satellite) platforms, the mission duration of POLDER-1/ADEOS-1 (10 months) and 

POLDER-2/ADEOS-2 (8 months) were very short, a new version of POLDER was carried by 

the micro-satellite PARASOL in 2004. 

POLDER/PARASOL consists of a wide field of view telecentric optic and a two-

dimensional CCD (Charged Coupled Device) array detector of 274×242 pixels with a low 

spatial resolution of 5.3×6.2 km2 at nadir viewing direction. It permits the acquisition of 

observation between ± 51° and ± 43°, cross-track and along-track respectively. The large 

objective aperture assures the observation of the same ground target up to 14 times with 

different viewing geometries. This multi-angular characteristic allowed the analysis of the 

reflectance directional effects and improved the extraction of information from the target 

angular signatures (especially in the case of vegetation, aerosols and clouds). Another 

 

Figure I-4: Spectral and polarization channels of POLDER-2 with their mission 

purposes (from Bermudo et al., 2017). POLDER/PARASOL had one more channel at 

1020 nm to compare with the measurements of CALIOP/CALIPSO. 
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characteristic of POLDER is the rotational filter in front of the detector wheel. 16 filters 

provided measurements in nine spectral bands from the visible (443 nm) to the near infrared 

(1020 nm) and allowed the polarized measurements in three visible bands (490, 670 and 865 

nm) (Figure I-4). Advanced characterization of the atmospheric signal can be done thanks to 

the polarization measurements in order to find some interesting properties of the atmospheric 

constituents like aerosols and clouds. 

POLDER measurements have produced a lot of cloud measurements during eight years 

of operation (Parol et al., 2004; Zeng et al., 2011, 2012). They provided clouds detection and 

derivation of their properties using multi-angular measurements (Buriez et al., 1997; Parol et 

al., 1999) and retrieval of the thermodynamic phase of clouds using polarized signal (Goloub 

et al., 2000; Riedi et al., 2010). POLDER measurements were also sensitive to the water 

droplet size (Bréon and Goloub, 1998) and ice clouds (Chepfer et al., 2000). Regarding the 

aerosols, POLDER allowed improvements in their detection (Tanré et al., 2011) and the 

retrieval of their properties (Dubovik et al., 2008; Kaufman et al., 2002; Tanré et al., 2011; 

Waquet et al., 2016). The POLDER method used to retrieve the cloud optical properties is 

presented in section I.2.2.2. 

I.2.1.2 MODIS 

The multispectral imaging radiometer MODIS (Moderate Resolution Imaging 

Spectroradiometer) has been developed by NASA in two versions, onboard of the EOS (Earth 

Observing System) TERRA and AQUA satellites (King et al., 1992). Both are still active. The 

two platforms follow Sun-synchronous orbits at an altitude of 705 km. Like PARASOL, the 

AQUA platforms are part of the A-train constellation allowing for collocated measurements 

of MODIS and POLDER. Together, they have been very advantageous for the study of clouds 

(Riedi et al., 2010; Zeng et al., 2011). 

Using a mechanical system, MODIS scans in a plane perpendicular to the velocity 

vector of the satellite, with a wide swath of 2330 km centered on the satellite ground track; it 

provides complete coverage of the entire globe every 2 days. Moreover, it offers 36 bands 

spreading from visible to thermal-infrared (0.405-14.385 μm) at three nadir spatial resolutions: 

250m (2 channels), 500m (5 channels) and 1000m (29 channels). Seven of them in the VIS / 

NIR / SWIR spectrum allow the study of clouds (see Table I-2). For example, the SWIR 
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channels (1640, 2130 and 3750 nm) with their high resolution provide a fine detection of 

clouds microphysics. Coupled with the visible channels, the cloud optical thickness can also 

be retrieved (Nakajima and King, 1990; Platnick and Valero, 1995). Adding to that, there are 

other useful channels for studying clouds in the thermal infrared. More details about MODIS 

bands used in the various algorithms and techniques for the cloud properties retrievals are 

shown in Platnick et al. (2003). 

I.2.1.3 3MI 

Several new missions are planned in the near future, with newly improved instruments. 

Based on the success of POLDER measurements, 3MI (Multi-viewing Multi-channel Multi-

polarization Imaging) is a new instrument based on the same concept with an extension to the 

SWIR channels (Marbach et al., 2013). It will be part of the EPS-SG (Eumetsat Polar System 

- Second Generation) mission which is Europe’s contribution to the future Joint Polar Satellite 

System (JPSS). 

EPS-SG will consist of three successive generations of two satellites (Metop-SG A and 

Metop-SG B) operated by EUMETSAT from 2022 until 2043. They are developed, as well as 

Table I-2: Spectral bands used on MODIS in cloud products: their central wavelength, 

their ground resolution and their principal purposes 

Band 
Central wavelength 

(nm) 

Ground resolution 

(m) 
Atmospheric purpose 

1 645 250 COT over land 

2 858 250 COT over ocean 

5 1240 500 
COT over snow & 

sea ice surfaces 

6 1640 500 

Snow/cloud 

discrimination; 

thermodynamic phase 

7 2130 500 Reff 

20 3750 1000 
Reff; Cloud/surface 

temperature 

31 11030 1000 Thermal correction 
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their instruments, by the European Space Agency (ESA) in partnership with the French 

National Center for Space Studies (CNES) and the German Space Agency (DLR). Each 

satellite will have five instruments onboard. 3MI will be part of the Metop-SG A series. 

The Multi-viewing, Multi-Channel, Multi-Polarization Imaging (3MI) radiometer is 

being developed for the characterization of aerosols and clouds for climate monitoring, 

atmospheric composition, as well as air quality and numerical weather prediction. It is a 

polarimeter covering a wide range of spectral bands (from 410 to 2130 nm) providing 14 

different viewing angles and measuring the polarization in 9 of 12 spectral channels. The 3MI 

concept is largely inspired by the previous three POLDER missions with some improvements 

on the instrument capabilities. Specifically, the wavelength range is extended to cover shorter 

(410 nm) and longer (1370, 1650 and 2130 nm) wavelengths, the spatial resolution is improved 

to 4×4 km2 at nadir and the swath of the instrument will provide complete daily coverage of 

the Earth. 3MI will not provide measurements in the thermal infrared but this spectral range 

will be covered by the multispectral imaging radiometer (METimage) and the Infrared 

Atmospheric Sounding Interferometer (IASI-NG) mounted on the same platform allowing a 

synergy between these different instruments. 

 

Figure I-5: 3MI multi-channel and multi-polarization concept exploiting two optical 

systems and a single rotating filter wheel (source: Eumetsat). 
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I.2.2 COT and Reff retrieval methods 

Once the measurement of reflected radiation is realized, retrieval methods need to be 

developed to derive different cloud properties. After the detection of a cloudy pixel, the 

identification of the thermodynamic phase should first be addressed. In order to distinguish 

between liquid and ice water, the spectral absorption in the near-infrared (or the brightness 

temperature differences in the thermal infrared) dissimilarities are used for MODIS (King et 

al., 2004; Nakajima and King, 1990) or the angular signature of polarized reflectance for 

POLDER (Riedi et al., 2010). 

Once the phase is identified, several methods have been developed to retrieve cloud 

optical thickness and effective radius from satellite radiances using the reflected radiation in 

the solar spectrum. The methods are similar but differ mainly in the used wavelengths 

according to the imager and in the interpolation and/or iteration retrieval scheme. Various 

operational techniques exist with spaceborne imagers dedicated to cloud study, e.g. POLDER, 

MODIS, AVHHR, the Spinning Enhanced Visible Infrared Imager (SEVIRI) and many others. 

We will discuss the methods used with MODIS and POLDER measurements since they cover 

the multi-spectral (visible to near-infrared range), multi-angular and polarized capabilities of 

OSIRIS. They will be also compared with the techniques that we used with OSIRIS 

measurements in Chapter III. 

I.2.2.1 The bispectral method (used with MODIS) 

The visible and NIR total radiances are mainly sensitive to the cloud optical thickness. 

On the other hand, SWIR total radiances are more sensitive to the effective radius of water 

droplets. Theoretically, for one-dimensional geometry in radiative transfer theory, the spectral 

radiance from cloud layers is a function of COT and effective radius through the single 

scattering albedo (𝜔0) and the phase function. In some cases, it depends also on the underlying 

surface properties. Assuming that surface albedo is known, two assertions can be taken for 

each scattered radiation at a scattering angle Θ. First, the radiance in the visible wavelengths 

depends mainly on COT since the absorption is negligible in this spectral region (𝜔0 ≅ 1). 

Second, in the SWIR region, since the solar radiation is slightly absorbed but also scattered by 

cloud particles, the spectral radiance in this region is a function of COT and Reff, which is 
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directly related to the single scattering albedo 𝜔0. Based on the sensitivity study of Twomey 

and Seton (1980), Nakajima and King (1990) proposed the bispectral reflectance (BSR) 

method to retrieve COT and Reff, in any illumination-observation geometry, using two narrow-

band reflectances from the VIS and SWIR spectral regions. It was popularized with its 

application to MODIS measurements. They simplified the conceptuality of the BSR retrieval 

approach by the theoretical grid of reflectances. A forward model creates the VIS and SWIR 

reflectances based on different COT and Reff. Consequently, two measured reflectances define 

a point in this model space that, through interpolation, can be interpreted in COT and Reff. 

An example of this grid is shown in Figure I-6. Reflectances at 2160 nm are plotted as 

a function of reflectances at 750 nm for different values of COT and Reff. Solid curves 

correspond to constant Reff. They are almost horizontal, which indicates that SWIR 

reflectances are being mainly sensitive to Reff. Dashed curves represent constant COT. They 

are oblique for low COT and vertical for high COT. This means that both reflection functions 

 

Figure I-6: Theoretical relationships between the reflectance at 0.75 and 2.16 𝜇𝑚 for 

various values of optical depth (vertical, dashed lines) and effective radius (solid lines) 

for a particular solar geometry that match aircraft data obtained during a field campaign 

conducted in July 1987 (From Nakajima and King, 1990). 
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are COT and Reff sensitive at low COT values. The more the solid and dashed curves are close 

to orthogonality, the more the radiances are sensitive to both parameters and give the 

possibility to retrieve both parameters. 

This approach, with some variations, has also been adapted to many other types of 

satellite data including LandSat data (Wielicki et al., 1990) and Advanced Very High 

Resolution Radiometer (AVHRR) radiance data (Arking and Childs, 1985; Han et al., 1994; 

Nakajima and Nakajma, 1995; Ou et al., 1993; Platnick and Valero, 1995; Stone et al., 1990). 

More recently the BSR method has been applied to the Visible Infrared Imaging Radiometer 

Suite (VIIRS), and the SEVIRI (Roebeling et al., 2006; Walther and Heidinger, 2012). 

I.2.2.2 POLDER method 

As mentioned before, POLDER provides multi-angular and polarized measurements 

in the visible range only. The fact that it lacks SWIR channels, the bispectral method cannot 

be applied on its measurements. In the first operational algorithms of POLDER, the cloud 

optical thickness has been retrieved from the 670 nm channel over land, and the 865 nm over 

ocean considering a constant effective radius of 10µm. This is done for each viewing direction 

available for the same target and then the angular average is realized. Ideally, the retrieved 

values of cloud optical thickness should be the same for different viewing directions. However, 

differences can be observed because of the limitations of a unique effective radius used and of 

the plane-parallel assumption (Buriez et al., 2001). All clouds were assumed to be composed 

of water droplets (Buriez et al., 1997). This assumption was however proved insufficient for 

ice clouds (Parol et al., 1999). The IHM (Inhomogeneous Hexagonal Monocrystal) model 

(Doutriaux-Boucher et al., 2000) started to be applied to ice labeled pixels in the “Earth 

radiation budget, water vapor and clouds” POLDER products. It gave satisfactory results with 

both total and polarized radiance measurements (C.-Labonnote et al., 2000, 2001). At the same 

time, the liquid water clouds started to be treated with an effective radius of water droplets 

equals to 11µm over ocean and 9µm over land, providing a better agreement with POLDER 

polarization measurements (Bréon and Colzy, 2000). 
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POLDER was the first satellite sensor to measure continuously the linearly polarized 

Earth-reflected radiance. Several studies were conducted to analyze the potential of these 

measurements. Bréon and Goloub (1998) showed that it is possible to find the effective radius 

from the visible polarized radiances of POLDER. As we can see in Figure I-7, the polarized 

radiances shows a great sensitivity on the droplets size around the cloud bow direction for 

scattering angles between 135º and 170º. This information is used to retrieve the effective 

radius from POLDER/PARASOL data but is not in the standard retrieved parameters products. 

I.2.3 Assumptions and limitations 

The above-mentioned methods are subject to several sources of error. A moderate 

perturbation in the retrieved COT and Reff can cause variations of around 1 to 2 W/m2 in the 

estimation of cloud radiative forcing (Oreopoulos and Platnick, 2008). The quantification of 

retrieval errors of these optical properties is therefore critical. The sources of errors originating 

from the measurements can be quite well evaluated along the instrument calibration process. 

 

Figure I-7: Sensitivity of polarized reflectance in the cloud bow angular range 

(scattering angles between 135º and 170º) to the effective radius cloud droplet size 

distribution (from Alexandrov et al., 2012) 
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However, we cannot overlook the errors linked to the model selected to retrieve the parameters 

and the assumption made for the radiative transfer simulations. 

Computational constraints and lack of information in the measurements force the 

operational algorithms of cloud products (MODIS, POLDER and others) to retrieve the cloud 

optical properties with a simplified 1D-cloud model. Clouds are considered flat and between 

two spatially homogeneous planes in what is known as the plane-parallel and homogeneous 

assumption (PPH, Cahalan et al., 1994). The other commonly used assumption is related to 

the infinite dimension of the PPH cloud that leads into treating each pixel independently 

without considering the interactions that can occur between neighboring homogeneous pixels; 

the independent pixel approximation (IPA, Cahalan et al., 1994; Marshak, 1995). Considering 

the spatial variability of the cloud macrophysical and microphysical properties, those 

assumptions can lead to large errors on the retrieved cloud properties. When passive 

radiometers are used, the errors induced by the use of a homogeneous horizontal and vertical 

cloud model have been found to depend on the spatial resolution of the observed pixel, the 

wavelength and the observation and illumination geometries (Davis et al., 1997; Kato and 

Marshak, 2009; Oreopoulos and Davies, 1998; Várnai and Marshak, 2009; Zhang and 

Platnick, 2011; Zinner and Mayer, 2006). 

 

Figure I-8: Relationship between radiance and cloud optical thickness. In a limited 

resolution, the average radiance R1,2 of two radiances R1 and R2 lead to a retrieved 

optical thickness COT’ smaller than the average optical thickness of the pixel COT1,2 

obtained if R1 and R2 are known (adapted from Zinner and Mayer, 2006). 
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From medium to large-scale observations greater than 1 km (e.g. MODIS: 1×1 km2, 

POLDER: 6×7 km2), the PPH approximation poorly represents the cloud variability. The 

subpixel horizontal heterogeneity and the nonlinear nature of the COT-radiance relationship 

(Figure I-8) create the PPH bias that leads to the underestimation of the retrieved COT 

(Cahalan et al., 1994; Szczap et al., 2000). The PPH bias increases with pixel size due to 

increase inhomogeneity (Figure I-9). The COT subpixel heterogeneity induces also an 

overestimation bias on the retrieved Reff (Zhang et al., 2012). On the contrary, the 

microphysical subpixel heterogeneity leads to the retrieval of an underestimated Reff (Marshak 

et al., 2006b). 

At smaller scales, errors due to IPA becomes more dominant (Figure I-9). The column 

under the observed pixel is considered independent of the nearby columns. However, at this 

scale, pixels can no longer be considered infinite and independent from their adjacent pixels. 

The radiations pass from one column to the others depending on the COT gradient. There is a 

decrease in radiances of pixels with large optical thickness and increase in radiances of pixels 

with small optical thickness. This horizontal radiation transport (HRT) between adjacent tends 

 

Figure I-9: Schematic representation of the COT retrieval errors due to the simplified 

1D cloud model. Towards small scales, the Independent Pixel Approximation (IPA) 

increases because the cloud columns are not independent from each other. Towards 

large scales, the error increases due to the sub-pixel heterogeneity. This figure is 

adapted from a presentation by Warren Wiscombe based on the study of Davis et al. 

(1997). 
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to smooth the radiative field and thus the field of retrieved COT (Marshak et al., 1995a, 

1995b). For off-nadir observations, in addition, the inclined line of sight crosses different 

atmospheric columns with variable extinctions and optical properties which tend to smooth 

additionally the radiative field (Benner and Evans, 2001; Kato and Marshak, 2009; Várnai and 

Davies, 1999; Várnai and Marshak, 2003). In the case of fractional cloud fields not examined 

under nadir observations, the edges of the clouds cause an increase in radiances for high 

viewing angles, which by its turn, increases the value of the retrieved COT (Várnai and 

Marshak, 2007), while overestimating the retrieved Reff (Platnick et al., 2003). 

In more depth of the 3D radiative effects, we mention the leakage effect. It occurs 

when a photon leaves the cloud because it is in an optically thin column and has a smaller 

chance to be absorbed or scattered towards neighboring columns. However, photons 

originating from optically thicker columns will continue to be scattered to this thin column 

and then leave the cloud. Consequently, the radiances of large COT pixels will decrease and 

the radiances of small COT pixels will increase, which adds to the smoothing of the radiative 

field (Marshak et al., 1995a). The leakage effect is stronger at small solar zenith angles, where 

the sun is not too tilted. At larger solar zenith angles, the incoming radiation enters the cloud 

by its sides. The transmission is less likely to happen at these angles. The photons will be 

trapped until they leave from the upper side of the cloud (downward trapping (Várnai and 

Davies, 1999) or side illumination effect). The reflected radiance will be higher and leads to 

the retrieval of higher COT and a smaller Reff. For the same tilted sun angles, if the incoming 

photon encounters an optically thick column, it will not be able to pass to the adjacent column 

behind it and will leave the cloud from the thick columns in this case (upward trapping or 

shadowing effect). In this case, the radiance is smaller; the cloud appears to be more absorbing 

than it actually is, leading to an underestimated retrieved COT and an overestimated retrieved 

Reff. The illumination and shadowing effects lead to the roughening of the radiative field, their 

influence in over and under-estimating the cloud droplet size retrievals are documented in 

(Cornet, 2005; Marshak et al., 2006a; Zhang et al., 2012). 

 

The vertical distribution of the cloud droplets is also important to provide an accurate 

description of the radiative transfer in the cloud (Chang, 2002) and obtain a more accurate 

description of the cloud microphysics such as the water content or the droplet number 
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concentration. For simplicity reason, classical algorithms assume a vertically homogeneous 

cloud model. Several studies show a dependency of the effective radius retrievals according 

to the infrared band used. It can be explained by the non-uniformity of cloud vertical profiles 

and by the differences sensitivity of spectral channel due to absorption difference (Miller et 

al., 2016; Platnick, 2000; Zhang et al., 2015). 

Indeed, the absorption by water droplets being stronger at 3.7 μm, the radiation 

penetrates less deeply in the cloud than at 2.2 and 1.6 μm (see Figure I-10). The channel 3.7 

is therefore expected to find an effective radius that corresponds to a level in the cloud higher 

than that of channels 2.2 and 1.6 μm. If the polarized radiances are used to retrieve Reff, the 

information is given on the upper part of the cloud since Rpol saturates rapidly for optical 

thicknesses of 3-4. 

Considerable vertical variation along the cloud profiles are confirmed by many in-situ 

studies of droplet size profiles and water content as summarized in Miles et al. (2000). This 

vertical variation in liquid particles size is also an important cloud parameter related to the 

 

Figure I-10: Schematic representation of a triangle shape cloud vertical profile of Reff 

with the different depths of penetration of the polarized radiance (Rpol) and the total 

radiances at 3.7, 2.2 and 1.6 μm 
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processes of condensation, collision-coalescence and the appearance of precipitation (Wood, 

2005). 

With that being said, the magnitude of the assumptions effects depends on several 

parameters that can add or oppose to each other. Its quantification is needed to refine our 

knowledge on the cloud properties and their role in the climate. Therefore, in Chapter III, we 

show the retrievals of cloud properties using OSIRIS measurements while applying a 1D 

simplified cloud model in the forward model. Then in Chapter IV, we address the different 

sources of uncertainty on the retrieved cloud properties, among which is the model 

assumptions errors discussed above. But first, in the next chapter, we present OSIRIS along 

with the requirements needed for its measurements to become exploitable at best. 

.
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II  
OSIRIS: The Airborne Radiometer for Cloud Remote 

Sensing 

Our aim is to study the retrieval of cloud optical properties using the measurements of 

the airborne radiometer OSIRIS made in previous airborne campaigns. OSIRIS is based on 

POLDER concept as a prototype of the future spacecraft 3MI. In this chapter, we discuss the 

main characteristics of OSIRIS and the airborne campaigns where it participated. We also 

present briefly the active instrument Lidar LNG that was, with OSIRIS, onboard the research 

aircraft FALCON-20. Several operations had to be conducted on the measurements before the 

retrievals will also be discussed in this chapter. 

II.1 Instruments and Airborne Campaigns 

II.1.1 OSIRIS 

The LOA is developing a new imaging radiometer OSIRIS (Observing System 

Including PolaRization in the Solar Infrared Spectrum). It has the multi-spectral and 

polarization capabilities of POLDER with a spectral range extended to the near and short wave 

infrared. This instrument is also an airborne prototype of the future spacecraft 3MI planned to 

be launched on MetOp-SG in 2022. It is currently in the test phase and has been used on board 

the French research aircraft, Falcon-20, during several campaigns. 

OSIRIS can measure the directionality and the linear polarization of the solar radiation 

diffused by the Earth-atmosphere system in several channels from 440 to 2200 nm. As seen in 

Figure II-1, it consists of two optical sensors, each one with a two-dimensional CCD array 
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detector; one for the visible and near infrared wavelengths (from 440 to 940 nm) named VIS-

NIR (Visible-Near Infrared) and the other one for the medium infrared (from 940 to 2200 nm) 

named SWIR (Shortwave Infrared). The VIS-NIR detector contains 1392×1040 pixels with a 

pixel size of 6.45×6.45 µm2. While the SWIR contains 320×256 pixels with a pixel size of 

30×30 µm2. Adding those characteristics to the wide field of view of both heads, at a typical 

aircraft height of 10 km, the spatial resolution at the ground is 18 m and 58 m respectively for 

the VIS-NIR and SWIR. This results in a swath of about 25×19 km for the visible and 19x15 

km for the SWIR (Auriol et al., 2008). 

II.1.1.1 Multi-spectral measurements 

OSIRIS has eight spectral bands in the VIS-NIR and six in the SWIR. Similar to the 

concept of POLDER, OSIRIS contains a motorized wheel rotating the filters in front of the 

detectors. At each turn of the wheel, only one filter intercepts the incoming radiation at a 

particular wavelength and a new measurement is made. Given the sensor exposure and transfer 

 

Figure II-1: Mechanical scheme of OSIRIS (from Auriol et al., 2008). 
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times, the duration of a full lap is about 7 seconds for the VIS-NIR and 4 seconds for the 

SWIR. 

Figure II-2 shows the spectral response of each channel of OSIRIS. Most of these 

channels were chosen because they correspond to atmospheric windows, where solar radiation 

is weakly absorbed by atmospheric molecules. In addition, there are two absorbing channels, 

one in the O2 A band near 763 nm and one in the water vapor band near 940 nm. Five channels 

are used in this study and are red-colored: the 865 nm channel (total and polarized) from the 

VIS-NIR head and the channels 1020, 1240 1620 and 2200 nm from the SWIR. 

II.1.1.2 Multi-angular measurements 

Some imagers, as MODIS, use a sensor coupled with a mechanical system to scan 

different viewing directions. However, OSIRIS is an imager radiometer with a wide field of 

view. It has a matrix of CCD sensors that allows the acquisition of images with different view 

angles. Each sensor measurement is then associated with an observed direction. The same 

scene can thus be observed several times during successive acquisitions with variable 

geometries, unlike the scanning instruments. The bigger dimension of the CCD matrix is 

oriented along track of the aircraft to increase the number of viewing angles for the same 

target. For example, if the airplane is flying at 10 km altitude with a speed of 200 to 250 m/s, 

 

Figure II-2: Spectral wavelengths of VIS-NIR (left) and SWIR (right) optical matrices of 

OSIRIS. The dashed line corresponds to a typical atmospheric transmittance. The red 

colored channels are used in this study (865, 1020, 1240, 1620 and 2200 nm). 
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a same target at the ground can be seen under 20 different angles for the VIS-NIR images and 

19 for the SWIR. 

II.1.1.3 Polarized measurements 

To complete the spectral analysis of the measured radiation, the degree of linear 

polarization and the polarization direction are obtained by three polarizing filters oriented 

every 60° (Goloub et al., 1994; Hagolle et al., 1996). These polarizers (Figure II-3) are added 

on a second rotating wheel. As a result, the polarized measurements for the desired spectral 

channels are derived from three measurements corresponding to the three different 

polarization directions. 

The radiation received by OSIRIS (before the polarizers) is composed of a non-

polarized natural part and a polarized part. In terms of radiance, the radiation can then be 

decomposed as in Equation II-1: 

 𝑅 = 𝑅𝑛𝑎𝑡 + 𝑅𝑝 Equation II-1 

 

 

Figure II-3: Arrangement of the three analyzers P0, P1 and P2 in respect to the electrical 

field E⃗⃗⃗  . 
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where 𝑅 is the (total) radiance and 𝑅𝑛𝑎𝑡 and 𝑅𝑝 are respectively the unpolarized and polarized 

radiances. 

When there is no polarizer in front of the detector, a direct measurement of 𝑅 is made. 

On the other hand, when measurements are done with polarizers, given Malus’s law, the 

radiance measured is: 

 𝑅𝑖 =
𝑅𝑛𝑎𝑡
2

+ 𝑅𝑝 cos
2 𝜒𝑖 Equation II-2 

𝑅𝑖 represents the radiance measured after a polarizer oriented by an angle 𝜒𝑖 with respect to 

the reference direction. Since the orientation between the polarizers is 60°, we can write: 

 

{
 
 

 
 𝑅1 =

𝑅𝑛𝑎𝑡
2

+ 𝑅𝑝 cos
2( 60 − 𝜒 )

𝑅2 =
𝑅𝑛𝑎𝑡
2

+ 𝑅𝑝 cos
2 𝜒

𝑅3 =
𝑅𝑛𝑎𝑡
2

+ 𝑅𝑝 cos
2( 60 + 𝜒 )}

 
 

 
 

 Equation II-3 

After some simplifications, we can recalculate the total radiance 𝑅 and extract the polarized 

radiance 𝑅𝑝: 

 

{
 

 𝑅 =
2

3
(𝑅1 + 𝑅2 + 𝑅3)

𝑅𝑝 =
2√2

3
√(𝑅1 − 𝑅2)2 + (𝑅3 − 𝑅2)2 + (𝑅2 − 𝑅1)2}

 

 
 Equation II-4 

The quantities 𝑅 and 𝑅𝑝 measured by OSIRIS are associated with the Stokes 

parameters as explained in section I.1.2.2. 

II.1.2 LIDAR-LNG 

The LEANDRE Nouvelle Generation (LNG) is a LIDAR system that was onboard the 

Falcon-20 along with OSIRIS during the airborne campaigns. In general, the LIDAR 

instrument associates measurement of a backscattered signal with the altitude at which the 

backscattering occurred. It consists of a telescope and a laser source emitting light pulses at 

regular intervals. Part of this radiation is backscattered and captured by the telescope that 
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measures its intensity. Knowing the transmission time and the reception time, it is possible, 

given the speed of the light, to determine the distance traveled by the signal and therefore the 

backscattering altitude. The delay between the backscattered radiations allows to obtain a 

vertical profile. 

The LIDAR-LNG involves three channels at 1064, 532 and 355 nm. Depolarization 

was also measured in a fourth channel operating at 355 nm. It was used in its backscatter 

configuration during the airborne campaigns CHARMEX/ADRIMED and CALIOSIRIS 

onboard the SAFIRE F-20 aircraft. The LNG measurements give the profiles of atmospheric 

components and in particular, in our study, it is used to obtain the cloud top altitude. 

II.1.3 CHARMEX/ADRIMED 

From 12 June to 4 July 2013, a special observing period (SOP-1a) of airborne 

measurements was performed in the framework of the Aerosol Direct Radiative Impact on the 

regional climate in the MEDiterranean region (ADRIMED) project. The whole project was 

part of a collaborative research program CHARMEX (Chemistry-Aerosol Mediterranean 

Experiment; http://charmex.lsce.ipsl.fr) investigating the Mediterranean regional chemistry-

climate interactions (Mallet et al., 2016).  

The SOP-1a took place over the western and central Mediterranean basins. It included 

airborne measurements with both the ATR-42 and Falcon-20 French research. In-situ 

measurements of the properties of the particles were carried out aboard the ATR-42 while 

active and passive remote sensing instruments were realized aboard the Falcon-20. The 

experimental setup also involved several ground-based measurement sites on islands including 

two ground-based reference stations in Corsica and Lampedusa and secondary monitoring 

sites in Minorca and Sicily. 

http://charmex.lsce.ipsl.fr/
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During the SOP-1a campaign, OSIRIS was mounted on the Falcon-20 in a nadir mode 

observation. Figure II-4 shows the Falcon-20 flight trajectories performed during the 

experiment. Most of the flights took place above sea surfaces, around Sardinia covering most 

of the western Mediterranean. Table II-1 summarizes briefly, for each flight, the region and 

the flight duration, along with some notes on the type of situations and problems encountered. 

The interest in a flight, or a particular scene, is evaluated qualitatively via a visual analysis of 

the images of OSIRIS and the LIDAR-LNG “quicklooks” (images showing the backscattering 

signal strength measured as a function of altitude and time). More details about each flight 

track are available on the CHARMEX Operation Centre website (ChOC; http://choc.sedoo.fr). 

The CHARMEX/ADRIMED project aimed mainly to study the aerosols. Most of the 

flights were intended to be cloudless. The purposes of this work being the study of clouds 

(more precisely liquid clouds), cloudless flights and ice clouds scenes were discarded. Adding 

to that, some flights with a cloud cover were also rejected mainly because the cloud could not 

cover the full matrix of OSIRIS on several successive images. Having the cloud in all the field 

of view of OSIRIS is necessary to associate multi-angular measurements with one direction 

(it will be discussed in section II.1.1.2). The technical problems that occurred with OSIRIS 

and LIDAR-LNG or difficulties to reach sufficient altitudes with the aircraft reduced also the 

 

Figure II-4: Overview of the different F-20 flight trajectories performed during the SOP-

1a campaign of the CHARMEX/ADRIMED project (Mallet et al., 2016) 

http://choc.sedoo.fr/
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number of potential cases. Therefore, we selected a case study where all the needed conditions 

have been met. It is a low altitude monolayer cloud from the 30th of June flight. It will be 

presented in section III.2.1, where all the forward model elements used in the retrieval are 

presented. 

II.1.4 CALIOSIRIS 

After CHARMEX/ADRIMED, OSIRIS participated in the airborne campaign 

CALIOSIRIS in 2014. It was carried out with the contributions of the French laboratories LOA 

Table II-1: Summary of CHARMEX/ADRIMED flights details with some notes. The - and 

+ in the interest column refer to negative and positive interest respectively. A positive (+) 

interest indicates the possibility of choosing a case study from the corresponding flight. 

Date Region 
Flight 

duration 
Notes Interest 

12/06/2013 Toulouse 53 min - Test flight - 

19/06/2013 Corsica 2h 
- Clear sky in general with minor 

coverage of fractioned low clouds 
- 

20/06/2013 Cagliari-Calabria  2h 18m 
- Clear sky  

- High altitude cloud cover 
- 

22/06/2013 South of Italy 3h 11m 
- Problem with VIS head of OSIRIS  

- Clear sky  
- 

23/06/2013 
South of Italy- 

Marseille 
2h 39m 

- Flying directly over a cloud at 5km 

- Small Cumulus 
- 

24/06/2013 
Malta-Sicily- 

Cagliari 
2h 12m 

- Small Cumulus 

- Problem with LIDAR-LNG 
- 

27/06/2013 Palma 2h 37m - Several fractioned cloud cover - 

28/06/2013 
Malta-Sicily- 

Cagliari 
2h 36m - SWIR head problem - 

30/06/2013 Cagliari 2h 39m - Low altitude cloud cover + 

02/07/2013 Malta-Sicily 2h 42m - Small Cumulus - 

03/07/2013 
Pantelleria -

Lampedusa  
2h 05m 

- Clear sky  with minor coverage of 

fractioned Cumulus 
- 

04/07/2013 Corsica 2h 12m - Small cirrus  
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and LATMOS (Laboratoire ATmosphères, Milieux, Observations Spatiales, Paris) and the 

French facility for Airborne research (SAFIRE). 

In this campaign, OSIRIS was also on board of the Falcon-20. Figure II-5 shows the 

Falcon-20 flight trajectories performed during this campaign. The aircraft made six flights 

from 16 to 30 October 2014. It covered an area that extends from the island of Corse in the 

Mediterranean Sea to the Bay of Biscay in the Atlantic Ocean via Toulouse and Bordeaux. 

The objective of this campaign was to allow the development of new clouds and aerosols 

properties retrieval algorithms in anticipation of the future space mission of 3MI with the aim 

to improve our knowledge of clouds, aerosols and cloud-aerosol interactions. 

The lack of a full cloud cover and the occurrence of technical problems in the SWIR 

head of OSIRIS restricted the number of potential case studies (see Table II-2). We only have 

a full matrix of cloud cover in the flight of 24 October. It will also be presented in Chapter III 

section III.2.2. 

 

Figure II-5: Overview of the different F-20 flight trajectories performed during the 

CALIOSIRIS. 
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II.2 Pre-retrieval Operations on the Measurements of OSIRIS 

This section presents the various treatments performed on the measurements of 

OSIRIS before and after an airborne campaign prior to the retrieval. We will address the 

calibration process and the measurements artifacts. In particular, we report the developed 

technique made to estimate the stray light and the method required to exploit OSIRIS multi-

directional information. 

II.2.1 The instrument calibration 

OSIRIS, or any other radiometer, measures the intensity of the light signal by 

converting it to an electrical signal. In the visible and NIR range, this process is based on the 

Table II-2: Summary of CALIOSIRIS flights. The - and + in the interest column refer to 

negative and positive interest respectively. A positive interest indicates the possibility of 

choosing a case study from the corresponding flight. 

Date Region 
Flight 

duration 
Notes Interest 

16/10/2014 Toulouse 2h 15m - Test flight - 

21/10/2014 
Mediterranean 

sea 
3h 04m 

- Clear sky in general with minor 

cloud coverage 
- 

22/10/2014 

Mediterranean 

sea -  Rhône 

delta 

2h 54m 

- Problem with LIDAR and SWIR 

head of OSIRIS  

- Clear sky with rare appearance of 

small Cu and Ci 

- 

24/10/2014 
Atlantic ocean – 

Bay of Biscay 
2h 45m 

- Full matrix cloud cover at 5km 

- Clear sky for the rest 
+ 

28/10/2014 
Atlantic ocean – 

Bay of Biscay 
3h 40m 

- Malfunctioning SWIR head of 

OSIRIS 

- Clear sky in general with minor 

thin cloud coverage 

- 

30/10/2014 
Atlantic ocean – 

Bay of Biscay 
2h 16m - Clear sky - 
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photoelectric effect. The conversion is performed by relating the number of photons that have 

hit the CCD matrix with the measured electrical intensity. This relationship is established 

during laboratory calibration. The radiometer is, for this purpose, placed in front of an 

integrating sphere whose radiant energy is known. The instrument performs a series of 

measurements. A calibration coefficient can then be determined to allow the conversion from 

electrical measurements to radiance. 

The calibration process has been done by the LOA engineering team. It also makes it 

possible to characterize the uncertainty in the measurement. Several factors formulate the total 

measurements error, like the uncertainty in the reference signal of the sphere and the 

uncertainty in the polarizers orientation and many others that at the time of writing this 

document, were not been addressed completely. Several in lab-calibration process indicate 

that the total measurement error can be covered by a relative uncertainty of 5% on the 

measured radiance with some fluctuations that occur from one channel to another. 

II.2.2 Artifacts of the measurements 

The measurements of OSIRIS can be affected by some low intensity artifacts that 

cannot be overlooked sometimes. These defects come either from electronic problems (dark 

currents, smearing effect...) or from optical problems (stray light). However, since the 

incoming light passes first through the optics and then is measured by the electronics, the 

corrections should be made in the reverse order. 

The LOA engineering team has already addressed, in lab calibration and 

characterization campaigns, the electronic problems arising from the dark current and the non-

uniformity of pixel sensitivity. Indeed, the wheel of polarizers is also equipped with an opaque 

shutter for the estimation of the detector dark current (Auriol et al., 2008). Concerning the 

smearing effect, which is an artifact related to the electrons transport from the CCD matrix, 

OSIRIS has an interline-transfer (IT), which ensures the reduction of the smearing effect. The 

photodiodes and the temporary storage elements are alternated line by line in the horizontal 

direction so that the accumulated charge can be rapidly shifted. It was improved compared to 

the POLDER matrix that has two joined zones (one for the acquisition and the other for the 
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transfer) which cause remarkable smearing effects when the electrons pass from one area to 

another. 

Concerning the optical artifacts, two types of stray light can be distinguished. The stray 

light type 1 is an optical artifact caused by the fact the reflection of a part of the incoming light 

from CCD matrix back to the lenses, which is then reflected back to the detectors. Since the 

telecentric aperture of OSIRIS is large, the light beams reflected by the CCD matrix can return 

to the matrix far from their starting point (up to tens of pixels) and a small diameter spot 

appears around each illuminated pixel. When a larger area of the CCD matrix is illuminated, 

the spots corresponding to each pixel are added and the intensity of the stray light observed 

increases. 

The stray light type 2 groups all the remaining optical defects that appear on the matrix. 

Indeed, when OSIRIS is illuminated by a light source covering a small circular area of the 

CCD matrix (case of center-left is shown in Figure II-6), the rest of the matrix being unlit 

should be completely black. However, three different effects can be observed: 

- Thin circles centered on the middle of the CCD matrix arising from the lens edges (green 

dashed circle in Figure II-6). 

- Small spots called “ghosts”; they are focalized reflections on the CCD matrix coming from 

the source through the filters and lenses (blue circles in Figure II-6). 

- A continuous background that spreads all over the CCD matrix. It is the sum of several 

unfocused ghosts. 

II.2.2.1 Stray light correction 

The physical explanation and measurements showed that the stray light type 1 is a 

linear effect that can be modeled by a convolution and then corrected with a deconvolution 

process, which is applied to eliminate this stray light using a Fourier transformation. A large 

in lab calibration campaign should be done first to measure accurately the spreading functions 

for each spectral band, which have not been made yet. Therefore, the stray light type 1 

correction will not be presented here. 
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To characterize the stray light type 2, in-lab experiments were conducted. Different 

parts of the CCD matrix were illuminated separately by a light source leaving the rest of the 

matrix unlighted. The image returned by the CCD matrix showed indications of stray light 

type 2: thin circles around the center of the matrix, ghosts and continuous background as seen 

in Figure II-6. It represents a case of a light source in the middle left part of the matrix. 

We present in Figure II-7, the “FULL” channel that represents the radiance measured 

at 865 nm without analyzer along with the three polarizers (P1, P2 and P3). The enlightened 

spot is on the left of the matrix. Due to the high exposure time of the source (110ms), the 

pixels (in white) are saturated. Various exposure times were used, only those that were high 

enough ensured the saturation of the illuminated area and the appearance of optical artifacts. 

That being said, the stray light type 2 in the rest of the matrix is proportional to the energy 

received in the enlightened zone. In order to remove it, we have to calculate the “stray light 

over energy received” ratio. In order to calculate this ratio, we work with the digital counts 

before their conversion to radiances. 

 

Figure II-6: In-lab image of OSIRIS at 865 nm with a light source on the left (long 

exposure time). 
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First, it is necessary to find the “real” values of the saturated pixels. Since the digital 

counts are proportional to exposure time, we used the measurements of an experiment that had 

the same light source position but with a shorter exposure time that did not saturate the spot. 

Therefore, the recalculated digital counts 𝑋𝑠
′

  are found using the equation: 

 𝑋𝑠
′(𝑖, 𝑗) =

𝑋𝑛𝑠(𝑖, 𝑗) × 𝑡exp_s

𝑡exp_𝑛𝑠
 Equation II-5 

where (𝑖, 𝑗) represent the coordinates of the pixels, 𝑋𝑛𝑠(𝑖, 𝑗) is the digital count of a non-

saturated pixel, 𝑡exp_s is the long exposure time that saturated the spot and 𝑡exp_𝑛𝑠 is the short 

exposure time that did not saturate the spot. 

The energy transmitted by the light source can then be calculated by adding up the 

recovered values in a rectangular section A of 450×300 pixels covering the illuminated spot 

in order to obtain the ratio matrix 𝑅𝑙𝑎𝑏: 

 

Figure II-7: In-lab experiment with OSIRIS at 865 nm with a light source on the left: the 

radiances captured after four filters FULL, P1, P2 and P3. The red rectangle on the 

FULL image represents the zone A used in the calculation of 𝑅𝑙𝑎𝑏. 
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 𝑅𝑙𝑎𝑏(𝑖, 𝑗) =  
𝑋𝑠(𝑖, 𝑗)

∑ 𝑋𝑠′𝐴
 Equation II-6 

where 𝑋𝑠(𝑖, 𝑗) is the digital count of a pixel in the high exposure time acquisition. 𝑅𝑙𝑎𝑏 is 

calculated for each polarizer. It is a matrix that defines a ratio for every pixel. Each ratio is the 

digital counts of the pixel in the unlighted area over the sum of the digital counts of the pixels 

in the saturated spot (the “stray light over energy received” ratio). 

We applied the correction on a clear sky measurement of OSIRIS over ocean. In 

Figure II-8, to the left we show the radiance measured with the polarizer P3. The sunglint (sun 

specular reflection on water) is in the same area as the light source used in the laboratory. 

Measured signal outside this area is caused by the stray light type 2 (we can see the thin circles 

and the continuous background in Figure II-8). To extract the stray light type 2 in each image 

corresponding to one of the polarizers, the sum of the measured radiance values in a 

rectangular section A (same as the one used to calculate 𝑅𝑙𝑎𝑏) is multiplied by the ratio 𝑅𝑙𝑎𝑏 

of this particular polarizer. 

 

Figure II-8: Over ocean measurement of the campaign CALIOSIRIS, flight of 24 October 

2014, for the OSIRIS filter P3 (865 nm) (left). The picture on the right is the same as the 

one to the left but with more contrast to show the thin circles of stray light type 2. 
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Different amounts of stray light appear in Figure II-9 according to the polarizer: P1 

inserted greater quantity than P2 and P3. In fact, since these analyzers are oriented in different 

directions, and according to Malus’s law, there will be different intensities of measured 

radiances. We recalculated the polarized radiance from the three polarizers with and without 

stray light type 2 correction. The relative differences between the two are plotted in 

Figure II-10. It can reach 25% outside the sunglint and thus it is not be ignored in some cases, 

typically in case of specular reflection. 

This method is adapted from the one used with POLDER, for which massive 

characterization was made: the CCD matrix was divided into 13×17 rectangular areas of 

16×19 pixels each. Each area was illuminated by a bright spot, while the rest of the matrix 

was observed in dark conditions. A digital filter corresponding to each zone was calculated 

with the stray light observed on the black part of the matrix (Hagolle et al., 1996). For OSIRIS, 

the same kind of characterization should be done. It requires a huge effort and was not made 

 

Figure II-9: Stray light type 2 present in the airborne measurement (same flight as in 

Figure II-8) for the OSIRIS filters: FULL, P1, P2 and P3 at 865 nm. 



II.2 Pre-retrieval Operations on the Measurements of OSIRIS 

53 

for this thesis but it is one of the objectives of the next in-lab campaigns. However, our study 

gives us a preliminary quantification of the amount of stray light type 2 that can occur with 

OSIRIS. The 10 to 25% of stray light that we showed in a clear sky image has to be corrected 

for aerosols (cloud free) retrievals. However, in a cloud scene, the absolute value of this 

correction (lower than 0.001) is less than 1% of the typical polarized radiance captured over 

clouds and thus can be neglected. 

II.2.2.2 Defective pixels 

The pixels in the CCD matrix of OSIRIS or any other sensor may face several 

abnormalities. For example, dead pixels can occur from manufacturing anomalies and are 

reported by the manufacturer. After use, a pixel can also be considered damaged if it does not 

receive any power (transistor not functioning). Contrarily, it can be saturated if it anomaly 

receives more power that it can actually accumulate. In the level 1 processing of OSIRIS data, 

both of these problems are identified using low (for the dead pixels) and high (for the saturated 

pixels) thresholds of digital counts. They are then invalidated by allocating the value -9999 to 

these pixels. 

A more difficult problem is when some pixels become defective. They give a value but 

do not perform as expected, resulting in “false” high digital counts. These pixels cannot be 

easily identified by simple thresholding because they are often below the saturation threshold. 

 

Figure II-10: The relative difference between the polarized radiance of the airborne 

measurement before and after the removal of the stray light type 2. 

https://en.wikipedia.org/wiki/Transistor


Chapter II: OSIRIS: The Airborne Radiometer for Cloud Remote Sensing 

54 

Lowering this threshold will cause false invalidations of several valid bright pixels, especially 

in the case of clouds, high reflecting surfaces or sunglint directions. 

This problem only appeared in the SWIR CCD matrix. These pixels were constantly 

defective throughout the airborne campaigns. We were thus able to identify them using an 

acquisition of a low reflecting surface. It was a scene over land, in clear sky conditions, using 

the 2200 nm channel since it induces the lowest radiances among the available channels. A 

high threshold is then set to mark all the pixels surpassing it, making sure that no valid pixels 

were invalidated. In Figure II-11.a, we show the map of the invalidated defective pixels of 

CHARMEX, they are spread all over the matrix and reach about 1% of all the pixels. 

 

Figure II-11: Invalidating and filling the defective pixels: (a) map of the invalidated 

defective pixels in the airborne campaign CHARMEX, (b) radiance at 1240 nm of a 

cloudy scene in 30 June 2013 (CHARMEX campaign). (c) is the same as (b) but after 

correction of the invalidated dead and defective pixels. 
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The large amount of all invalidated pixels in the middle of the matrix makes the 

tracking of cloud scenes (that will be presented in the next section) less accurate. These flagged 

pixels needed to be affected by values close to reality. We consequently filled every 

invalidated pixel by the average of bi-linear interpolations along the pixel column and line. In 

Figure II-11.b, we present the radiance at 1240 nm of a cloudy scene during CHARMEX. Dark 

pixels correspond to the invalidated pixels by the level 1 treatment and the defective pixels. 

The corrected image is shown in Figure II-11.c. The radiances field appears coherent and can 

be used for tracking the cloud and then for the retrievals. 

II.2.3 Tracking of scenes between multiple images 

Thanks to its wide FOV and CCD matrix, OSIRIS is able to receive radiation coming 

from multiple directions. For an acquisition, each pixel of the matrix has a radiance value 

corresponding to a different viewing angle. In case of totally covered cloudy scenes, the 

measured radiation comes mainly from the clouds. Radiance variations from one pixel to 

another are then results of the observed surface that is the cloud structures and angular effects. 

In the case of liquid water clouds for example, the geometry of observation is clearly 

highlighted with the cloud bow, which is due to cloud microphysics. As shown previously, we 

note that the sea surfaces can also generate high reflected radiances in the specular directions 

(the sunglint phenomenon). 
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As we can see in Figure II-12.a and b, when the aircraft moves forward the observed 

cloud structures appear shifted from one image to another. To use the multi-angular capability 

of OSIRIS and see the same structure with different geometry, the images have to be 

colocalized. It is thus necessary to follow the same scene on several successive images. The 

identification of cloud scenes relies on the recognition of similar structures on both images. 

However, angular effects are present at the same positions of the matrix and complicate the 

matching of the images. To remove the angular structure, we start by a pixel to pixel averaging 

of a package of similar images. Figure II-13 is the result of averaging of 14 successive images. 

The concentric contours represent the scattering iso-angles in a step of 10º. We can observe 

the main characteristics of a homogeneous plane-parallel cloud that is higher radiances in the 

forward directions and the cloud bow near 140º. Indeed, the averaging flattens most of the 

 

Figure II-12: (a) and (b) two successive images taken by OSIRIS over a cloudy scene in 

CALIOSIRIS2 on 24 October 2014. (c) and (d) are the same images as (a) and (b) but 

divided by the average image. The black arrow in (a) represents the direction of the 

airplane. 
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structural contributions and highlights the angular contributions. Therefore, if we divide the 

images to be tracked by the average of successive images, we will instead underline the 

structural effects and remove the angular effects (Figure II-12.c and d). 

Finding the best shift 

The tracking consists of finding the shift that minimizes the root mean square error 

(RMSE) between two successive images. It is a two-dimensional shift, one in the direction of 

the CCD matrix rows and the other in the direction of the columns. For all the overlapped 

pixels (where the images have a common part), the RMSE is calculated. This operation is 

repeated for each possible translation. The process is based on the assumption that the RMSE 

is minimal when the cloud structures overlap. The RMSE is calculated as follows: 

 𝑅𝑀𝑆𝐸 =  √
∑ (𝑅𝑖,𝑗

𝑛 − 𝑅𝑖+𝑑𝑖,𝑗+𝑑𝑗
𝑛+1 )2𝑖,𝑗

∑ 1𝑖,𝑗
 Equation II-7 

where 𝑅𝑛 and 𝑅𝑛+1 are radiances of two successive images, (𝑖, 𝑗) represent the coordinates of 

the pixels and (𝑑𝑖, 𝑑𝑗) represent the shifts in columns and lines respectively. 

In practice, in order to reduce the calculation time, not all combinations of translations 

(𝑑𝑖, 𝑑𝑗) are calculated. A restricted interval of potential translations is made. First, we have to 

 

Figure II-13: Average of 14 successive images of OSIRIS around the images shown in 

Figure II-12 (a) and (b).  
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define that a positive column shift between two successive images means that an observed 

scene in image n at column 𝑥, is found to be to the right of this position (𝑥 + 𝑑𝑖 with 𝑑𝑖 being 

positive). While a negative column shift corresponds to a position towards the left (𝑥 + 𝑑𝑖 

with 𝑑𝑖 being negative). Since the optical heads of OSIRIS are oriented along track in the row 

direction, only a negative column shift is possible between two successive images. The 

columns interval is thus limited to negative shifts only. In addition, in the studied cases, the 

airplane is moving forward on a straight axis while avoiding rotational movements. Therefore, 

the rows shift 𝑑𝑗 can be limited to a small interval. 

In Figure II-14.a, the matrix of different RMSE is shown with 𝑑𝑖 varying between -

200 and 0 and 𝑑𝑗 between -20 and 20. The minimum of the RMSE matrix corresponds to a 

169 pixels shift along the columns and a 9 pixels shift along the lines. This shift agrees with 

the approximated value calculated with the prior knowledge of the cloud altitude and the 

airplane altitude and speed. As we can see, the evolution towards this extremum is continuous 

and most often monotonous, no local minimum appears. Therefore, a less time consuming 

method can be implemented to scan the possible shifts with a large step first and then with a 

 

Figure II-14: Matrices of RMSE (a) and SSIM (b) for all the possible translations 

between the images shown in Figure II-12 (a) and (b). 
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fine step. This process is repeated between all the successive images that contain parts of the 

same cloudy scene. A global shift between each image and the reference image (middle image 

of the package) is then calculated in order to define the multi-angular measurements for this 

particular image. Whenever an image n is found to have a global shift greater than the 

dimension of the CCD matrix, the image is considered not having similarities with the center 

image and the tracking is stopped. In fact, the number of found directions cannot be fixed in 

advance as it depends on the aircraft speed and the cloud top altitude. 

Searching for similarities instead of differences: the SSIM method 

The same tracking can be done using the structural similarity index (SSIM). It is used 

for measuring the similarity between two images. The more similarities between two images 

are found, the highest the SSIM will be. Therefore, instead of searching for the RMSE’s 

minimum, we search for the SSIM’s maximum. SSIM is designed to improve traditional 

methods such as the RMSE (Wang et al., 2004). The SSIM index is calculated on various 

windows of an image. The measure between two windows 𝑥 and 𝑦 of common size is: 

 𝑆𝑆𝐼𝑀(𝑥, 𝑦) =
(2𝜇𝑥𝜇𝑦 + 𝑐1)(2𝜎𝑥𝑦 + 𝑐2)

(𝜇𝑥2 + 𝜇𝑦2 + 𝑐1)(𝜎𝑥2 + 𝜎𝑦2 + 𝑐2)
 Equation II-8 

Where 𝜇𝑥 and 𝜇𝑦 are the average of 𝑥 and 𝑦 respectively. 𝜎𝑥
2 and 𝜎𝑦

2 are the variances of 𝑥 and 

𝑦 respectively and 𝜎𝑥𝑦 is the covariance of  𝑥 and 𝑦. While 𝑐1 and 𝑐2 are two variables that 

stabilize the division with weak denominator. 

The SSIM is known to be more accurate (Silva et al., 2007), but takes more calculation 

time (×6 compared to RMSE). In Figure II-14b, we present the SSIM matrix that led to the 

same shift found within the RMSE matrix. However, for some cases differences may occur. 

We used the RMSE method to follow a target from one image to another, but in less contrasted 

images, where the RMSE method fails to find the “true” minima, we used the SSIM method. 

The tracking process is not limited to the successive images of OSIRIS. In fact, several 

spectral images (each one corresponds to a different spectral channel) are related to the same 

cloudy image. Even though the shift between two spectral images is smaller than the shift 

between two successive images, it cannot be neglected especially that we have to do some 

pixel-to-pixel comparisons of different channels. For these smaller shifts, we applied the SSIM 
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method to benefit from its accuracy while reducing the domain of potential shifts (from 200 

to 40) to decrease the processing time. 

As mentioned above, OSIRIS has two separate optical systems. The tracking process 

could be applied to find the overlapped pixels between the VIS-NIR and the SWIR. However, 

in addition to alignment uncertainties, as the two images have different sizes and different 

pixels resolutions, the tracking is much more complex and will be resolved in the future. For 

this study, we chose to develop two separate retrievals of cloud properties, one for each 

OSIRIS matrix. 

II.3 Summary and Conclusions 

In this chapter, we presented the multi-angular, multi-spectral and polarized 

characteristics of OSIRIS, the instrument that is exploited in this thesis. We are particularly 

interested in liquid cloud cases from two airborne campaigns CHARMEX/ADRIMED and 

CALIOSIRIS. We provided a brief summary of these two campaigns along with a description 

of the LIDAR-LNG that was onboard the Falcon-20 with OSIRIS. 

In order to retrieve the cloud properties from the measurements of OSIRIS, we looked 

first at the amount of stray light in a clear sky over ocean image where the sunglint induces 

high-reflected radiances. We found that the amount of stray light type 2 can reach up to 25% 

in some spots in the image. However, over clouds, the absolute value of this correction 

(~0.001) is negligible compared to the typical radiances captured. We also showed how we 

detect the defective pixels and how we fill them together with the invalidated pixels by the 

level 1 processing of OSIRIS data. 

One of the three main characteristics of OSIRIS is the possibility to view the same 

target under different viewing angles. We presented the scheme developed to find the vertical 

and horizontal shifts between two successive images. It is based on a calculation of RMSE or 

SSIM for all the possible shifts allowing to identify the shifts that correspond to the minimum 

RMSE or maximum SSIM. The tracking is applied not only for successive images but also for 

all the spectral images that correspond to the same cloudy image. The collocated images that 

can reach up to 90 images in some case studies are then used, along with their viewing 
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geometries as an input in the cloud properties retrieval algorithm that will be presented in the 

next Chapter. 
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III  

Retrieval of Cloud Properties Using OSIRIS 

Through the visible and near-infrared multi-angular and polarized information of 

OSIRIS, we applied different approaches that vary by the information used to retrieve the 

cloud optical thickness and when possible, the effective radius of cloud particles for each 

observed cloudy pixel using the plane-parallel and homogeneous cloud assumption. In this 

chapter, we present the method and analyze the results of the retrieval algorithms for two case 

studies from the airborne campaigns CHARMEX and CALIOSIRIS. We compared the results 

and their related uncertainties to the one of the classical retrieval methods applied to 

POLDER and MODIS in order to demonstrate the advantages of OSIRIS measurements. 

III.1 Optimal Estimation Method 

Traditionally, most atmospheric and more precisely clouds properties retrievals rely 

on Look-Up Tables (LUT) of simulated radiances pre-computed for restricted cloud properties 

and underlying surface combinations to match the observed radiances. This approach is still 

widely used in operational satellite algorithms for its fast computation time. However, there is 

a recurrent demand for more accurate retrieval methods that can take into account the 

measurements and modeling errors (one of the main recommendations of the ICWG). It 

becomes possible with the rise of computational power but requires a retrieval optimization 

based on sophisticated statistical formalism. One of the most robust approaches is the optimal 

estimation method (OEM) that is increasingly used in satellite measurements inversion 

(Cooper et al., 2003; Poulsen et al., 2012; Sourdeval et al., 2013; Wang et al., 2016). 

The OEM provides a rigorous mathematical framework to estimate one or more 

parameters from different measurements. It also has the advantage of characterizing the 
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uncertainty on the retrieved parameters while taking into account the instruments error and the 

underlying physical model errors. A complete description of the optimal estimation method 

for atmospheric applications is given by Clive D. Rodgers (Rodgers, 2000). In this book, he 

described exhaustively the information content extraction from measurements, the 

optimization of the inverse problem and the solutions and error derivations. In the following, 

we will go through the basis of this method that consist the core of our retrieval algorithm. 

III.1.1 The formalism of the optimal estimation method 

Considering a vector 𝒚, of dimension ny, containing the measurements, and a state 

vector 𝒙, of dimension nx, containing the unknown parameters to be retrieved. These two 

vectors are connected by the forward model 𝑭 and the error vector 𝜺 (Equation III-1). 

Hereafter, bold variables represent vectors or matrices. 

 𝒚 = 𝑭(𝒙) + 𝜺 Equation III-1 

The aim of the OEM is to find the best representation of parameters 𝒙 that minimizes 

the difference between simulations 𝑭(𝒙) and observations 𝒚 while considering the linearity of 

the direct model near the solution. To achieve it, a Bayesian probabilistic approach is applied. 

Before the measurement is made, an a priori knowledge of the state vector can be described 

by a probability density function (PDF) 𝑃(𝒙). After the measurement 𝒚 has been carried out, 

this knowledge can be described by the posterior PDF of the state 𝑃(𝒙|𝒚), which is a 

conditional probability (probability of having 𝒙 given that 𝒚 is true). The posterior PDF of the 

state vector can be related to its a priori PDF by the Bayes’ theorem: 

 𝑃(𝒙|𝒚) =
𝑃(𝒚|𝒙) . 𝑃(𝒙)

𝑃(𝒚)
 Equation III-2 

where 𝑃(𝒚) is the PDF of the measurements and 𝑃(𝒚|𝒙) is the PDF of the measurements given 

that we know the state vector.  

These PDF can be represented by Gaussian distributions, which is appropriate for 

representing a random noise resulting from different factors. For the state vector, we define: 
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 𝑃(𝒙) =
1

(2𝜋)
𝑛
2|𝑺𝒂|

1
2

 . 𝑒[−
1
2
(𝒙−𝒙𝒂)

𝑇. 𝑺𝒂
−1(𝒙−𝒙𝒂)] Equation III-3 

where 𝒙𝒂 is the a priori state vector and 𝑺𝒂 is the variance-covariance matrix of 𝒙𝒂, 

representing our confidence in this a priori. 

We can also define 𝑃(𝒚|𝒙) by considering a variance-covariance matrix 𝑺𝝐, which 

contains the precision on the measurement and any type of error related to the fixed parameters 

and assumptions in the simulations (forward model 𝑭): 

 𝑃(𝒚|𝒙) =
1

(2𝜋)
𝑚
2 |𝑺𝝐|

1
2

 . 𝑒[−
1
2
(𝒚−𝑭(𝒙))

𝑇
. 𝑆𝜖

−1(𝒚−𝐹(𝒙))]
 Equation III-4 

Applying Equation III-3 and Equation III-4 to the Bayes' theorem (Equation III-2), we 

can find the probability of a state vector 𝒙 based on the measurements 𝒚, 𝑃(𝒙|𝒚): 

 𝑃(𝒙|𝒚) ∝
𝑒
−
1
2
[(𝒚−𝑭(𝒙))

𝑇
. 𝑆𝜖

−1(𝒚−𝐹(𝒙))+(𝒙−𝒙𝒂)
𝑇. 𝑺𝒂

−1(𝒙−𝒙𝒂)]

𝑃(𝒚)
 Equation III-5 

III.1.2 Converging to the optimal solution 

The best estimate of the state vector 𝒙 corresponds to the maximum of 𝑃(𝒙|𝒚), or the 

minimum of what is in the exponential part of Equation III-5, the so-called cost function 𝐽(𝒙): 

 𝐽(𝒙) = [𝒚 − 𝑭(𝒙)]𝑇𝑺𝝐
−1[𝒚 − 𝑭(𝒙)] + [𝒙 − 𝒙𝒂]

𝑇𝑺𝒂
−1[𝒙 − 𝒙𝒂] Equation III-6 

The first part of this cost function represents the difference between the measurements 

and the forward model calculated for a given state vector 𝒙, weighted by 𝑺𝝐 the variance-

covariance matrix associated with the measurements and model. The second part represents 

the difference between the state vector 𝒙 and the a priori state vector 𝒙𝒂 weighted by 𝑺𝒂 the 

variance-covariance matrix associated with 𝒙𝒂. It should be noted that if our a priori 

knowledge is weak, 𝑺𝒂 is considered very large. In this case, the second part of the cost 

function will have less weight than the first and the difference between the measurements and 

the forward model will be the decisive element in the minimization. 
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The minimization of this cost function ensures that the best estimator is the closest 

state vector to the “true” state vector of the observed system. The minimum of the cost function 

is found where the derivative of 𝐽(𝒙) is equal to zero 𝑔(𝒙) =
𝑑𝐽(𝒙)

𝑑𝒙
= 0: 

 𝑔(𝒙) = −[∇𝑥𝐹(𝒙)] 
𝑇𝑺𝝐

−1[𝒚 − 𝐹(𝒙)]+𝑺𝒂
−1[𝒙 − 𝒙𝒂] Equation III-7 

The minimization, or finding the zero of the derivative, is done through the “Gauss-

Newton” iterative method (Equation III-8) while omitting the small contribution of the 

forward model second derivative.  

 

𝒙𝑖+1 = 𝒙𝑖 − [∇𝒙𝑔(𝒙𝑖)] 
−1𝑔(𝒙𝑖) 

         =   𝒙𝑖 + 𝑺𝒙𝑖
−1[𝑲𝑖

𝑇𝑺𝝐
−1(𝒚 − 𝑭(𝒙𝑖)) − 𝑺𝒂

−1(𝒙𝑖 − 𝒙𝒂)] 
Equation III-8 

where 𝒙𝑖 is the state vector, 𝑲𝑖 = ∇𝒙𝑭𝒙𝑖 is the sensitivity of (or Jacobian) matrix and 𝑺𝑥𝑖 is the 

variance-covariance matrix of the state vector defined in Equation III-9, all of them at the 𝑖𝑡ℎ 

iteration. 

  𝑺𝑥𝑖 = (𝑺𝑎
−1 +𝑲𝒊

𝑇𝑺𝝐
−1𝑲𝒊)

−1
 Equation III-9 

Prior to the retrievals that we will present later, we did not have a prior estimate of the 

state vector to be used as a priori. The iteration is then started with a first guess while applying 

a large 𝑺𝒂. In this case, the optimal solution may be far from our initial guess. Therefore, the 

Levenberg-Marquardt approach is more suitable to iterate towards the solution (Levenberg, 

1944; Marquardt, 1963). It adds a parameter 𝛾, which affects the size of the step at each 

iteration and 𝑆𝑥𝑖 becomes as expressed in Equation III-10. If the cost function increases at an 

iterative step 𝑖 then 𝛾 is increased and a new smaller step (𝒙𝑖+1) is calculated until the cost 

function decreases. 

  𝑺𝑥𝑖 = ((1 + 𝛾)𝑺𝑎
−1 +𝑲𝒊

𝑇𝑺𝝐
−1𝑲𝒊)

−1
 Equation III-10 

The iterative process stops when the simulation fits the measurement (Equation III-11) 

or when the iteration converges (Equation III-12) (Rodgers, 2000). The left side of 

Equation III-11 represents the cost function without taking into account the a priori negligible 

contribution, normalized by the dimension of the measurements vector (𝑛𝑦). It will be called 
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the cost function hereafter. Equation III-12 deals with the iterative steps and will make sure 

that the iterations will stop when the difference between two successive steps weighed by 𝑺𝒙 

is less than the dimension of the state vector. The convergence based on Equation III-11 will 

be called “convergence type 1” and the convergence based on Equation III-12 will be called 

“convergence type 2”. 

  
[𝒚 − 𝑭(𝒙)]𝑇𝑺𝝐

−1[𝒚 − 𝑭(𝒙)]

𝑛𝑦
≤ 1 Equation III-11 

  [𝒙 − 𝒙𝑖−1]
𝑇𝑺𝒙[𝒙 − 𝒙𝑖−1] ≤ 𝑛𝑥 Equation III-12 

III.1.3 The uncertainty on the retrieved state vector 

After a successful convergence, the covariance matrix of the retrieved state 

vector 𝑺𝑥  is calculated using the Jacobian at the retrieved state. It leads to a representation of 

the uncertainty on a particular parameter 𝒙𝒌 defined as the square root of the corresponding 

diagonal element 𝜎𝑘 = √𝑺𝑥𝑘𝑘, where 𝑘 is the index of the parameter in the state vector 𝒙. We 

chose to express this uncertainty using the relative standard deviation (%): 

  RSD = (
𝜎𝑘
𝑥𝑘
) × 100 Equation III-13 

In the next section, we will use the RSD to characterize the quality of the retrieval. The 

a prori variance-covariance matrix of the state vector (𝑺𝑎) is very large. Consequently, 𝑺𝑥 is 

mainly dependent on the variance-covariance matrix of the errors 𝑺𝝐 weighed by the sensitivity 

of the model to the state vector (𝑲). In this chapter, only the uncertainties on the measurements 

fixed at 5% (see section II.2.1) are accounted for and included in 𝑺𝝐. In chapter IV, we will 

present a more detailed characterization and analysis of the uncertainties related to the fixed 

parameters and approximations in the forward model. 

III.2 Description of the Studied Cloudy Scenes 

Our work focuses on two case studies: one during the CHARMEX campaign and the 

other one during the CALIOSIRIS campaign. Both cases correspond to a marine monolayer 



III.2 Description of the Studied Cloudy Scenes 

67 

cloud with differences related to the cloud altitude (altitude at 0.5 and 5.5 km), the optical 

thickness (COT~10 and ~4), and the geometry of illumination (solar zenith angles at 31º and 

59º). 

III.2.1 CHARMEX 

The first case study is from the airborne campaign CHARMEX on 30 June 2013 at 

13:40 (local time). It will be called by the name of the campaign. The aircraft flew at an altitude 

of 5 km over the Mediterranean Sea facing the French south coast (42.13°, 6.17° - red arrow 

on Figure III-1.a). The solar zenith angle was 31.5°. A vertical section of the LIDAR signals 

near our case study is shown in Figure III-1.b. There was no available data of the LIDAR-

LNG measurements at the exact time of our scene. However, the quicklooks 4 minutes before 

and 4 minutes after showed a monolayer cloud vertically expanded between about 0.3 and 0.5 

km altitude. Figure III-1.c and d show the colored RGB composition of total and polarized 

radiances obtained from OSIRIS over this cloud scene. The white concentric contours 

represent the scattering iso-angles in a step of 10º. 

The cloud strongly backscatters the total solar radiation at the three visible 

wavelengths, producing an intense white signal. On the polarized image (Figure III-1.d), we 

observe a strong directional signature of the signal, characteristic of scattering by spherical 

droplets. The main structure is the peak of polarization around 140º, which forms a white arc 

in Figure III-1.d. At larger scattering angles, we observe the supernumerary bows whose 

positions vary with the wavelength, alternating between the red, blue and green channels. The 

measured polarized signal for scattering angles smaller than 130º is largely dominated by 

molecular scattering at 490 nm, hence the blue color. 
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Figure III-1: CHARMEX case study on the 30 June 2013 at 13:40 (local time): (a) 

Airplane trajectories during this day, (b) Quicklook provided by the LIDAR-LNG close to 

the observed scene. (c) OSIRIS true color RGB composite, obtained from the total 

radiances at channels 490, 670 and 865 nm. (d) OSIRIS true color RGB composite, 

obtained from the polarized radiances at channels 490, 670 and 865 nm. 
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III.2.2 CALIOSIRIS 

The second case study is from the airborne campaign CALIOSIRIS: a cloudy scene 

observed on 24 October 2014 at 11:02 (local time). OSIRIS was at 11 km altitude above the 

Atlantic Ocean facing the French west coast (46.70°,-2.82° red arrow on Figure III-2.a). The 

solar zenith angle was equal to 59°. The LIDAR-LNG detected a monolayer cloud between 

5.4 and 5.7 km. On Figure III-2.b, the vertical profile corresponding to this scene is represented 

by the red rectangle. In Figure III-2.c and Figure III-2.d, we present colored compositions of 

total and polarized radiances obtained from three spectral bands of OSIRIS over this cloud 

scene. 

 

Figure III-2: Same as Figure III-1 but for the case study CALIOSIRIS on 24 October 

2014 at 11:02 (local time). 
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The total RGB composition of this case (Figure III-1.c) is “darker” than the one of 

CHARMEX (Figure III-2.c), meaning that a smaller amount of light is reflected in the 

CALIOSIRIS case. In Figure III-2.d, the presence of the cloud bow in the polarized radiance 

image (and also slightly in Figure III-2.c) indicates that the cloud is also composed of water 

droplets. The ocean surface modulated the scattered total and polarized radiance and increased the 

signal in the specular direction as seen in the left part of Figure III-2.d. 

III.3 Basic Settings of the Forward Model 

After the description of the core of our retrieval algorithm and the studied case studies, 

we present the input of the forward model (𝑭) used to simulate the measurements. It is a major 

element of the retrieval and corresponds to the radiative transfer assumption applied to 

simulate “surface-atmosphere-cloud” and radiation interactions with several fixed parameters 

(e.g. wind speed, cloud altitude…), for the observation geometries measured by OSIRIS. The 

state vector 𝒙 will be composed of the cloud optical thickness and the effective radius of water 

droplets. In the following, we briefly describe the basic elements of the radiative transfer 

model. 

Radiative transfer solver 

In our retrieval algorithm, we use, for the two cases, the adding-doubling approach (De 

Haan et al., 1987; Van de Hulst, 1963) described in section I.1.3.3, to solve the radiative 

transfer equation and simulate the reflected radiances measured by OSIRIS. The code is 

available in the database ARTDECO (http://www.icare.univ-lille1.fr/projects/artdeco). 

Atmosphere and surface 

We assumed a standard atmosphere with a mid-latitude summer McClatchey 

(McClatchey et al., 1972) profile for the computation of the molecular scattering. As all the 

channels used in the retrieval are in atmospheric windows (as seen in Figure II-2), the 

atmospheric absorption is not accounted for. Our case studies are purely above an ocean 

surface. The reflectance of the surface can affect the measured radiances even in cloudy 

conditions and in particular if the cloud is optically thin. It is then necessary to simulate 

http://www.icare.univ-lille1.fr/projects/artdeco
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accurately the radiative behavior of the surface and its contribution to the measured scattered 

radiation. The anisotropic surface reflectance of the ocean surface is characterized by a 

bidirectional polarization distribution function (BPDF). We used the well-known Cox and 

Munk model to compute the specular reflection modulated by ocean waves (Cox and Munk, 

1954) with a fixed ocean wind speed for each case study based on the measurements provided 

by the National Oceanic and Atmospheric Administration (NOAA). 

Cloud 

As in current operational algorithms, clouds are assumed as plane-parallel and 

homogeneous (PPH) cloud and the independent column approximation (ICA) is used. The two 

scenes studied are liquid water cloud scenes. Therefore, we used a log-normal distribution of 

liquid spherical particles (Hansen and Travis, 1974) described by an effective radius (Reff) and 

an effective variance (veff). These parameters are converted to optical properties via Mie 

calculations (Van de Hulst, 1957). The altitude of the cloud is determined by the measurements 

of the LIDAR-LNG that was onboard the research aircraft Falcon-20 during the airborne 

campaigns. 

Radiances computations 

All simulations are monochromatic computations at the central wavelength of OSIRIS 

channels. The altitude of OSIRIS and the illumination and observation geometries are 

calculated based on the coordinates of the aircraft inertial unit. As mentioned in section II.1.1, 

the two optical heads of OSIRIS have different dimensions and resolutions. In order to make 

the two comparable, we computed radiances for superpixels composed of 3 × 3 pixels in the 

VIS-NIR, which leads to a 54 m2 resolution on the ground for an airplane altitude of 10 km, 

which is comparable to the 58 m2 resolution of the SWIR head. 

III.4 OSIRIS Sensitivity on COT and Reff 

Our aim is to retrieve the cloud optical thickness (COT) and the effective radius of 

cloud water droplets (Reff) from the radiance measurements of OSIRIS. First, we will study 



Chapter III: Retrieval of Cloud Properties Using OSIRIS 

72 

the sensitivity of the radiances measured by OSIRIS, on these parameters. The study will 

concern three domains that regroup OSIRIS channels: visible, NIR and SWIR. 

III.4.1 Sensitivity on COT 

In the visible channels 

 In order to show the radiance sensitivity on COT in the visible range, we plot in 

Figure III-3, the total (a, c and e) and polarized (b, d and f) radiances simulated as a function 

 

Figure III-3: Total radiances (a, c and e) and absolute value of polarized radiances (b, d 

and f) as a function of the scattering angle for 490, 670 and 865 nm for different COT (1, 

2, 4, 8, 16 and 32) with a constant Reff = 10 μm, veff = 0.02, altitude = 5 km, ocean wind 

speed = 8 m/s and 𝜃𝑠= 60°. Brown color curve corresponds to the superposition of 

several colors in those graphs.. 
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of the scattering angle for the wavelengths 490, 670 and 865 nm for different COT (1, 2, 4, 8, 

16 and 32). The cloud is considered single layered, homogeneous and plane-parallel with an 

effective radius of 10 μm, an effective variance of 0.02, a cloud altitude of 5 km and above an 

ocean surface with a wind speed of 8m/s. The solar zenith angle is fixed to 60°. 

The scattering angles are extended from 60° (forward scattering) to 180° (backward 

scattering). Since the scene is over ocean, for small optical thickness, total and polarized 

radiances in the forward scattering direction increase due to the specular reflection of the sun 

on the water (the sunglint). The presence of cloud bow at 140° is a characteristic of a water 

cloud and originates from the scattering of light by the liquid water droplets (Goloub et al., 

2000). 

We see that the total radiances (Figure III-3 a, c and e) vary, for this range of optical 

thickness, in a homogeneous manner for all the three wavelengths at all the scattering angles. 

In fact, by increasing the optical thickness the amount of light transmitted in the cloud 

decreases and the upward scattered radiation increases. This indicates that the visible total 

radiances are sensitive to the optical thickness in these three visible channels. The degree of 

this sensitivity decreases for very large COT. We can notice that for large optical thicknesses 

(greater than 8), the difference between the curves is approximately the same even though the 

COT is doubled. 

In Figure III-3.b, d and f, the different curves representing the absolute value of 

polarized radiances for different COT are shown. We note that the polarized signal is much 

weaker than the total signal and the cloud bow at 140º is more marked. In the forward 

scattering direction, the polarized radiances increase when the COT decreases. In fact, the 

higher the COT the less the ocean surface is apparent, and therefore the polarized radiances 

reflected by the sunglint can be transmitted upwardly in the cloud. For the other scattering 

angles, the polarized radiance is almost invariant. It saturates rapidly as the cloud optical 

thickness increases, since the polarization is sensitive to the first orders of scattering and the 

measured signal no longer depends on COT when it is greater than 3. 
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In the NIR-SWIR channels 

The Figure III-4 represents the total radiances simulated as a function of the scattering 

angle for the wavelengths 1020 (a), 1240 (b), 1620 (c) and 2200 nm for different COT (1, 2, 

4, 8, 16 and 32). The other model parameters are fixed to the same values used in Figure III-3. 

The different curves corresponding to the different optical thicknesses are distinct, 

which indicates that the total radiance in the NIR-SWIR is also sensitive to COT. However, 

this sensitivity decreases more rapidly in the SWIR (1620 and 2200 nm) compared to the 

 

Figure III-4: Total radiances as a function of the scattering angle for the wavelengths 

1020 (a), 1240 (b), 1620 (c) and 2200 nm (d) for different COT (1, 2, 4, 8, 16 and 32) 

with a constant Reff = 10 μm, veff = 0.02, altitude = 5 km, ocean wind speed = 8 m/s and 

𝜃𝑠= 60°. 
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visible and NIR (1020 and 1240 nm). It is obvious in the overlapped curves at 2200 nm 

(Figure III-4.d) for COT equal to 16 and 32. 

III.4.2 Sensitivity on Reff 

In the visible channels 

Figure III-5 is identical to Figure III-3 for visible total and polarized radiances with a 

constant COT and a variable effective radius (5, 10, 15, 20, 25, 30 μm). Total radiances are 

barely sensitive to any change in the effective radius for all the scattering angles. A small 

increase in the total radiance can be identified when the radius decreases, mainly in the 

backscattering direction and related to the phase function variations. On the other hand, the 

(absolute) polarized radiances show a higher sensitivity to Reff variations. The cloud bow near 

140º and the supernumerary bows beyond 140º differ in intensity and position according to 

the effective radius of the cloud for the three visible wavelengths. This sensitivity is explained 

by the scattering phase matrix, which is highly dependent on the cloud microphysics. The 

larger the effective radius is, the higher the cloud bow and the more it shifts towards the 

forward scattering direction. Therefore, these polarized radiances are sensitive to Reff in the 

range of scattering angles between 135° and 165° as it was already shown by Bréon and 

Goloub (1998). 

The polarized radiances shown are not signed, since we show their absolute values. 

The discontinuity seen around 80° in (d) and 80°-100° in (f) indicates that the polarization 

becomes negative. We can then note that at 490 nm, the polarized radiances are higher in the 

forward scattering directions compared to 670 and 865 nm. At these wavelengths, Rayleigh 

scattering of atmospheric molecules above the cloud is important. It is linked to the altitude of 

the cloud because the quantity of air molecules is inversely proportional to the altitude. This 

cloud is at 5 km and for higher cloud altitudes polarized radiations in the forward scattering 

directions are reduced (not shown here). 
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The conclusions made above correspond to a constant optical thickness equal to 10. In 

Figure III-5.b, d and f, the inset plots show the polarized radiances for different Reff but now 

with a constant COT=3 representing a thinner cloud. Almost the same conclusions can be 

made for the thin cloud sensitivity study. 

 

Figure III-5: Total radiances (a, c and e) and absolute value of polarized radiances (b, d 

and f) as a function of the scattering angle for 490, 670 and 865 nm for different Reff (5, 

10, 15, 20, 25 and 30) with a constant COT = 10, veff = 0.02, altitude = 5 km, ocean wind 

speed = 8m/s and 𝜃𝑠 = 60°. The inset plots in b, d and f correspond to the absolute value 

of polarized radiances with variable Reff and a constant COT = 3. 
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In the NIR-SWIR channels 

Figure III-6 is the same as Figure III-4 but for variable effective radius (5, 10, 15, 20, 

25, 30 μm) and fixed COT (10). Starting with the NIR (1020 and 1240 nm), even though the 

variations in radiances are small, a low sensitivity on Reff appears. For the SWIR (1620 and 

2200 nm) wavelength, the curves corresponding to different Reff are very distinct, which 

corresponds to a larger sensitivity on Reff. The greater the radius is, the lower the NIR-SWIR 

radiances are because these radiations are absorbed by the liquid cloud droplets (𝜔0 < 1) and 

larger droplets implicates higher absorption. The difference between the curves is greater for 

low effective radius values, meaning that the sensitivity is more important. We can also note 

 

Figure III-6: Total radiances as a function of the scattering angle for the wavelengths 

1020 (a), 1240 (b), 1620 (c) and 2200 nm (d) for different Reff (5, 10, 15, 20, 25 and 

30 μm) with a constant COT = 10, veff = 0.02, altitude = 5 km, ocean wind speed = 8 

m/s and 𝜃𝑠 = 60°. The inset plots correspond to the total radiances with variable Reff and 

a constant COT = 3. 
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that the larger the radius is, the more the cloud bow is marked. Same conclusions can be made 

in the case of an optically thinner cloud (COT=3) shown in the insets of Figure III-6. 

III.5 Retrievals Using the Visible Channels 

OSIRIS has two different heads, one for the visible and one for the SWIR channels, 

each one has its own dimension and resolution. In order to exploit the measurements of 

OSIRIS while avoiding the two matrices co-registration errors, we conducted a separate 

retrieval. In this section, we present the methods that used the visible channels of OSIRIS to 

retrieve the cloud optical thickness and when possible the effective radius of cloud particles 

for each observed cloudy pixel. We start by showing the results of the classical methods 

(Mono-directional method and the POLDER-like method) and then the one we are suggesting 

that benefit from the multi-angular capacities of OSIRIS coupled with the optimal estimation 

method. The comparisons between the methods will assess the retrieved properties and their 

uncertainties. 

In Table III-1, we summarize the four approaches along with their corresponding 

measurements vector 𝒚 and state vector 𝒙. The label RΘ is used to describe the total radiance 

when the multi-angular capability of OSIRIS is used (same for RpΘ but for polarized radiance). 

For the first three methods where only the COT is retrieved, Reff is fixed to 11µm similarly to 

how the liquid water clouds over ocean are treated in the operational algorithm of POLDER 

(see section I.2.2.2). “n” represents the number of available directions for a cloud scene, which 

are shown in Figure III-7. It varied between 7 and 9 for CALIOSIRIS and between 13 and 14 

for CHARMEX. Even though the distance between the cloud and the airplane is approximately 

Table III-1: Methods used with the visible channels of OSIRIS to retrieve COT and Reff, 

with the corresponding measurement vector 𝒚 and state vector 𝒙. 

Method Measurements vector  𝒚 State vector  𝒙 

Mono-directional R(865 nm) COT (Reff =11µm) 

POLDER-like R(865 nm) COT (Reff =11µm) 

OSIRIS_8 nRΘ(865 nm) COT (Reff =11µm) 

OSIRIS_8+pol nRΘ(865 nm)+nRpΘ(865 nm) COT,Reff 
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the same in both case studies (~5 km), a higher number of multi-angular radiances is available 

for each pixel in CHARMEX due to the aircraft speed, which was 425 km/h compared to 715 

km/h in CALIOSIRIS. Therefore, each cloud target is seen in the field of view of OSIRIS for 

a longer time in CHARMEX. 

III.5.1 Mono-directional method 

The first basic approach is to retrieve the cloud optical thickness (𝒙=COT) for each 

cloudy pixel using only total radiance at 865 nm in the measurements vector (𝒚=R(865 nm)). 

This method allows us to study possible angular effects on the retrieved COT and its 

uncertainty. Results are presented in Figure III-8. (a) shows the total radiance measured by 

OSIRIS at 865 nm. As explained in section II.2.3, spatial variations are mainly due to variations 

in the observed cloud structures. The optical thickness obtained using mono-directional method is 

between 1 and 8 (Figure III-8.b) and the higher values are generally associated with higher 

measured radiances. We note however, that high radiances in the left of (a) do not necessarily 

implicate large retrieved optical thicknesses. The cloud being optically thin, these high radiances 

are the results of specular ocean reflection, which is accounted for in the forward simulation. 

 

Figure III-7: Number of available directions (n) for each pixel in the visible matrix for 

the cases CALIOSIRIS (a) and CHARMEX (b). 
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In Figure III-8.c, we show the recomputed radiances at 865 nm using the retrieved 

optical thickness. Recomputed radiances are very similar to the measured radiances, the 

relative difference between the two is always less than 5% as shown in Figure III-8.e. This is 

confirmed in Figure III-8.f that shows the value of the cost function. We see that all the pixels 

 

Figure III-8: Retrieval of COT for CALIOSIRIS using mono-directional total radiance 

at 865 nm: (a) total radiance measured at 865 nm by OSIRIS, (b) retrieved COT, (c) 

simulated total radiance at 865 nm using the COT retrieved, (d) uncertainties of the 

retrieved COT (Equation III-13), (e) relative difference between the measured and the 

simulated total radiance, and (f) cost function of the retrieval. 
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converged to the optimal solution with a good fit: the normalized convergence is less than 1 

(convergence type 1, Equation III-11). However, we should note that this is not necessarily an 

indication of an accurate retrieval, but only that a good fit has occurred. The accuracy of the 

retrieval is addressed by the response of the state vector to the errors in the measurements 

vector represented by the relative standard deviation (RSD) defined in Equation III-13. The 

RSD or the uncertainty on the retrieved COT is shown in Figure III-8.d. It reaches 15% with 

an average of 8.82%. It is strictly due to the 5% error on the measurements (see section II.2.1) 

since no other errors are included in the forward model. Adding errors on the fixed parameters 

demand the computation of their jacobians at each iteration. However, in order to reduce the 

calculation time, we decided to not include the fixed parameters. This choice was based on a 

fixed parameters sensitivity study that we conducted (not shown here), which founds that total 

radiances are slightly sensitive to the altitude, the effective variance of water droplets and the 

surface wind speed. Thus their effect on the total error can be omitted by the measurements 

error. The uncertainty on the retrieved state vector due to the fixed parameters in the forward 

will be addressed in Chapter IV. 

The uncertainty on the retrieved COT shown in Figure III-8.d reflects that a 5% 

variation on the total radiation induced an average ~9% uncertainty on the retrieved COT. The 

RSD is larger for larger radiances values. The direction of the scattered light induce also a 

higher RSD as seen for scattering angles in the forward (Θ<90º) and cloud bow directions 

(130º<Θ<140º). Both contributions are explained below through the relation between the 

radiances and optical thickness. 
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Figure III-9 presents the simulated radiances at 865 nm as a function of the cloud 

optical thickness for a fixed illumination and viewing geometry that result in a scattering angle 

Θ=100º. At this wavelength, the cloud is not absorbing, and the higher its optical thickness, 

the more it diffuses the radiation back to space. The black curve represents the monotonic 

growth of radiance with the optical thickness, along with a 5% error represented by the red 

shade around the curve. The green dashed lines illustrate the retrievals of the cloud optical 

thickness from three measurements/radiances. The grey shades represent the domains of COT 

(limited by the vertical dashed red lines) that can be retrieved from the three different radiances 

when there is 5% error on the measurements (horizontal dashed red lines). For small values of 

COT (COT=1), the radiance behavior as a function of COT is approximately linear with a 

relatively high slope. Thus, in this range, COT can be found from radiances with good 

accuracy (small grey area). For higher COT the radiance behavior tends to become asymptotic. 

The retrieval of high values of COT is therefore less accurate (relatively larger grey areas). 

 

Figure III-9: Total radiance at 865 nm as a function of COT: the grey shades represent 

the uncertainty on the COT attributed to 5% uncertainties in the radiances at 𝜃𝑠=59.7º, 

𝜃𝑣=70º and 𝜑=90º resulting in  Θ=100º. Horizontal dashed red lines represent +/- 5% 

errors on radiances represented by the green dots. 
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The range of radiances that correspond to the quasi-linear regime depends on the geometry of 

observation and illumination. The example in Figure III-9 corresponds to a scattering angle 

Θ=100º. For Θ in the forward scattering directions (Θ<90º) and the cloud bow directions 

(130<Θ<140º) the asymptotic regime is reached at lower COT explaining the higher 

uncertainty in this direction. 

For the second case study CHARMEX, the mono-directional COT retrieval at 865 nm 

is presented in Figure III-10. The retrieved COT (Figure III-10.b) in this case has a mean value 

of 10.7, it is larger than the mean COT of CALIOSIRIS meaning that this cloud case is 

optically thicker and reflected more radiation that OSIRIS observed. Consequently, for this 

case, the sea surface contribution is not apparent; the high optical thickness prevents the sun 

radiations reflected by the sea surface from passing through the cloud and being captured by 

OSIRIS above the cloud. 

The uncertainties on the retrieved COT (Figure III-10.d) varied between 6 and 12% 

with a mean value of 8.66%, slightly weaker than the CALIOSIRIS case. With a solar zenith 

angle of 31.5°, the curve of radiances as a function of COT shown in Figure III-11 does not 

reach an asymptotic behavior at least not until COT of 30 contrary to the curve with a solar 

zenith angle of 59.7°. It explains why despite the fact that we have higher radiances in 

CHARMEX, the uncertainties do not surpass the ones in CALIOSIRIS. In the case of 

CHARMEX, scattering angles smaller than 90º do not exist, which made the RSD appears 

more homogeneous all over the matrix and strictly dependent on the structural effects. 

The relative differences between the measured and simulated radiances 

(Figure III-10.e) are less than 5%. The higher the relative difference is, the higher the cost 

functions (Figure III-10.f) becomes, but however remains under the value of 1 for all the pixels 

representing a good fit (convergence type 1). 

https://www.powerthesaurus.org/despite_the_fact_that/synonyms
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Figure III-10: Same as Figure III-8 but for the case study of CHARMEX.  
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The relation between radiances and optical thickness being monotonically, the mono-

directional method always allows a COT retrieval value as it is always possible to find a cloud 

model that matches a single measured radiance of the given target. However, this value can be 

more or less far from the real value. Standard scanning radiometers are limited to mono-

directional measurements and consequently to this approach. However, the rise of multi-

angular capabilities with the POLDER instrument made the constraining of the forward model 

to simultaneously match a set of measured radiances much more challenging. In the next 

section, we present the classical POLDER method based on the use of the multi-angular 

measurements to retrieve the cloud properties. 

III.5.2 POLDER-like method 

As POLDER, OSIRIS allows using more information while exploiting the 

multidirectional measurements. The multi-angular measurements for each target were 

obtained by the tracking of cloud scenes previously presented in section II.2.3. We apply first 

 

Figure III-11: Total radiance at 865 nm as a function of COT at the same viewing angle 

𝜃𝑣=70º and azimuthal angle 𝜑=90º but with different solar zenith angles (sza): blue 

corresponds to sza=30º (CHARMEX) and green corresponds to sza=60º 

(CALIOSIRIS). 
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a POLDER-like retrieval approach , to be able to compare the results with the one of the new 

algorithm (will be presented in section III.5.3). 

For every pixel, the POLDER-like method uses the 865 nm total radiance of n different 

directions to retrieve n COT assuming a constant Reff equals to 11 μm since the scene is over 

ocean (Buriez et al., 1997). For each pixel, the measurements vector 𝒚=R(865 nm) contains 

one total radiance to find the optimal state vector 𝒙=(COT). The n retrieved COT are then 

averaged resulting in one COT value for each pixel. 

We show in Figure III-12 the results of the POLDER-like method for both cases. The 

field of retrieved COT, which is basically the average of mono-directional COTs of each pixel, 

is represented in Figure III-12 (a) and (c) for CALIOSIRIS and CHARMEX respectively. The 

uncertainty on the retrieved COT, it is calculated as the average of uncertainties for each 

 

Figure III-12: POLDER-like retrieval of COT using multi-angular radiance at 865 nm 

for CALIOSIRIS: (a) Field of COT retrieved and (b) corresponding uncertainties. (c) 

and (d) are the same as (a) and (b) respectively for CHARMEX. Arrows in (a) are used 

to identify two pixels that will be used later in a study on the pixel scale. 
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directional retrieval, and represented in (b) and (d) for CALIOSIRIS and CHARMEX 

respectively. The mean RSD is about 8% for both cases. 

As we can see in Table III-2, the mean values of the retrieved COT and its uncertainty 

using the POLDER-like method are very close to the mono-directional method. However, this 

does not necessarily mean an agreement over all the directions. 

Before discussing it, we recall that the image used in the mono-directional retrieval 

corresponds to the central image of 16 successive images for CALIOSIRIS and 27 for 

CHARMEX, while in the POLDER-like method all the viewing directions available for each 

cloudy pixel are used (n). 

In order to compare the two methods at the pixel scale, we show in Figure III-13 an 

example of radiances of two close cloudy pixels of CALIOSIRIS seen under 8 directions in 8 

successive images of OSIRIS. The first pixel (Figure III-13.a) and the second pixel 

(Figure III-13.b) correspond respectively to pixels number 1 and 2 (black arrows in 

Figure III-12.a). Each measured radiance is represented as a function of the scattering angle 

of the radiation by a red point with an error 5%. On the central image, the pixel 1 corresponds 

to the scattering angle Θ~75º (blue arrow in Figure III-13.a), and the pixel 2 to Θ~105º (blue 

arrow in Figure III-13.b). The retrieved COTs are represented by green points along with their 

uncertainties. The COT scale corresponds to the right axis of the graph. The simulated 

radiances from the retrieved COTs are represented by the blue dots. The average of all the 

mono-directional COTs is represented by the green dashed line. It corresponds to the COT 

retrieved using the POLDER-like method. 

For the first pixel (Figure III-13.a), all the retrieved mono-directional COTs are close 

to each other and eventually close to the average of 2.84. For the second pixel (Figure III-13.b), 

Table III-2: Comparison of the mean retrieved COT (in bold font) and its mean 

uncertainty (between the parentheses) using the mono-directional and the POLDER-like 

methods for CALIOSIRIS and CHARMEX. 

 CALIOSIRIS CHARMEX 

Mono-directional 4.50 (8.82%) 10.7 (8.66%) 

POLDER-like 4.48 (8.95%) 10.7 (8.72%) 
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the retrieved COTs from mono-directional measurements strongly depend on the scattering 

angle; their values varied from 5 to 8 with a wider distribution around the average COT (equal 

to 6). The COT corresponding to the central image direction (Θ~105º) is still close to the 

average COT, but for another image (e.g. Θ~90º) the value of COT can be far from the average 

multi-angular value. 

The magnitude of these variations can be different from one pixel to another. It 

highlights the advantage of the multi-angular information with the possibility to investigate 

the validity of the assumed forward model by examining the consistency in the retrieved 

optical thicknesses over different directions as done by Buriez et al. (2001). They studied the 

angular dependency of COT and proved that for an assumed plane-parallel model large 

differences may occur for different geometries especially at scattering angles lower than 90º 

and in the rainbow directions. It is confirmed here with the large uncertainty (due to the 

reduced sensitivity) examined in the mono-directional approach at these particular directions 

(see Figure III-8). 

The averaging principle of the POLDER-like method is a simple mean to retrieve the 

COT examined over different directions. It can be biased by some directional dependency. To 

deal with it, Buriez et al. (2005) developed a method to retrieve the cloud albedo using an 

averaging with angular weighting functions in order to reduce the influence of directions 

biased by microphysical or 3D effects. Those weights were based on the retrievals of large 

ADEOS-1 POLDER data sets and consequently requires the examination of all mono-

directional retrievals. In the following, we propose a different approach to constrain the 

forward model and simultaneously match the multi-angular measurements. 
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Figure III-13: POLDER-like retrieval representation for two pixels viewed under 8 

directions: total radiance at 865 nm (left Y-axis) and COT (right Y-axis) as a function 

of the scattering angles, the pixels are from CALIOSIRIS at line 116 column 50 (a) 

and line 116 column 200 (b) of the CCD matrix. Blue arrows represent the scattering 

angle corresponding to the central image. 
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III.5.3 OSIRIS visible retrieval methods 

III.5.3.1 OSIRIS_8 

One main advantage of the optimal estimation method is that it allows the use of 

several measurements per cloudy pixel to obtain the best estimation of a unique COT. The 

contributions of directions with low sensitivity are reduced without the need to apply a 

weighting function to the retrieval of each viewing angle. In this case, the measurements vector 

𝒚 contains all the available radiances at 865 nm that corresponds to the same pixel but for 

different viewing directions (𝒙=nRΘ(865 nm)). This method is called OSIRIS_8. The state 

vector 𝒙 contains only the COT and as previously a fixed effective radius equal to 11µm is 

assumed. 

 

Figure III-14: OSIRIS_8 retrieval of COT using multi-angular radiance at 865 nm for 

CALIOSIRIS: (a) Field of COT retrieved and (b) corresponding uncertainties with the 

(c) normalized cost function and (d) convergence test. 
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Figure III-14.a and Figure III-15.a present the retrieved COT using OSIRIS_8 for 

CALIOSIRIS and CHARMEX respectively. For CALIOSIRIS, the mean value of the whole 

field of retrieved COT is equal to 4.12 comparing to 4.48 (9% difference) for the POLDER-

like method. For CHARMEX, it is 10.6 which is approximately the same as the POLDER-like 

method (10.7). 

Before investigating the distribution of retrieved COT by the two methods, we discuss 

the RSD and the convergence state of the retrieval. The present RSD is smaller compared to 

that of the POLDER-like method with mean values of 2.95% and 2.37% for CALIOSIRIS 

(Figure III-14.b) and CHARMEX (Figure III-15.b) respectively comparing to 8.95% and 

8.72%. The POLDER-like method uncertainty is the average of the uncertainties on each 

mono-directional COT retrieved independently where only one radiance contributed in the 

retrieval. However, with the OSIRIS_8 method which used jointly all the avalaible 

measurements, the retrieved state is consistent at the best with the measurements vector 

containing the multi-angular measurements. For the same pixel, each additional information 

reduces the uncertainty on the retrieved parameters in the presence of the same 5% random 

noise in the measurement. 
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It is worth to mention that while using the multi-angular information the RSD appears 

more related to the structure of the cloud than to its angular effects. However, the RSD still 

depends on the sensitivity of radiances on the COT, which was observed in Figure III-11 where 

a longer quasi-linear regime is identified for higher solar zenith angle corresponding to the 

CHARMEX case (blue curve). Consequently, even if the field of COT in CHARMEX has 

higher values compared to CALIOSIRIS, the RSD COT for CHARMEX is lower than the one 

for CALIOSIRIS. In addition, a higher number of multi-angular radiances was available for 

each pixel in CHARMEX compared to CALIOSIRIS-2 (Figure III-7), which contributes to a 

higher accuracy on the retrieved COT. 

The normalized cost functions using OSIRIS_8 (Figure III-14.c and Figure III-15.c) 

have values higher than 1 on the contrary to the mono-directional method where one value of 

COT fit one measurement. In OSIRIS_8, one value of COT has to fit at best around 8 or 14 

multi-angular radiances for CALIOSIRIS and for CHARMEX respectively. Consequently, a 

perfect match between all the simulations and the measurements cannot occur unless there are 

 

Figure III-15: Same as Figure III-14 but for CHARMEX. 
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no measurement errors and the forward model represents exactly the reality with a perfect 

plane-parallel homogeneous cloud composed of droplets with an effective radius of 11µm. 

When the cost function is under 1, a convergence type 1 occurred while a convergence type 2 

stopped the iterations when the cost functions could not be minimized enough to be under 1. 

In Figure III-14.d and Figure III-15.d, we show the different types of convergence for 

CALIOSIRIS and CHARMEX respectively. A higher percentage of convergence type 1 in 

CHARMEX (51.5%), compared to only 8.5% in CALIOSIRIS, can be attributed to the scene 

being closer to the forward model assumptions with a more homogeneous cloud that cause 

less microphysical and 3D effects. We note that there was no fail in the convergence for both 

cases. 

In order to compare the retrieved COT by the POLDER-like and OSIRIS_8 methods, 

we show in Figure III-16.a and Figure III-17.a, the normalized frequency distribution of 

retrieved COT for CHARMEX and CALIOSIRIS respectively. Blue bars are associated with 

the POLDER-like method and green bars with OSIRIS_8. Dashed curves represent the fitting 

frequency distribution functions for each method characterized by the mean 𝜇 and the standard 

deviation 𝜎. For CHARMEX, the retrieved COT distributions are quite similar with 

approximately the same mean value of 10.6-10.7 and the relative differences between the two 

methods are less than 6% (inset in Figure III-16.a). For the case of CALIOSIRIS, differences 

are more pronounced in the distribution of retrieved COT and the relative differences between 

the two methods reach values of 30% (inset in Figure III-17.a). The retrieved optical thickness 

is lower when the OSIRIS_8 method is used for both cases. This is most certainly related to 

the non-linear relationship between radiance and COT that leads to biases when we compare 

an average of mono-directional COTs with a COT estimated from multi-angular radiances 

(see Figure I-8). 
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Figure III-16: Comparison of retrieved COT using the POLDER-like and OSIRIS_8 

methods for CHARMEX: (a) normalized frequency distribution of COT retrieved by 

both methods with an inset showing their angular relative difference over the whole 

field. Dashed curves represent the fitting frequency distribution functions for each 

method characterized by the mean 𝜇 and the standard deviation 𝜎. (b) Scatter plot of 

retrieved COT by both methods; the colors represent the magnitude of the angular 

relative variance of mono-directional COTs used in the POLDER-like method (shown 

in the inset). 
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We show in Figure III-16.b and Figure III-17.b, the scatter plots of retrieved COT 

using the POLDER-like and OSIRIS_8 methods for CALIOSIRIS and CHARMEX 

respectively. The scatter plots show a high correlation between the two methods for the two 

 

Figure III-17: Same as Figure III-16 but for CALIOSIRIS. 
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cases, with a high correlation coefficient r=0.936 for CALIOSIRIS and a higher one close to 

one,  r=0.995, for CHARMEX. The color scale in these scatter plots is a function of the angular 

relative variance of the mono-directional COTs that were used in the POLDER-like method.  

The distance between the points in the scatter and the one-to-one identity line is larger 

for higher angular relative variance of mono-directional COTs in both cases. COT of a plane-

parallel homogeneous (PPH) cloud with a constant effective radius would be the same 

whatever the view direction used for the retrieval. Consequently, high variance in mono-

directional COT indicates a large deviation from the PPH cloud with a constant droplet size 

distribution. OSIRIS_8 and POLDER-like methods provide closer results when the 

assumptions in the forward model cloud are valid (when we have low variance in the mono-

directional COTs). 

In order to verify these assumptions on the pixel scale,  in Figure III-18 we present the 

retrieval for the same pixels as in Figure III-13 but using the OSIRIS_8 method. Here again, 

we show in Figure III-18, the measured multi-angular radiances in red with a 5% error. The 

simulated multi-angular radiances shown in blue correspond to the retrieved COT with 

OSIRIS_8 method. The deviation from the forward model is larger for the second pixel (b) 

than for the first pixel (a). It is an indication that the second pixel corresponds certainly to a 

more heterogeneous part of the cloud, with multi-angular behavior more different from the 

multi-angular PPH approximation. When we compare the retrieved COT using OSIRIS_8 

method to the one using the POLDER-like method (Figure III-13) we obtain a 3% and a 6% 

relative difference for the first and second pixel respectively. It confirmed previous comments 

made on the whole field scale concerning OSIRIS_8 and POLDER-like closer results when 

the assumed cloud model is closer to reality. 
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Figure III-18: OSIRIS_8 retrieval for the same two pixels of Figure III-13 viewed under 

8 directions: total radiance at 865 nm (left Y-axis) and COT (right Y-axis) as a function 

of the scattering angles. 
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III.5.3.2 OSIRIS_8+pol 

The above methods assume a constant Reff for COT retrievals. The total radiance 

reflected by the clouds at a non-absorbing visible wavelength is primarily a function of COT, 

whereas the polarized light diffused from a water cloud is primarily a function of the size 

distribution of the droplets (see section III.4.2). Particularly, the polarized signature is a 

function of the effective radius of water droplets in the cloud bow directions around 140º 

(Bréon and Goloub, 1998; Buriez et al., 1997). A measurement vector more complex and 

containing the multi-angular information from total radiances and from polarized radiances 

(𝒚=nRΘ+nRpΘ) can thus be theoretically used to retrieve both COT and Reff (𝒙=COT,Reff). We 

call this method OSIRIS_8+pol. 

Results obtained with this method for the CALIOSIRIS case are presented in 

Figure III-19. Polarized radiance of the central image at 865 nm are presented in (b). The 

position of the main and supernumerary cloud bows of the polarized radiances contains 

information on Reff. However, a small number of angles (3 to 4) can be found in the range of 

scattering angles between 135º and 170º where the sensitivity on Reff is the highest. Retrieved 

Reff results are presented in Figure III-19.e. As seen in Figure III-19.h, there is numerous case 

where the algorithm led to a failure in the convergence. In fact, the retrieved Reff values for 

most of the pixels remained near the a priori Reff (10µm). The angular strips seen in 

Figure III-19.e come from the cloud bow presence in the polarized radiances for different 

successive images. The a priori value is used as a first guess to start the iterations and without 

sufficient sensitivity the algorithm could not move to further values in the next iterations, even 

with a high uncertainty on the a priori (𝑺𝒂=108),. We tested the measurements vector with 

three visible channels (490 nm 670 nm and 865 nm) instead of just 865 nm but it still did not 

provide sufficient information to retrieve effective radius. The same problem occurred with 

CHARMEX also but is not presented here. 

The small RSD Reff (Figure III-19.f) here is not a good indication of the uncertainty on 

the retrieved Reff. This RSD is indeed primarily a function of the jacobian that measures the 

amplitude of variations of radiance. However, the polarized angular signature that allows the 

Reff retrievals is a function of the cloud bow shift in the scattering angles between 135º and 

170º more than its amplitude as seen in Figure III-5. The very high values of the cost function  
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Figure III-19: Retrieval of COT and Reff for CALIOSIRIS using multi-angular total and 

polarized radiance at 865 nm: (a) total radiance measured by the 865 nm channel for the 

central image (b) polarized radiance measured by the 865 nm channel for the central 

image (c) retrieved COT, (d) retrieved Reff, (e) uncertainties on retrieved COT, (f) 

uncertainties on retrieved Reff, (g) normalized cost function and (h) convergence test. 
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(Figure III-19.g) are more representative of the failed convergence due to the weak match 

between the measurements and the simulations. 

Solutions could be to average several pixels to obtain a more important angular 

sampling (Waquet et al., 2013) or to develop other techniques that use the polarized radiances 

but without the need to calculate Jacobians or iterate from a first guess. We can cite the 

“Rainbow Fourier Transform” (Alexandrov et al., 2012) or the “Parametric fit of polarized 

reflectance” (Alexandrov et al., 2015). The development of these algorithms was not in the 

scope of this thesis, especially that we can retrieve the droplets size using the absorption of 

infrared channels of OSIRIS, as it will be presented in the next section. 

III.6 Retrievals Using the NIR-SWIR Channels 

As mentioned before, in order to avoid the two CCD matrix co-registration errors, we 

conducted a separate retrieval that did not include channels from the two heads in the same 

measurements vector. In this section, we present the methods that used the NIR-SWIR 

channels of OSIRIS to retrieve the cloud optical thickness and the effective radius of cloud 

particles for each observed cloudy pixel. We present several approaches using different 

measurement vector to retrieve COT and Reff using the NIR-SWIR channels of OSIRIS. They 

are presented in Table III-3. Indeed, according to the availability of the channels during each 

campaign, we needed to change the measurements vectors but the physical principle of using 

weak and strong absorbing channels, remains the same. We start by showing the results of the 

classical bispectral method applied to the MODIS instrument. Then we discuss the methods 

that benefit from the multi-angular capability of OSIRIS coupled with the optimal estimation 

method starting with an approach that uses the channels 1020 and 2200 nm (OSIRIS_10-22) 

for CHARMEX. In addition, we use the 1620 nm channel instead of 2200 nm (OSIRIS_10-

16) to analyze the dependency of the retrieved Reff according to the absorption channel. For 

CALIOSIRIS, the channel 1020 nm was not available in the measurements protocol, we used 

instead 1240 nm as the weak absorbing channel (OSIRIS_12-22 and OSIRIS_12-16). 
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With each approach presented next, the mesurements vector 𝒚 and the state vector 𝒙 

of each method will be discussed. We recall that RΘ is used instead of R to describe the 

radiance when the multi-angular capability of OSIRIS is used and that n represents the number 

of available directions for the same cloud scene (Figure III-20). n varied between 8 and 13 for 

CALIOSIRIS since 4 successive acquisitions in the SWIR head were abandoned for having 

radiometric problems that occurred during the flight and could not be treated in the post-

campaign data processing. On the other hand, n is between 16 and 17 for CHARMEX. We 

have a higher amount of available directions in the SWIR matrix because the SWIR head has 

a 1 acquisition every 3 seconds frequency of full round acquisitions (1 acquisition for each 

filter and polarizer) compared to 1 acquisition every 8 seconds in the VIS head. 

Table III-3: Methods used with the NIR-SWIR channels of OSIRIS to retrieve COT and 

Reff, with the corresponding measurement vector 𝒚 and state vector 𝒙. 

Campaign Method Measurements vector  𝒚 State vector  𝒙 

CHARMEX MODIS-like R(1020 nm),R(2200 nm) COT,Reff 

CHARMEX OSIRIS_10-22 nRΘ(1020 nm),nRΘ(2200 nm) COT,Reff 

CHARMEX OSIRIS_10-16 nRΘ(1020 nm),nRΘ(1620 nm) COT,Reff 

CALIOSIRIS OSIRIS_12-22 nRΘ(1240 nm),nRΘ(2200 nm) COT,Reff 

CALIOSIRIS OSIRIS_12-16 nRΘ(1240 nm),nRΘ(1620 nm) COT,Reff 

CHARMEX OSIRIS_10 nRΘ(1020 nm) COT(Reff=11µm) 

 

Figure III-20: Number of available directions for each pixel (n) in the NIR-SWIR matrix 

of the CALIOSIRIS (a) and CHARMEX (b) cases. 
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III.6.1 MODIS-like method 

The MODIS-like method, also known as the bi-spectral method allows an estimation 

of the optical thickness and effective radius from the measurements in visible and SWIR range. 

As seen in the sensitivity study (section III.4), the total radiance is mainly modulated by the 

cloud optical thickness in the visible-NIR range and by the size distribution of the droplets in 

the SWIR channels. MODIS originally uses a VIS/SWIR couple of channels (865 and 

1600/2200/3700 nm) to retrieve cloud optical and microphysical properties (Nakajima and 

King, 1990; Platnick et al., 2003). Since the filter of the 865 nm channel is not available in the 

SWIR head of OSIRIS, our MODIS-like algorithm will instead use the total radiance at 1020 

nm, which is the least absorbing band available in the SWIR head of OSIRIS. We checked the 

possibility to retrieve COT and Reff, by the construction of a Nakajima and King diagram in 

Figure III-21. We compare the diagram 1020 and 2200 nm (blue lines) with the diagram 865 

and 2200 nm (red lines) using the angular configuration of a pixel in the central image of 

CHARMEX (a solar zenith angle of 30°, an observation angle of 50° and a relative azimuthal 

angle of 20°). Both diagrams are very similar as expected, with minor shift for small particles 

(~3µm). For the rest, the total radiance at 1020 and 865 nm increases similarly with the COT. 

The total radiance at 2200 nm decreases when Reff increases (blue dotted lines). However, the 

line is a little more inclined with 1020 nm since the latter is slightly absorbed by water droplets. 

The curves are almost orthogonal for effective radius larger than 6 µm, which shows the 

feasibility of the retrieval. 
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 We applied the MODIS-like method to retrieve COT and Reff on the CHARMEX case 

study. In Figure III-22, we show the total radiances measured by OSIRIS at 1020 nm (a) and 

2200 nm (b), the retrieved COT (c) and Reff (e) and the corresponding uncertainties. Using the 

MODIS-like approach, the measurement vector 𝒚 for each pixel contains two mono-angular 

total radiances, one at 1020 nm and the other at 2200 nm (𝒚=R(1020 nm),R(2200 nm)) to 

retrieve COT and Reff (𝒙=COT,Reff). 

 

Figure III-21: Diagram of radiances at 1020 and 2200 nm for various values of optical 

depth (vertical blue dashed lines) and effective radius (solid blue lines) for a solar zenith 

angle of 30° and a view zenith and azimuth angle equal to 50° and 20° respectively 

(scattering angle Θ=101°). The red diagram is the same as the blue but when 865 nm is 

used instead of 1020 nm. 
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The retrieved COT over the whole field varies between 1 and 24 with a mean value 

equals to 12.9. The mean Reff is equal to 12.1 µm for a distribution of retrieved Reff varying 

 

Figure III-22: MODIS-like retrieval of COT and Reff for CHARMEX using mono-

angular total radiances at 1020 and 2200 nm: (a) total radiance measured by the 1020 

nm channel (b) total radiance measured by the 2200 nm channel (c) retrieved COT, (d) 

retrieved Reff, (e) uncertainties on retrieved COT, (f) uncertainties on retrieved Reff (g) 

normalized cost function and (h) convergence test. 
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between 4 and 27 µm. These values are characteristics of classical thick stratocumulus. In fact, 

smaller droplets are not stable due to coalescence and condensation processes and larger 

particles cannot reside in the terrestrial atmosphere for a long time due to the gravitational 

setting. The comparison between the SWIR and the visible head retrieved COT and 

corresponding uncertainty will be discussed after the presentation of the OSIRIS retrieval 

methods in section III.6.2.2. 

The pixels showing very small COT and Reff correspond to a convergence failure. They 

are shown in red in Figure III-22.h and represent around 1.6% of all pixels. This failure 

corresponds to pixels where the iterations lead towards smaller droplets to fit the high 

radiances instead of converging to high COT values. The fit was not reached for these pixels 

that present high values of cost function (see Figure III-22.g). The majority of these pixels is 

in the rainbow (130º<Θ<140º) and backscattering (Θ>170º) directions where the sensitivity of 

2200 nm radiances is reduced. Cho et al. (2015) show indeed that in liquid marine cloud cases, 

the phase functions for different Reff converge to the same value for the scattering angles 

around those directions leading to the failure of water droplets size in MODIS retrievals. The 

reduced sensitivity justifies also the high uncertainty on Reff (Figure III-22.f) at those scattering 

angles. For the rest of the pixels, the majority had a convergence type 1 (93%) where a good 

fit has occurred, and 5.2% had a convergence type 2. 

III.6.2 OSIRIS NIR-SWIR retrieval methods 

III.6.2.1 OSIRIS_10-22 

The MODIS retrieval method used mono-angular measurements. Since OSIRIS allows 

multi-angular measurements in the NIR-SWIR spectral bands, additional information can be 

used as seen before to retrieve COT and Reff. We add in the measurements vector the multi-

angular total radiances at 1020 and 2200 nm (𝒚=nRΘ(1020 nm),nRΘ(2200 nm)) in order to 

retrieve COT and Reff (𝒙=COT,Reff). In the case of CHARMEX, retrieved COT 

(Figure III-23.a) and Reff (Figure III-23.b) have mean values of 12.8 and 12.5µm respectively. 

The mean COT and Reff of OSIRIS_10-22 are close to the one of MODIS-like method 

(COT=12.9 and 12.1µm).  
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Three conclusions can be made when we compare OSIRIS_10-22 to the MODIS-like 

method. Some already occurred in the comparisons of multi-angular (OSIRIS_8) and mono-

directional method (see section III.5.3.1): 

 

Figure III-23: OSIRIS_10-22 retrieval of COT and Reff for CHARMEX using multi-

angular total radiances at 1020 and 2200 nm: (a) retrieved COT, (b) retrieved Reff, (c) 

uncertainties on retrieved COT, (d) uncertainties on retrieved Reff and (e) normalized 

cost function and (f) convergence test. 
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1- The angular effects (at the backscattering (Θ>170º) directions) on the retrieved COT 

disappeared when the multi-angular information is used. 

2- The uncertainties on retrieved parameters remain between 2 and 4% for all the pixels with 

close mean values, 2.58% and 2.86% for COT and Reff respectively. Uncertainties are smaller 

compared to the MODIS-like method, which uses only mono-directional information to 

retrieve COT and Reff because a higher amount of information is available when the multi-

angular capability of OSIRIS is used. 

3- The normalized cost functions using OSIRIS_10-22 have values higher than 1 on the 

contrary to the MODIS-like method. As previously, it is related to the attempt to fit all the 

available viewing directions which can not be possible for the cloudy pixels where the forward 

model is far from reality. 

In order to compare the distributions of COT and Reff for the two retrievals, we show 

in Figure III-24, the normalized frequency distribution of retrieved COT (a) and Reff (b). Blue 

bars are associated with the MODIS-like method and green bars with OSIRIS_10-22. Dashed 

curves represent the fitting distribution functions for each method. The COT for both retrievals 

have similar distributions, except that small COT values are retrieved with the MODIS-like 

method (blue pixels in Figure III-22.c), which caused the widening of the distribution function. 

However, these values can be eliminated since they correspond to a convergence fail 

(Figure III-22.h). In Figure III-24.b, the average retrieved Reff using OSIRIS_10-22 is slightly 

larger than the one retrieved with the MODIS-like method. In fact, OSIRIS_10-22 retrieval 

presents a bi-modal distribution where the peak around 10 µm exists for the two methods but 

another peak appears around 12 µm with the OSIRIS method which caused the difference in 

the mean Reff because. The MODIS-like algorithm retrieved much more small values of Reff 

that corresponds mainly to the cloud bow and backscattering directions. OSIRIS takes 

advantage of the multi-angular information to better constrain the model and the retrieved 

effective radius fields appear more homogeneous and coherent. 

https://www.powerthesaurus.org/disappeared/synonyms
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III.6.2.2 Comparisons with the visible retrievals 

Looking at the retrieved COT for CHARMEX with the visible head (Figure III-15) and 

the NIR-SWIR head (Figure III-23), a disagreement appears clearly with a mean value of 10.6 

for the visible and 12.8 for the NIR-SWIR. They should be approximately the same since the 

 

Figure III-24: Normalized frequency distribution retrieved COT (a) and Reff (b) using 

the MODIS-like and OSIRIS_10-22 methods for CHARMEX. 
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COT values are given in both cases with respect to the same reference wavelength 550 nm. 

Some differences can come from the difference in the dimensions of the two matrices of 

OSIRIS with an area covered by the visible head larger compared to the one of the SWIR head. 

Nevertheless, even for the same covered areas, the retrieved COT using the visible (OSIRIS_8) 

have higher values than when the SWIR channels are used. There is also a resolution 

difference, but we tried to reduce its effect by computing the radiances of the visible channels 

for super pixels composed of 3 × 3 pixels, which leads to a 54 m2 resolution on the ground for 

an airplane altitude of 10 km and provide comparable resolution with the SWIR head (58m2). 

Differences may arise from several sources regrouped into two categories: the forward 

model formulation and the instrument state. Starting with the first category, the gas absorption 

correction above the clouds was not accounted for in the retrievals. In fact, the radiative 

transfer code used considers the radiation as monochromatic even though the measured 

radiation is not, each filter of OSIRIS has a spectral domain varying from 10 to 80nm (Auriol 

et al., 2008). Scattering and absorption by particles can be considered constant over these short 

spectral intervals covered by the filters but gaseous absorption may vary over these intervals. 

In order to calculate the absorption of atmospheric gases, we used the Correlated k Distribution 

Method (Lacis and Oinas, 1991) that decompose the absorption of a channel into a sum of 

absorption coefficients with associated weights calculated based on the channels spectral 

function. We computed radiances with and without taking into account the absorption of water 

vapor and the greenhouse gases: CO2, CH4, N2O and CO. If the radiation at 865 nm is found 

to be more absorbed by the atmospheric gases than 1020 nm, it can explain why the retrieved 

COT in the VIS is smaller than the SWIR COT. However, no differences have been detected 

at 865 nm (or at any of the other channels of OSIRIS used in the retrievals) when we computed 

the radiances while accounting the gaseous absorption. 

Another forward model formulation that may lead to a difference between the retrieved 

COT in the visible and in the SWIR, is the cloud droplets size fixed at 11 µm in the visible 

retrievals. To test the effect of this assumption, we conducted an OSIRIS_10 retrieval 

approach that uses only the total multi-angular radiances at 1020 nm (𝒚=nRΘ(1020 nm)) to 

retrieve COT. We show in Figure III-25 the scatter plot of retrieved COT using OSIRIS_10 

(COT10) and OSIRIS_10-22 (COT10-22). The colors represent the magnitude of retrieved Reff 

using OSIRIS_10-22. When COT10-22 is larger than COT10, the retrieved Reff using 
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OSIRIS_10-22 is larger than 11µm (yellow and red dots). In fact, the total radiance is an 

increasing function of COT and a decreasing function of Reff. That being said, when the 

droplets have a size bigger than 11µm, they become more absorbing (Figure III-21) and the 

COT10-22 that permit to reach the same measured radiance should be higher than COT10. 

Contrarily, when the droplets have a size smaller than 11µm, they become less absorbing and 

the COT should be smaller (COT10-22 < COT10). Considering the whole field, the mean of 

COT10 is 12.5, slightly lower than the mean of COT10-22. Even though this decrease goes 

towards the right direction to explain the difference for the two COT, the effect of this 

assumption tested on the SWIR matrix is very small compared to the magnitude of the 

difference between the visible and SWIR COT and cannot thereby explain this difference. 

That leaves us with the second category of possible reasons for the COT difference. It 

concerns the instrument state, more precisely the calibration process. The radiometric 

calibration is derived using different calibrated integrating spheres and is done separately for 

both heads. The uncertainty on the calibration is linked to the accuracy of the sphere calibration 

 

Figure III-25: Scatter plot of retrieved COT using OSIRIS_10 and OSIRIS_10-22, the 

colors represent the values of Reff retrieved using OSIRIS_10-22. 
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and therefore the channels of both heads can be affected by different uncertainties that could 

explain the COT difference. In Figure III-26.a, we show the image at 865 nm after removal of 

the edges that are not covered by the SWIR matrix in order to make it more comparable with 

the image of the 1020 nm channel (b). 

Comparing the panels (a) and (b), we can visually identify that the radiances at 1020 

nm are higher. The histograms in Figure III-26.c, confirms this difference with two shifted 

  

Figure III-26: (c) Normalized frequency distribution of radiances measured by the 865 

nm (a) and the 1020 nm (b) channels in CHARMEX. 
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distribution around a mean value of 0.41 for 865 nm and 0.45 for 1020 nm. The radiances 

measured by different channels are not required to be similar since the atmospheric 

interactions depend on the wavelength and therefore different amount of radiation will be 

detected by OSIRIS filters. However, the diagram of radiances shown in Figure III-21 shows 

that for the domain limited by 8<COT<12 and 8<Reff<16µm (typical values encountered in 

CHARMEX retrievals), simulated radiances at 865 and 1020 nm have approximately the same 

values. Adding to this, if we look at the curve corresponding to a Reff=10µm, a 0.04 difference 

in radiances at 1020 can shift the retrieved COT by ~2. Considering all the above, the higher 

1020 nm radiances can be a result of high uncertainty in the SWIR head calibration that needs 

further investigation from the engineering team responsible of OSIRIS. 

III.6.2.3 OSIRIS_10-16 

In the SWIR head of OSIRIS, in addition to the 2200 nm, the 1620 nm is a strong 

absorbing channel that is also used by MODIS retrieval of size particle information. In fact, 

the effective radius of water droplets is derived from the amount of radiation absorbed by the 

cloud droplets. According to the cloud droplet absorption, the depth of penetration in each 

band is different. If the profile inside the cloud is not vertically homogeneous, each band will 

give different information on the effective radius. Consequently, the retrieval of Reff using 

different SWIR bands is supposed to provide different values of Reff function of the vertical 

profile inside the cloud (Platnick, 2000; Zhang and Platnick, 2011). In the approach 

OSIRIS_10-16, we use the multi-angular total radiances at 1620 nm to retrieve Reff with the 

multi-angular total radiances at 1020 nm to retrieve the COT. 

In Figure III-27, we show the total radiances measured by OSIRIS at 1020 nm (a) and 

1620 nm (b), the retrieved COT (c) and Reff (e) and the corresponding uncertainties (d) and (f) 

respectively. The mean COT (12.4) of OSIRIS_10-16 is close to the one obtained with 

OSIRIS_10-22 method (12.8). However, there is a 15% difference between the mean retrieved 

Reff with 1620 nm “Reff16” (10.6 µm) and the one retrieved with 2200 nm “Reff22” (12.4 µm). 
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Figure III-28 (a) and (b) shows the two distributions and the scatter plot of retrieved 

Reff respectively. We see that Reff22 have relatively higher values than Reff16. We can also note 

that Reff16 does not have a bi-modal distribution as Reff22. According to the scatter plot and the 

 

Figure III-27: OSIRIS_10-16 retrieval of COT and Reff for CHARMEX using total 

multi-angular radiances at 1020 and 1620 nm: (a) total radiance measured by the 1020 

nm channel (b) total radiance measured by the 1620 nm channel (c) retrieved COT, (d) 

retrieved Reff, (e) uncertainties on retrieved COT, (f) uncertainties on retrieved Reff, (g) 

normalized cost function and (h) convergence test. 
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Reff retrieved fields, we understand that the 12 µm peak of Reff22 shifted towards smaller values 

near the 10 µm peak of Reff16. The pixels corresponding to the second peak of Reff22 (around 

10µm) have at 1620 nm smaller values dispersed between 6µm and 10µm that corresponds to 

the bottom part of the image in Figure III-27.e. Since the radiations at 1620 nm are less 

absorbed than at 2200 nm they go deeper in the cloud and give information on particles situated 

deeper in the cloud. The difference in retrieved Reff implies that the observed cloud has a non-

uniform vertical profile of water droplets. We can suppose that the studied cloud presents an 

adiabatic profile with larger droplets at higher altitudes, which is consistent with young and 

no precipitating cloud. 

Regarding the RSD, we find that the mean value of the uncertainty on COT (3.34%) is 

relatively close compared to that obtained with the OSIRIS_10-22 (2.58%), which is logical 

since the channel that is mainly involved in the retrieval of COT remained the same in both 

retrievals. However, for RSD Reff there is a larger difference, 7.72% when 1620 nm is used 

compared to 2.86% when 2200 nm is used instead. This can be explained by the lower 

sensitivity of 1620 nm to the size of water droplets compared to the one of 2200 nm, as can be 

seen by the narrower diagram of radiances in Figure III-29 comparing to Figure III-21. The 

length of vertical lines is indeed shorter. Both diagrams correspond to a scattering angle equal 

to 101º. The reduced sensitivity at 1620 nm is visible as the curves of radiances corresponding 

to different Reff are closer at 1620nm than at 2200 nm. 
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Figure III-28: Comparison of retrieved Reff using the OSIRIS_10-22 and OSIRIS_10-

16 methods for CHARMEX: (a) normalized frequency distribution of Reff retrieved by 

both, and (b) scatter plot of retrieved Reff by both methods, with a color scale 

representing the normalized frequency. 
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III.6.2.4 OSIRIS_12-22 

During the flight from which the CALIOSIRIS case study has been picked, the 

protocol of measurements did not include the 1020 nm channel. We used instead the 1240 nm 

channel to apply the mono and multi-angular retrievals in the SWIR. For the MODIS-like 

method, the measurements vector 𝒚 is thus composed of two mono-angular total radiances at 

1240 and 2200 nm (𝒚=R(1240 nm),R(2200 nm)) in order to retrieve COT and Reff 

(𝒙=COT,Reff). We show in Figure III-30 the retrievals using a MODIS-like approach with 

1240 (a) and 2200 nm (b). 

 

Figure III-29: Diagram of radiances at 1020 and 1620 nm for various values of optical 

depth (vertical dashed lines) and effective radius (solid lines) for a solar zenith angle of 

30° and a view zenith and azimuth angle equal to 50° and 20° respectively (scattering 

angle Θ=101°). 
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Figure III-30: MODIS-like retrieval of COT and Reff for CALIOSIRIS using mono-

angular total radiances at 1240 and 2200 nm: (a) total radiance measured by the 1240 

nm channel (b) total radiance measured by the 2200 nm channel (c) retrieved COT, (d) 

retrieved Reff, (e) uncertainties on retrieved COT, (f) uncertainties on retrieved Reff  (g) 

normalized cost function and (h) convergence test. We not that (d) and (f) have a 

different color scale maximum. 
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The field of retrieved COT (c) has a 2.37 mean value, lower than the one of the mono-

directional COT method of 4.50 (Figure III-8) but with higher uncertainty of 10.7% compared 

to 8.82%. In fact, the linear relation between radiance and COT at 1240 nm is weaker than at 

865 nm implying a lower accuracy of the retrieved COT from measured radiances. The lower 

COT values in the SWIR compared to the visible will be addressed afterward when the multi-

angular information is used. 

 The field of retrieved Reff (Figure III-30.e) has a mean value of 7.94 µm affected by 

the high retrieved Reff around the scattering angles 130-140° where the sensitivity of 2200 nm 

radiances to the water droplet size is low (also discussed in CHARMEX). 5.9% of all pixels 

have a convergence fail (Figure III-30.g) located mainly in the small scattering angles and 

backward directions along with other pixels around the matrix that suffered from non-unique 

solutions. For this case, we obtain a higher uncertainty on the retrieved Reff (mean=21.9%) 

compared to CHARMEX with the MODIS-like method (mean=11.2%). The reduced 

sensitivity of Reff, in this case, is not limited to the cloud bow directions and supernumerary 

bows (as in CHARMEX) but is visible also at small scattering angles (left of the figure) that 

 

Figure III-31: Diagram of radiances at 1240 and 2200 nm for various values of optical 

depth (vertical dashed lines) and effective radius (solid lines) for a solar zenith angle of 

60° and a view zenith and azimuth angle equal to 40° and 70° respectively (scattering 

angle Θ=101°). 
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can be affected by specular reflection of the ocean. In fact, as shown in the diagram of 1240-

2200 nm radiances (Figure III-31), the low COT in CALIOSIRIS corresponds to the domain 

of radiances where the curves of different Reff are clearly closer, explaining the low sensitivity 

on Reff. 

When the multi-angular measurements are used, the measurements vector 𝒚 contains 

the multi-angular total radiances at 1240 and 2200 nm (𝒚=nRΘ(1240 nm),nRΘ(2200 nm)) in 

order to retrieve COT and Reff (𝒙=COT,Reff). Results are presented in Figure III-32. One major 

advantage of the multi-angular is that no aberrant values of Reff are retrieved near the scattering 

angles at 140° (Figure III-32.c). Clearly, the multi-angular measurements allow to use more 

information and to resolve the problem encountered with MODIS-like method which is also 

clear in the reduced number of failed convergences (from 5.9% to 2.4%). In areas other than 

the cloud bow and forward directions, the two methods give similar results of COT and Reff. 

In the overall scenes, slightly smaller Reff values (and consequently lower COT values) are 

obtained with a mean RSD of COT (b) and Reff (d) dropped to 2.45 and 3.93% (comparing to 

10.1 and 21.9) which gives higher confidence in the multi-angular retrieval. 

As mentioned before, the values of COT are given with respect to the reference 

wavelength of 550 nm the retrieved COT using 1240 nm should be approximately the same as 

the one retrieved with 865 nm (OSIRIS_8). However, large differences are present. The COT 

with OSIRIS_8 is 4.12, while it is 2.07 with OSIRIS_12-22. They are more flagrant than the 

differences found in CHARMEX. The same tests that we detailed in section III.6.2.2 were 

applied for CALIOSIRIS but could not explain this difference. However, recently, the 

engineering team of OSIRIS found that a calibration fault with factor 1.34 is present in the 

channel 1240 nm. Preliminary results show that this correction can increase the range of COT 

values to be close to the visible (~4), where the differences can be restricted to the 

dissimilarities in dimension and resolution between the two optical systems. 
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Figure III-32: OSIRIS_12-22 retrieval of COT and Reff for CHARMEX using multi-

angular total radiances at 1240 and 2200 nm: (a) retrieved COT, (b) retrieved Reff, (c) 

uncertainties on retrieved COT, (d) uncertainties on retrieved Reff, (e) normalized cost 

function and (f) convergence test. 
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III.6.2.5 OSIRIS_12-16 

Lastly, we assessed the dependency of the retrieved Reff on the absorbing channel used 

in the case of CALIOSIRIS while conducting an OSIRIS_12-16 approach (𝒚=nRΘ(1240 nm), 

nRΘ(1620 nm)). 

 

Figure III-33: Comparison of retrieved Reff using the OSIRIS_12-22 and OSIRIS_12-

16 methods for CALIOSIRIS: (a) normalized frequency distribution of retrieved Reff 

by both methods and (b) scatter plot of retrieved  Reff by both methods; the colors 

represent the magnitude of retrieved COT with OSIRIS_12-22. 
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In Figure III-33, we compare the retrieved Reff when the 1620 nm is used (Reff16) 

instead of the 2200 nm (Reff22). We find that Reff22 had a bi-modal distribution, with one peak 

at 3 µm where the peak of Reff16 exists. Figure III-33.c shows that the pixels with small Reff22 

correspond to the thinner part of the cloud seen in Figure III-33.a. A second peak is visible in 

the Reff22 distribution with values of Reff greater than 6 µm corresponding to the thicker part 

of the cloud. 

This is confirmed by the scatter plot of Reff16 and Reff22 presented in Figure III-33.b 

where the color scale corresponds to the values of COT retrieved with OSIRIS_12-22. Reff22 

are indeed close to Reff16 when the retrieved COT is small, difference tends to increase with 

the COT values. For small COT (lower than 2), the radiations both at 2200 nm and 1620 nm 

go through the cloud and reach the lower layers of the cloud. Retrieved values are thus 

consistent and give small droplet sizes. For higher COT, the depth of penetration of 2200 nm 

can be smaller than the one of 1620 nm and as in the CHARMEX case, gives information of 

the highest part of the cloud that in case of an adiabatic profile contains larger droplets. 

III.7 Summary and Conclusions 

In this chapter, we presented the formalism of the optimal estimation method (EOM) 

used to retrieve the cloud optical thickness and when possible the effective radius of water 

droplets. Two monolayer cloud case studies have been exploited: a thin cloud at 5.5 km with 

high solar zenith angle (60º) from the CALIOSIRIS campaign and a thick cloud at 0.5 km with 

a lower illumination angle (30º) from the CHARMEX campaign. We detailed also the forward 

model constructed to simulate the radiances scattered by the surface-atmosphere-cloud system 

back to the radiometer OSIRIS that was onboard the FALCON-20 of SAFIRE. 

The flexibility of OEM coupled with the versatility of OSIRIS allowed us to use 

different measurement vectors and compare multi-angular retrieval with the operationally 

multi-angular POLDER and mono-directional MODIS methods. 

OSIRIS has two different optical systems, one for the visible and one for the SWIR 

channels, each one has its own dimension and resolution. In order to exploit the measurements 

of OSIRIS while avoiding the two matrices co-registration errors, we conducted separate 

retrievals. All the values of the retrieved parameters along with their uncertainties are shown 
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in Table III-4. Starting with the visible head, we used the 865 nm channel to apply a Mono-

directional method. It provides a COT retrieval as it is (always) possible to find a cloud model 

that matches a single measured radiance of a given target. However, a 5% error in the 

measurements can induce around 9% uncertainty on the retrieved COT on average, and can 

reach about 15% in the forward and cloud bow directions. Adding to that, the variability of 

the retrieved COT, that is clearly related to the different directions used, indicates large 

deviation from the plane-parallel homogeneous (PPH) cloud that assumed a constant droplet 

size distribution (with Reff=11µm). 

Table III-4: The mean retrieved COT and Reff (in bold font) and their mean 

uncertainties (between the parentheses) using the different methods used in this chapter 

for CALIOSIRIS and CHARMEX. “*” is used to represent a parameter not retrieved and 

set to a constant value in the retrieval.  

 
CALIOSIRIS CHARMEX  

COT Reff COT Reff 

V
IS

-N
IR

 h
ea

d
 

Mono-directional 
4.50 

(8.82%) 

11* 

 

10.7 

(8.72%) 

11*- 

POLDER-like 
4.48 

(8.95%) 

11* 10.7 

(8.66%) 

11*- 

OSIRIS_8 
4.12 

(2.95%) 

11* 10.6 

(2.37%) 

11* 

S
W

IR
 h

ea
d
 

MODIS-like (10-22) 
/ / 12.9 

(8.82%) 

12.1 

(11.2%) 

OSIRIS_10-22 
/ / 12.8 

(2.58%) 

12.5 

(2.86%) 

OSIRIS_10-16 
/ / 12.4 

(3.34%) 

10.7 

(7.72%) 

MODIS-like (12-22) 
2.37 

(10.1%) 

7.94 

(21.9%) 

/ / 

OSIRIS_12-22 
2.07 

(2.45%) 

6.85 

(3.39%) 

/ / 
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The POLDER-like method, used operationally, uses the total radiance at 865 nm to 

retrieve for every pixel an average of mono-directional COTs while assuming a constant Reff 

equals to 11 μm. As COT is retrieved individually for each view direction, uncertainties are of 

the same order than the mono-angular cases (~9%). We proposed a different approach 

(OSIRIS_8) to constrain the forward model by simultaneously matching a set of measured 

radiances. Even though it is more challenging, the higher amount of physical information 

available for each pixel when all the multi-angular measurements are used permits OSIRIS_8 

to retrieve the cloud properties with a lower uncertainty (2 to 3%) while avoiding the 

directional bias. OSIRIS_8 and POLDER-like methods are found to provide closer results 

when the assumed cloud model (PPH) is close to reality. The previously mentioned methods 

assume a constant Reff for COT retrievals. We tried to retrieve both COT and Reff following 

Bréon and Goloub (1998) method that uses the polarized signature scattered by water droplets 

between 135º and 170º to retrieve the effective radius of water droplets. However, the small 

number of angles available in these directions is not sufficient to obtain a successful retrieval. 

When the NIR-SWIR head of OSIRIS is used, the coupling of an absorbing and a non-

absorbing channel permits the retrieval of both COT and Reff. In the zones of low sensitivity 

or multiple solutions, especially around the cloud bow, the multi-angular measurements 

(OSIRIS_10-22 and OSIRIS_12-22 methods) constrain better the model and avoid most of the 

failed convergences that occurred when only two mono-angular radiances (one for each 

channel, as applied with MODIS) are used. We showed that the OSIRIS multi-angular retrieval 

presents a major advantage over MODIS like method when retrieving COT and Reff by 

eliminating the angular effects around the cloud bow and glory directions. It allows 

consequently a higher accuracy on the retrieved properties. For example, in CHARMEX the 

uncertainties on COT are reduced from 8.82% to 2.58% same as the uncertainties on Reff from 

11.2% to 2.86%. 

In the SWIR head of OSIRIS, there is more than one strong absorbing channel. 

OSIRIS_10-16 (or OSIRIS_12-16) allows retrieval of the water droplets size at lower altitudes 

of the clouds since the 1620 nm has a higher depth of penetrations. We obtained, in the studied 

cases, Reff22 larger than Reff16, which is coherent with young clouds with an adiabatic profile 

where the droplet size increases with altitude. When the COT is lower than 2, the radiations at 
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2200 nm penetrate in the cloud as much as the radiations at 1620 nm and both channels tend 

to retrieve the same small sizes of water droplets. 

Knowing that the values of COT are given with respect to the reference wavelength of 

550 nm, the retrieved COT using different channels should be approximately the same. In the 

two cases, the difference between the visible and NIR-SWIR retrievals are obvious and non-

negligible.  

For CALIOSIRIS, we used the 1240nm channel as the non-absorbing channel that 

gives information on optical thickness. The engineering team of OSIRIS found recently that 

the radiances at 1240 nm should be corrected with a factor of 1.34. Preliminary results of this 

correction show that the retrieved COT with OSIRIS_12-22 increase with this correction to 

the range of values coherent with the one retrieved with the visible channel (~4). 

For CHARMEX, we used the 1020 nm channel and retrieved a mean COTOSIRIS_10-22 (12.8) 

higher than the visible mean COTOSIRIS_8 (10.6). We conducted several tests to find the 

possible cause. Neither the fixed Reff used in the visible nor the gas absorption correction could 

explain the difference. However, we found a bias of 0.04 (~10%) between the measured 

radiances at 865 and 1020 nm while they should be approximately the same in the range of 

COT and Reff found in this cloud case. A radiances bias was also found in the channel 940 nm 

present in both the visible and SWIR optical systems of OSIRIS. These bias and differences 

revealed by OSIRIS measurement exploitations need further investigation by the engineering 

team of OSIRIS. 
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IV  

Error Characterization and Analysis 

The optimal estimation method provides a rigorous characterization of the retrieval 

uncertainties, not only the one originating from the measurement noise but also the one issued 

from the uncertainties of the fixed model parameters and from the uncertainties of the forward 

model itself. In this chapter, we assess the different errors on the retrieved parameters that 

can be encountered with the measurements of OSIRIS or with any other type of remote sensing 

measurements. First, we present the formalism of error extraction and separation and we 

quantify the errors for a large range of COT and Reff. Then we apply the mathematical 

framework to obtain the uncertainties on the COT and Reff retrieved from the measurements 

of OSIRIS. 

IV.1 Separation of Different Types of Errors 

The relationship between the measured quantity 𝒚 and the unknown state vector 𝒙 has 

been already introduced in Chapter III (Equation III-1). However, a generalized description 

(Equation IV-1) can be expressed using auxiliary information provided by a set of fixed 

parameters 𝒃. These parameters are used in the forward model 𝑭 without being included in the 

retrieved state vector 𝒙. They will be listed in section IV.1.2. We recall that 𝝐 is the vector 

containing the retrieval error that includes the measurement and forward model errors. 

 𝒚 = 𝑭(𝒙, 𝒃) + 𝝐 Equation IV-1 

The distribution of the retrieval error is considered as a conventional random error that 

can be embedded in the error covariance matrix 𝑺𝝐. Weighing 𝑺𝝐 by the sensitivity of the 

forward model to the state vector (Jacobian matrix 𝑲) and adding it to the inverse of the a 
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priori covariance matrix (𝑺𝑎
−1

) leads to the covariance matrix of the state vector 𝑺𝑥 

(Equation IV-2). Since our prior knowledge of 𝒙 is weak, 𝑺𝒂 is very large and 𝑺𝑎
−1

 very weak. 

  𝑺𝑥 = (𝑺𝑎
−1 +𝑲𝑇𝑺𝝐

−1𝑲)
−1

 Equation IV-2 

This expression allows a representation of the uncertainty characterized by the width 

of the error distribution. The uncertainty on a particular parameter 𝒙𝑘 can then be defined as 

the square root of the corresponding diagonal element 𝜎𝑘 = √𝑺𝑥𝑘𝑘, with 𝑘 being the index of 

the parameter in the state vector 𝒙. 

In the retrievals presented in Chapter III, the error covariance matrix 𝑺𝝐 was only 

limited to the measurements error covariance matrix 𝑺𝑚𝑒𝑠. Consequently, the uncertainty on 

the retrieved state vector was restricted to the contribution of the measurement errors. 

However, two additional types of errors can contribute in 𝑺𝑥. The first one originates from the 

fixed parameters (elements of 𝒃) in the simulations represented by the covariance matrix 𝑺𝑓𝑝. 

The second one concerns the forward model itself. Radiative transfer is accurately computed 

but several assumptions were made concerning the cloud model used as input of the radiative 

transfer computation. The uncertainties on the retrieved parameters related to these 

approximations are regrouped in the covariance matrix 𝑺𝐹. 𝑺𝝐 is then addressed as a sum of 

these three components: 

 𝑺𝝐 = 𝑺𝑚𝑒𝑠 + 𝑺𝑓𝑝 + 𝑺𝐹 Equation IV-3 

Previous studies (Iwabuchi et al., 2016; Poulsen et al., 2012; Sourdeval et al., 2015; 

Wang et al., 2016) that have exploited the uncertainties on the retrieved parameters in an 

optimal estimation framework dealt with all error contributions together through the 

application of 𝑺𝝐 in Equation IV-2. The final error (𝑺𝑥) is analyzed without separating the 

effect of each type of error. 

In order to highlight their magnitude individually and better understand the sources of 

errors, we go further and separate the contributions of each type of error. It is realized by 

propagating the covariance matrices of errors from the measurement space into the retrieved 

state space (Rodgers, 2000). The gain matrix 𝑮𝒚 representing the sensitivity of the retrieval to 

the measurement is used: 
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 𝑮𝒚 = 𝑺𝒙𝑲
𝑇𝑺𝝐

−𝟏 Equation IV-4 

The total error on the retrieved state vector (𝑺𝒙) can be decomposed into three 

contributions (Equation IV-5), with each term originating from its corresponding error 

covariance matrix in Equation IV-3. 

 𝑺𝒙 = 𝑺𝒙𝑚𝑒𝑠 + 𝑺𝒙𝑓𝑝 + 𝑺𝒙𝐹 Equation IV-5 

Each term in this equation is developed and discussed in the following three sections. 

IV.1.1 Uncertainties related to the measurements 

Any type of measurement is subject to errors. Remote sensing measurements are not 

an exception. It is necessary to apply calibration processes to study the relationship between 

the electrical signals measured by the detectors and the radiances and quantify its uncertainty. 

Calibration is lead during laboratory experiments prior the airborne campaign or the 

instrument launch into space (Hickey and Karoli, 1974) or in-situ if calibration sources are 

available on board the sensor (Elsaesser and Kummerow, 2008). The uncertainty of the 

measurements determined during calibration is usually random and uncorrelated between 

channels. 

As errors between measurements are supposed to be independent, the covariance 

matrix of measurement noise 𝑺𝑚𝑒𝑠 (Equation IV-6) is diagonal with dimensions equals to the 

measurements vector dimension (𝑛𝑦 × 𝑛𝑦). The diagonal elements 𝜎𝑚𝑒𝑠𝑖
2  are the square of the 

standard deviation of measurements errors. The calibration of OSIRIS was presented in II.2.1. 

We calculated the covariance matrix based on 5% of measurements errors: 𝜎𝑚𝑒𝑠𝑖 = 𝑅λΘ𝑖
×

5%. 

 𝑺𝑚𝑒𝑠 =

[
 
 
 
 
𝜎𝑚𝑒𝑠1
2 0 … 0

0 𝜎𝑚𝑒𝑠2
2 … 0

⋮ ⋮ ⋱ ⋮
0 0 … 𝜎𝑚𝑒𝑠𝑚

2
]
 
 
 
 

 Equation IV-6 
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The error covariance matrix on the retrieved parameters due to the measurement errors 

is then expressed by mapping the covariance matrix 𝑺𝑚𝑒𝑠 from the measurements space to the 

state space by using the gain matrix 𝑮𝑦: 

 𝑺𝑥𝑚𝑒𝑠 = 𝑮𝑦𝑺𝑚𝑒𝑠𝑮𝑦
𝑇   Equation IV-7 

Similar to the total uncertainty, the uncertainty on a particular parameter 𝒙𝒌 originating 

from the measurements error is defined as the square root of the corresponding diagonal 

elements, the standard deviation 𝜎𝑘𝑚𝑒𝑠 = √𝑆𝑥𝑚𝑒𝑠𝑘𝑘
. We chose to express this uncertainty 

using the relative standard deviation (RSD (%) - III.1.3) 

Before applying the error computation on the real measurements of OSIRIS, we 

present the uncertainties for different couples of COT and Reff. They are computed based on 

26 total radiances (13 at 1240 nm and 13 at 2200 nm) for scattering angles ranging from 60º 

to 180º with a step of 10º covering the forward and backward scattering. The tables can be 

seen as an uncertainty assessment of the multi-angular bispectral approach for different range 

of COT and Reff. 

 

Figure IV-1: The uncertainties on COT (left) and Reff (right) originating from the 

measurement errors for different couples of COT and Reff. Uncertainties are represented 

by the relative standard deviation (RSD). Values of Reff vary between 2 and 29 µm and 

values of COT vary from 0.1 to 100 on a logarithmic axis. 
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We show in Figure IV-1 the uncertainty on COT (left) and Reff (right) originating from 

the measurements. The uncertainties on the optical thickness increase with the value of the 

latter while being invariant in respect to the effective radius of water droplets. They are under 

2% for very thin clouds (COT< 1) and start to increase with COT until they reach 6% for COT 

close to 20. For COT higher than 20, the uncertainties are about 15%. The increase of 

uncertainties with COT is related to the radiance-COT relationship. Indeed, as the COT 

increases, the gradient of the COT-radiance relationship decrease causing larger uncertainties. 

The uncertainties of the effective radius are also related to radiance sensitivity. They are 

around 8% for an optical thickness less than 10 and a large effective radius. For the other 

values, they remain around 4%. Large uncertainties correspond mainly to the small effective 

radius to the tip of Nakajima diagram (Figure III-31) and the decrease of sensitivity for large 

effective radius. 

IV.1.2 Uncertainties related to the fixed parameters 

Retrievals using cloud remote sensing observations require prior knowledge on several 

unknown parameters that complete the forward model. Those parameters are not retrieved due 

to lack of sufficient information regarding the surface, the atmosphere and the cloud layer 

properties. In order to compute the fixed parameters errors, we quantified the possible error in 

our estimation of the fixed model parameters, which are the altitude of the cloud (alt), the 

effective variance of the cloud droplet distribution (veff) and the ocean wind speed (ws). These 

errors are set in the diagonal covariance matrix 𝑺𝜎𝑓𝑝. They are weighed by 𝑲𝑓𝑝 the Jacobian 

matrix containing the gradient of the forward model with respect to the fixed parameters. It is 

used to evaluate the sensitivity of the forward model to these parameters. Finally, as 

previously, the errors are mapped from the measurements space to the state vector space 

through 𝑮𝑦 in order to estimate their contribution in the retrieval uncertainty (Equation IV-8). 

 

          𝑺𝑥𝑓𝑝 = 𝑮𝑦 𝑺𝑓𝑝𝑮𝑦
𝑇 

= 𝑮𝑦𝑲𝑓𝑝 𝑺𝜎𝑓𝑝𝑲𝑓𝑝
𝑇 𝑮𝑦

𝑇 

Equation IV-8 

Every column in 𝑲𝑓𝑝 and  𝑺𝜎𝑓𝑝 is dedicated to one fixed parameter. Therefore, we can 

separate the contributions of every element of the fixed parameters vector (Equation IV-9). 
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 𝑺𝑥𝑓𝑝 = 𝑺𝑥𝑓𝑝𝑎𝑙𝑡
+ 𝑺𝑥𝑓𝑝𝑤𝑠

+ 𝑺𝑥𝑓𝑝𝑣𝑒𝑓𝑓
 Equation IV-9 

Every covariance matrix from the right side of Equation IV-9 is developed as shown in 

Equation IV-10. 𝜎𝑏 is the standard deviation of the fixed parameter error and 𝑲𝑏 is a column 

vector containing the gradient of the forward model in regard of the same fixed parameter 𝒃. 

 𝑺𝑥𝑓𝑝𝑏
= 𝑮𝑦𝑲𝑏𝜎𝑏

2𝑲𝑏
𝑇𝑮𝑦

𝑇 Equation IV-10 

In order to develop 𝑺𝑥𝑓𝑝𝑏
for each element of 𝒃, the forward model has been constructed 

in a flexible way that permits to initiate small variations of any fixed parameter and then 

calculate the partial derivatives of the forward model in regard the auxiliary data: 𝑲𝑎𝑙𝑡, 𝑲𝑣𝑒𝑓𝑓 

and 𝑲𝑤𝑠; the Jacobians of the fixed parameters. In the following, we will discuss the last 

elements needed in Equation IV-10 which are the standard deviations of the cloud altitude, the 

effective variance of water droplets and the ocean wind speed, 𝜎𝑎𝑙𝑡, 𝜎𝑣𝑒𝑓𝑓 and 𝜎𝑤𝑠 

respectively. 

 

Figure IV-2: Altitude of the backscattering maximum of the LIDAR-LNG signal in 

function of time for the case of CALIOSIRIS, the blue vertical lines limit the studied 

scene. 
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To estimate the uncertainties originating from the fixed cloud altitude, we used the 

backscattering altitudes of the LIDAR-LNG signal obtained around the case study of 

CALIOSIRIS, from 11:01:06 to 11:03:06 (Figure IV-2), it varies between 5.57 and 5.73 km 

in our cloud scene. A 3% uncertainty is then retained for the cloud altitude considered between 

5 and 6 km. 

Concerning the effective variance veff, for which the polarized radiance is highly 

sensitive in the supernumerary arcs near the cloud bow (Bréon and Goloub, 1998), we fixed a 

value of 0.02 based on the position of the cloud bows and supernumerary arcs in the polarized 

radiances (Figure IV-3). Until now, no studies quantify the errors on veff when it is retrieved. 

After testing several values of 𝜎𝑣𝑒𝑓𝑓, we found that there are no major differences in the final 

error. We choose to add a 15% possible error in the estimation of this parameter. 

For the ocean wind speed fixed to 8 m/s obtained from the database of the NOAA 

(National Oceanic and Atmospheric Administration), we used a 10% of possible error. It 

covers the possible sources of errors in the surface wind speed retrievals 

 

In Figure IV-4, we show the uncertainty on COT and Reff in % due to an incorrect 

estimation of each fixed parameter in the forward model. Panels (a) and (b) represent the 

 

Figure IV-3: Averaged polarized radiances measured by OSIRIS for a transect in the 

middle of the central image of CALIOSIRIS (in red) and the simulated polarized 

radiance with an effective radius of water droplets equal to 0.02 (in blue), as a function 

of the scattering angles. The positions of the supernumerary bows coincide for a value 

of veff equal to 0.02. 
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uncertainties originating from the fixed cloud altitude, RSD COT (alt) and RSD Reff (alt) 

respectively. Both show very small (< 0.15 %) to null values of uncertainties. In fact, the 

altitude of the cloud defines the quantity of air molecules encountered by the radiation in its 

downward and upward movement before it reaches OSIRIS, and consequently by the amount 

of Rayleigh scattering that occurs by these molecules. This type of scattering is dominant at 

shorter wavelengths (towards the blue end of the visible spectrum) and becomes negligible at 

the studied wavelengths (1240 and 2200 nm). Therefore, at these wavelengths, an error in the 

fixed cloud altitude does not contribute to the uncertainty on the retrieved COT and Reff. 

The (c) and (d) panels in Figure IV-4 represent the uncertainties on the retrieved COT 

and Reff originating from the fixed effective variance, RSD COT (veff) and RSD Reff (veff) 

respectively. RSD COT (veff) is nearly null for COT smaller than 20, as the 15% possible error 

on the value of veff (0.02) does not modify the total weak absorbing radiances. For higher COT 

values, minor variations of radiances lead to larger variations on COT as the radiances are in 

the asymptotic part of the COT-radiance relationship. The RSD COT (veff) can then reach 

0.5%. On the other hand, when Reff is less than 15 µm, RSD Reff (veff) reaches 0.5% for all the 

values of COT since veff characterize the number of supernumerary cloud bows that are also 

sensitive to Reff. For Reff values higher than 15 µm, the supernumerary cloud bows start to 

disappear which flatten the total radiances and make them less sensitive to veff and thus the 

uncertainties are smaller. 

Concerning the ocean wind speed, the panels (e) and (f) in Figure IV-4 shows that an 

error in the estimation of this parameter affects the retrieved COT and Reff only when COT is 

less than 1 whatever the values of Reff are. In fact, the water-air interface is reflecting mainly 

in the direction of specular reflection, but the ocean is not perfectly smooth. Its surface is 

modulated by waves that enlarge the directions of reflection due to the specular reflection. 

These waves are mainly formed by the wind. The higher the surface wind speed is, the greater 

the amplitude of the waves leading to a larger reflection angle (wider sun-glint). The Sun-glint 

reflection is seen by OSIRIS only for very small values of COT and implies uncertainties on 

the retrieved parameters of about 0.5%. At higher COT, the surface is non-apparent to OSIRIS 

measurements and uncertainties are thus close to zero. 
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We note that all the uncertainties of the studied fixed parameters remain below 1%, 

which shows that retrieval of all the COT-Reff couples does not have a high dependence on the 

 

Figure IV-4: Same as Figure IV-1 but for the uncertainties on the retrieved COT and 

Reff originating from the ancillary parameters errors: altitude (a and b), the effective 

variance of water droplets (c and d) and the surface wind speed (e and f). 
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fixed parameters. In other configurations, we may encounter higher uncertainties originating 

from a bad estimation of a fixed parameter or a finer accuracy on the retrieved properties may 

be needed. We either have to make a better measurement of that fixed parameter (reduce 𝜎𝑏 

in Equation IV-10) or redesign our forward model in a way that it becomes less sensitive to 

that particular parameter (e.g. choosing a different channel to reduce 𝐾𝑏 in Equation IV-10). 

However, when the uncertainty of an ancillary parameter is significantly high, it means that 

the forward model is highly sensitive towards the small variation of this parameter. In this 

case, it should be added to the state vector in order to be retrieved from the measurements 

vector. 

IV.1.3 Uncertainties related to the forward model 

Forward models are usually formulated around some limitations and assumptions that 

can contribute to the uncertainty on the retrieved parameters. The forward model used to 

simulate the radiances measured by OSIRIS follows the cloud plane parallel assumption. This 

assumption is known to cause errors on the retrieved parameters (see section I.2.3). They can 

be assessed and included in the total uncertainty as explained in section IV-1. The evaluation 

of these modeling errors requires an alternative forward model 𝑭′ that includes more realistic 

physics. The contribution of this error is represented by the following equation: 

 𝑺𝑥𝐹 = 𝑮𝑦𝑺𝐹𝑮𝒚
𝑇 Equation IV-11 

𝑺𝐹  is diagonal with dimensions equals to the measurements vector dimension (𝑛𝑦 × 𝑛𝑦). Each 

diagonal element is the difference between radiance computed for a specific direction with the 

simplified forward model 𝑭 and the one computed with the more realistic forward model 𝑭′ 

while maintaining the same state vector 𝒙 and the fixed parameters vector 𝒃: 

(𝑭(𝒙, 𝒃) − 𝑭′(𝒙, 𝒃))
2
. 

We chose to quantify the uncertainties related to the homogeneity assumption of the 

cloud, which usually is far from reality. In the following, we present the two forward models 

used to quantify the uncertainties of these unrealistic vertical and horizontal homogeneous 

cloud assumptions. 
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IV.1.3.1 Non-uniform cloud vertical profile model 

The vertical distribution of the cloud droplets is important to provide an accurate 

description of the radiative transfer in the cloud (Chang, 2002) and obtain a more accurate 

description of the cloud microphysics such as the water content or the droplet number 

concentration. For simplicity reason, classical algorithms assume a vertically homogeneous 

cloud model. However, several authors and results obtained in chapter III, shows a dependency 

of the effective radius retrievals on the SWIR band used, 1620 or 2200 nm. These differences 

are explained by the non-uniformity of cloud vertical profiles and by the differences sensitivity 

of spectral channel due to absorption difference (Platnick, 2000; Zhang et al., 2012). 

Considerable vertical variation along the cloud profiles are confirmed by many in-situ studies 

of droplet size profiles and water content as summarized in Miles et al. (2000). This vertical 

variation in liquid particles size is an important cloud parameter related to the processes of 

condensation, collision-coalescence and the appearance of precipitation (Wood, 2005). 

While keeping the approximation of a horizontally homogeneous cloud, we will 

introduce and study in this section the vertically heterogeneous cloud model to assess the 

uncertainties of the assumed vertically homogeneous cloud model. The matrix 𝑺𝐹  

(Equation IV-11) in this case will thus be the difference between radiances computed with 

homogeneous and heterogeneous vertical profiles, denoted 𝑭 and 𝑭𝒗𝒑 respectively. 

To be able to compute radiative quantities, the description of a vertically heterogeneous 

cloud model needs to include: 

- The effective radius (Reff) and effective variance (veff) profiles 

- The extinction coefficient (𝜎𝑒𝑥𝑡) profile 

- The cloud geometrical thickness (CGT) characterized by the difference between the altitude 

of the cloud top (𝑧𝑡𝑜𝑝) and the cloud base (𝑧𝑏𝑜𝑡) 

We have previously shown that the effective variance does not contribute more than 

1% in the uncertainty of the retrieved parameters. For the sake of simplification, we will 

consider that veff is constant over the entire vertical profile with a value of 0.02. The values of 

CGT, 𝑧𝑡𝑜𝑝 and 𝑧𝑏𝑜𝑡 are fixed based on the LIDAR measurements. It remains thus to establish 

a model describing the effective radius and extinction coefficient profiles. 
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We chose to follow an analytical model already presented in Merlin (2016a). It is based 

on adiabatic cloud profiles, which are described and used in several studies (Chang, 2002; 

Kokhanovsky and Rozanov, 2012). Often, the model follows a hypothesis of an increasing 

effective radius with altitude. However, a lot of studies proved that a simple adiabatic profile 

is not sufficient to describe a heterogeneous cloud profile (Miller et al., 2016; Nakajima et al., 

2010; Platnick, 2000; Seethala and Horváth, 2010) as turbulent and evaporation processes can 

reduce the size of droplets at the top of the cloud. The description of a more general vertical 

cloud profile more generally is obtained with two adiabatic profiles (Figure IV-5) covering 

two zones that meet at the altitude of maximum LWC (𝑧𝑚𝑎𝑥): 

- The first zone is from the bottom of the cloud (𝑧𝑏𝑜𝑡) to the altitude of maximum LWC (𝑧𝑚𝑎𝑥), 

and is considered adiabatic. 

- The second zone is from 𝑧𝑚𝑎𝑥  to the top of the cloud (𝑧𝑡𝑜𝑝) with an adiabatic LWC profile 

decreasing with altitude. 

Considering that LWC is equal to zero at the base and top of the cloud, and relying on 

the analytical variation model of the vertical structure of LWC established in Platnick (2000), 

we can write that: 

 

𝐿𝑊𝐶(𝑧) = 𝐿𝑊𝐶𝑚𝑎𝑥
𝑧 − 𝑧𝑏𝑜𝑡

𝑧𝑚𝑎𝑥 − 𝑧𝑏𝑜𝑡
; 𝑧 ∈ [𝑧𝑏𝑜𝑡, 𝑧𝑚𝑎𝑥] 

𝐿𝑊𝐶(𝑧) = 𝐿𝑊𝐶𝑚𝑎𝑥
𝑧𝑡𝑜𝑝 − 𝑧

𝑧𝑡𝑜𝑝 − 𝑧𝑚𝑎𝑥
; 𝑧 ∈ [𝑧𝑚𝑎𝑥, 𝑧𝑡𝑜𝑝] 

Equation IV-12 

The profiles of effective radius (Equation IV-13) and extinction coefficient 

(Equation IV-14) can then be found considering that the particle concentration is constant over 

the entire adiabatic zone which makes it possible to obtain analytical functions of LWC, 𝑅𝑒𝑓𝑓 

and 𝜎𝑒𝑥𝑡. 

 

𝑅𝑒𝑓𝑓(𝑧) = 𝑅𝑒𝑓𝑓𝑚𝑎𝑥 (
𝑧 − 𝑧𝑏𝑜𝑡

𝑧𝑚𝑎𝑥 − 𝑧𝑏𝑜𝑡
)

1
3
; 𝑧 ∈ [𝑧𝑏𝑜𝑡, 𝑧𝑚𝑎𝑥] 

𝑅𝑒𝑓𝑓(𝑧) = 𝑅𝑒𝑓𝑓𝑚𝑎𝑥 (
𝑧𝑡𝑜𝑝 − 𝑧

𝑧𝑡𝑜𝑝 − 𝑧𝑚𝑎𝑥
)

1
3

; 𝑧 ∈ [𝑧𝑚𝑎𝑥 , 𝑧𝑡𝑜𝑝] 

Equation IV-13 
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𝜎𝑒𝑥𝑡(𝑧) = 𝜎𝑒𝑥𝑡𝑚𝑎𝑥 (
𝑧 − 𝑧𝑏𝑜𝑡

𝑧𝑚𝑎𝑥 − 𝑧𝑏𝑜𝑡
)

2
3
; 𝑧 ∈ [𝑧𝑏𝑜𝑡, 𝑧𝑚𝑎𝑥] 

𝜎𝑒𝑥𝑡(𝑧) = 𝜎𝑒𝑥𝑡𝑚𝑎𝑥 (
𝑧𝑡𝑜𝑝 − 𝑧

𝑧𝑡𝑜𝑝 − 𝑧𝑚𝑎𝑥
)

2
3

; 𝑧 ∈ [𝑧𝑚𝑎𝑥, 𝑧𝑡𝑜𝑝] 

Equation IV-14 

A form factor 𝑝 (Equation IV-15) allows the adjustment of the altitude where the 

extinction coefficient and the effective radius are the largest:  

 𝑝 =
𝑧𝑡𝑜𝑝 − 𝑧𝑚𝑎𝑥

𝑧𝑡𝑜𝑝 − 𝑧𝑏𝑜𝑡
 Equation IV-15 

This unitless parameter 𝑝 varies from 0 to 1 representing the shape of the profile. The 

value 0 corresponds to 𝑧𝑚𝑎𝑥 = 𝑧𝑡𝑜𝑝 (adiabatic cloud) and the value 1 corresponds to 𝑧𝑚𝑎𝑥 =

𝑧𝑏𝑜𝑡 (a reverse adiabatic cloud with a negative gradient of water content). In the following 

results, a value of 0.15 is assigned which allows to have a profile close to the one studied in 

Miller (2016) from large-eddy simulations (LES) cloud scenes. 

To assess the error due to the vertical heterogeneity of the cloud, we need to specify 

𝜎𝑒𝑥𝑡𝑚𝑎𝑥  and 𝑅𝑒𝑓𝑓𝑚𝑎𝑥  for the vertically heterogeneous cloud based on his “equivalent” 

homogenous clouds. We use Equation IV-16 to assign 𝜎𝑒𝑥𝑡𝑚𝑎𝑥   to a value that ensures that the 

integral of the heterogeneous vertical profile of 𝜎𝑒𝑥𝑡(𝑧) is equal to the optical thickness of the 

homogeneous cloud (𝐶𝑂𝑇ℎ𝑜𝑚𝑜). We use Equation IV-17 to assign 𝑅𝑒𝑓𝑓𝑚𝑎𝑥   to a value that 

ensures that the mean 𝑅𝑒𝑓𝑓 of the heterogeneous vertical profile 𝑅𝑒𝑓𝑓(𝑧) is equal to the 

effective radius of the homogeneous cloud (𝑅𝑒𝑓𝑓ℎ𝑜𝑚𝑜
). 𝜎𝑒𝑥𝑡𝑚𝑎𝑥 and 𝑅𝑒𝑓𝑓𝑚𝑎𝑥  are found 

analytically by integrating the profiles described in Equation IV-13 and Equation IV-14. 

 𝜎𝑒𝑥𝑡𝑚𝑎𝑥 =
5

3
𝐶𝑂𝑇ℎ𝑜𝑚𝑜(𝑧𝑡𝑜𝑝 − 𝑧𝑏𝑜𝑡) Equation IV-16 

 𝑅𝑒𝑓𝑓𝑚𝑎𝑥 =
4

3
𝑅𝑒𝑓𝑓ℎ𝑜𝑚𝑜  Equation IV-17 

An example of a homogeneous cloud and its equivalent heterogeneous cloud is shown 

in Figure IV-5. 𝑧𝑡𝑜𝑝 and 𝑧𝑏𝑜𝑡 are fixed at 5 and 6 km respectively. The homogeneous cloud is 

characterized by a uniform profile of 𝜎𝑒𝑥𝑡 (blue dotted line) with 𝐶𝑂𝑇ℎ𝑜𝑚𝑜 equal to 4 and a 
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uniform 𝑅𝑒𝑓𝑓ℎ𝑜𝑚𝑜 (𝑧) equal to 9 µm (black dotted line). The heterogeneous cloud profiles of 

the extinction coefficient (blue line) and effective radius (black line) are set with a 

𝜎𝑒𝑥𝑡𝑚𝑎𝑥  equal to 6.6×10-3 m-1 and 𝑅𝑒𝑓𝑓𝑚𝑎𝑥equal to12 µm. 

In Figure IV-6, we show the uncertainty on COT and Reff related to the assumption of 

a vertically homogeneous cloud in the forward model, RSD COT (Fpv) and RSD Reff (Fpv) 

respectively. For the two panels, we note first that uncertainties are mainly dependent on the 

parameter retrieved. Indeed, uncertainties on COT vary only with the optical thickness value 

and uncertainties on Reff are mainly affected by the Reff value.  

The uncertainties on the optical thickness increase with the value of the latter. They 

are around 6% for COT between 1 and 10 and reach 20% for COT higher than 20. The smaller 

the extinction is, the deeper the different radiations will penetrate in the cloud. Consequently, 

the difference between radiances issued from vertical heterogeneous profiles and a 

homogeneous profile will be smaller, since the integrated extinction over all the cloud is the 

same in both cases. For larger COT, the radiations penetrate less in the cloud and are only 

affected by the top of the cloud where the extinction coefficient is different from one profile 

to another. In addition, as previously, the asymptotic shape of the radiances according to 

optical thickness leads to large variation of COT for small variation of radiances. For the 

 

Figure IV-5: The heterogeneous vertical profile of effective radius (black line) and 

extinction coefficient (blue line) used to assess uncertainties due to the assumption 

used for the vertical profile. The homogeneous vertical profiles are shown in dashed 

lines. 
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effective radius, the uncertainties are around 12% for a Reff smaller than 15 µm and reach 18% 

for higher values. It gets larger for larger Reff as the vertical variation are more marked and 

because the sensitivity on Reff gets smaller.  

We note that the uncertainties due to the forward model error vertical homogeneity 

assumption are much more important than the one of the fixed parameters. The forward model 

is not sensitive to small variations in the fixed parameters. However, while assessing 

uncertainties due to the vertical profile assumption, we manipulate the parameters that our 

forward model is proven to depend on, thus the minor change in the integrated profile can lead 

to relatively high variations, and consequently high errors. 

IV.1.3.2 3D Radiative Transfer model 

Another forward model assumption that can affect the retrieved cloud optical 

properties in the current operational algorithms is the horizontal plane-parallel and 

homogenous (PPH) assumption for each observed pixel. It implies that each pixel is 

homogeneous and independent of the neighboring pixels (known as the independent pixel 

approximation (IPA)). The homogeneous IPA assumption affects the cloud-top radiances and 

leads to differences between 1D and 3D radiances. Those biases are a result of several effects 

 

Figure IV-6: Same as Figure IV-1 but for the uncertainties on the retrieved COT and 

Reff originating from the homogenous vertical profile assumed in the forward model. 
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that were discussed in the limitations of the assumptions used in the current operational 

algorithms (see section I.2.3). 

In order to assess the uncertainties in the retrievals arisen from this assumption, we 

need to develop Equation IV-11. 𝑺𝐹  in this case is the difference between the radiances 

computed with the 1D radiative transfer Adding-doubling code and the radiances computed 

with a 3D radiative transfer code, using the same input parameters of the cloud that are the 

one retrieved. Vertical homogeneous profiles are assumed in order to be able to separate errors 

due to vertical and horizontal inhomogeneity. We also assume a flat cloud top, which may 

increase the differences between 3D and 1D radiances. The 3D radiances are simulated using 

the code developed in the LOA, 3DMCPOL (Cornet et al., 2010). 

The uncertainties on the retrieved cloud properties originating from the 3D radiative 

transfer model (𝑺𝒙𝐹3𝐷) depend on the neighboring pixels and thus cannot be accessed 

independently with the COT-Reff tables like the previously studied uncertainties. In the next 

section, 𝑺𝒙𝐹3𝐷 will be presented on the real measurements of OSIRIS, along with the other 

uncertainties  

IV.2 Application to a Case Study 

In this section, we present the uncertainties of retrieved cloud properties from real 

measurements of OSIRIS. The developed mathematical framework presented previously is 

applied to a case study of CALIOSIRIS on 30 June 2014 at 11:02:18, close to the case studied 

in Chapter III (Hereafter will be called CALIOSIRIS_2). In Figure IV-7, we show the COT 

(a) and Reff (b) retrieved in this case from multi-angular SWIR radiances. COT ranged between 

0.5 and 5 with a mean value of 2.13 while Reff had a distribution between 2 and 24 around the 

mean value of 8.76 µm. 
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As explained before, the final error is divided into three categories. First, we show in 

Figure IV-8 the uncertainties originating from the 5% measurement errors on the retrieved 

COT (left) and Reff (right). RSD COT (mes) ranged from 0.5 to 5 with a mean equal to 3.22% 

while RSD Reff (mes) ranged from 2 to 12 with a mean value equal to 6.25%. Both cloud 

properties have relative uncertainties that increase with the magnitude of the retrieved values 

(Figure IV-7). The behavior of these uncertainties is strictly related to the linearity of the 

radiance as a function of COT and Reff. As explained in Figure III-9, when the radiance-COT 

(or Reff) relationship is quasi-linear, the sensitivity of the forward model will be higher to the 

state vector which will consequently be retrieved with higher accuracy. 

The second type of uncertainties is related to the fixed parameters in our forward 

model. In Figure II-10, we separate these uncertainties into the three fixed parameters that we 

 

Figure IV-7: COT (a) and Reff (b) retrieved using OSIRIS_12-22 for the case study 

CALIOSIRIS_2 in 30 June 2014 at 11:02:18. 

 

Figure IV-8: Uncertainties (%) on COT (left) and Reff (right) originating from the 

measurements error for the case study of CALIOSIRIS 
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studied previously: the altitude of the cloud, the effective variance of water droplets and the 

ocean wind speed. 

Panels (a) and (b) represent the uncertainties on COT and Reff respectively due to an 

incorrect estimation of the cloud altitude. It shows that the altitude does not contribute in the 

uncertainty on the two retrieved parameters. As seen in Figure IV-4 (a) and (b), the forward 

model is not sensitive to a variation of the cloud altitude for all the COT-Reff values. This is 

due to a negligible Rayleigh scattering (which is affected by the cloud altitude) that occurs at 

1240 and 2200 nm. 

The uncertainties originating from the fixed value of effective variance are represented 

by Figure II-10 (c) and (d) for COT and Reff respectively. RSD COT (veff) is very small (mean 

= 0.05%), as encountered in Figure IV-4 (c) in the range of COT less than 4. For RSD Reff 

(veff), it reached 0.5% with a mean value of 0.25% since veff affects the cloud bows that are 

also sensitive to Reff. 

Finally, regarding the surface wind speed, RSD COT (ws) and RSD Reff (ws) are 

shown in Figure II-10 (e) and (f) respectively. The uncertainties are under 0.1%, they are only 

present when the cloud is thin and the surface is apparent, particularly for the optical thickness. 
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The uncertainties due to the assumptions of the forward model are presented in 

Figure IV-10. The panels (a) and (b) represent the uncertainties on COT and Reff respectively, 

originating from the vertical profile of extinction and water droplets size assumed to be 

homogeneous in the retrievals. RSD COT (Fpv) ranges between 1 and 8% with a mean value 

of 4.87% while RSD Reff (Fpv) varies from 2 to 20% with a mean value of 13.3%. We note 

that when the cloud is optically thin, RSD COT (Fpv) and RSD Reff (Fpv) tend to be lower 

than when the cloud is thicker. As seen before, the more the extinction is small, the more the 

radiations penetrate deeper in the cloud and bring complete information on the whole cloud. 

This information will be more similar to the one obtained with the homogenous vertical profile 

 

Figure IV-9: The uncertainties (%) on COT and Reff originating from the ancillary 

parameter errors: altitude (a and b), the effective variance of water droplets (c and d) 

and the surface wind speed (e and f).  
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since the integrated extinction over the cloud is the same in both cases. However, when COT 

is higher, measurement comes from the higher altitudes of the cloud and the information will 

be different from one vertical profile to another, causing RSD COT (Fpv) and RSD Reff (Fpv) 

to be higher. 

The uncertainties originating from the use of a 1D radiative transfer code instead of a 

more realistic 3D radiative transfer are represented in Figure IV-10 (c) and (d) for COT and 

Reff respectively. RSD COT (F3D) ranges between 1 and 20% with a mean value of 4.35%, 

while RSD Reff (F3D) varies from 2 to 18% with a mean value of 9.25%. At high spatial 

resolution, these differences can be caused by several effects that can add or oppose each other. 

They depend mainly on the non-independence of the cloud columns, which tends to smooth 

the radiative fields compared to radiances computed with the independent pixel 

 

Figure IV-10: The uncertainties (%) on COT and Reff originating from the 

assumptions in the forward, for not taking into account: the heterogeneous vertical 

profile (a and b) and the 3D radiative behavior of radiations (c and d). 
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approximation. Considering the solar zenith incidence angle (59º), illumination and 

shadowing effects can also be present depending on the viewing geometries (Marshak et al., 

1995b). 

However, in this work, we are dealing with multi-angular measurements where the 

same cloudy pixel is viewed under different viewing angles, which tends to mitigate the 

influence of illumination and shadowing effects. Therefore, contrary to MODIS mono-angular 

retrieval (Várnai and Marshak, 2002), 3D effects due to solar illumination are not visible on 

the retrieved cloud properties. In the following, the possible contributions of all the effects 

related to the simplified 1D cloud model (section I.2.3) are presented. 

The plane-parallel and homogenous (PPH) approximation (Cahalan et al., 1994) 

depends strongly on the sensor spatial resolution (Oreopoulos and Davies, 1998). At the high 

spatial resolution of OSIRIS (around 50 m), the sub-pixel cloud variabilities can be fairly well 

represented leading to a low PPH bias. On the other hand, at this scale, the Independent Pixel 

Approximation (IPA) is dominant since in reality radiations go from one column to the others. 

The smaller these columns are considered in the simulations, the more we will be 

misrepresenting the real behavior of radiation in the atmosphere. The horizontal radiation 

transport (HRT) between adjacent columns with different optical properties occurs when the 

three-dimensional transfer of photons is taken into account, which tends to smooth the 

radiative field. Indeed, in reality where 3D radiative transfer happens, radiances of the pixels 

with large optical thickness appear smaller compared to the computation with IPA and 

radiances for the pixels with small optical thickness larger. 

The smoothing of the radiative field that may be originating from these effects is 

visible in Figure IV-11. The panels (b) and (d) representing the radiances computed with 

3DMCPOL at 1240 and 2200 nm respectively show a smoothest field compared to the 

radiances computed in 1D in (a) and (c). The variabilities in the 3D radiative field are indeed 

less pronounced compared to the 1D field. 
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The non-IPA radiative transfer can in addition lead to the leakage effect (Várnai and 

Davies, 1999). Indeed, comparing to the independent pixel approximation, a photon trapped 

in a column optical thinner than its neighbors will tend to leave the cloud from below. In 

addition, photons originating from optically thicker columns will continue to be scattered to 

this thin column and then leave the cloud from below. In the overall, this effect tends to 

decrease the upward radiances by propagating energy through thin columns but also for 

oblique sun by making the reflection of upwelling radiation more difficult (Várnai and Davies, 

1999). 

In Figure IV-12, the histograms of the relative difference between the radiances 

computed in 1D (R1D) and the radiances computed in 3D (R3D) at 1240 nm for different bins 

of optical thickness are plotted. We can clearly see the shift of the histograms from negative 

value for small optical thickness (R1D < R3D) towards positive difference for larger optical 

thickness (R1D > R3D) that is explained by the HRT between columns. 

 

Figure IV-11: The simulated 1D (a) and 3D (b) radiances at 1240 nm using the 

retrieved COT and Reff presented in Figure IV-7 for the central image. (c) and (d) are 

the same as (a) and (b) but for 2200 nm. 
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The uncertainties originating from the use of 1D radiative transfer are based on the 

difference between R1D and R3D, whatever is the origin of these differences (non-IPA or 3D 

effects). We show in Figure IV-13 the RSD COT (F3D) and RSD Reff (F3D) as a function of 

the absolute radiance differences |R1D-R3D| averaged for all the available directions for each 

pixel at 1240 nm (a) mainly sensitive on COT and for each pixel at 2200 nm (b) mainly 

sensitive on Reff. We note first that, most of the RSD is below 5% for COT and below 10% for 

Reff. The uncertainties on COT and Reff increase with the difference between R1D and R3D 

with a good correlation coefficient (0.84) for COT and more moderate one (0.58) for Reff. We 

note also that uncertainties on COT are lower than on Reff even if the magnitude of the 

differences at 1240 nm and 2200 nm are of the same order. Indeed, the computation of the 

uncertainties corresponds to the differences of R3D and R1D weighted by the sensitivity. For 

the range of values in the CALIOSIRIS_2 case, the sensitivity on COT is higher compared to 

the one on Reff , the uncertainties on COT are thus lower. 

 

Figure IV-12: Histograms of the relative difference between the radiances computed in 1D 

and 3D at 1240 nm for the central image. Each histogram corresponds to a domain of COT. 
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IV.3 Summary and Conclusions 

In this chapter, we described the mathematical framework used to assess the 

uncertainties on the retrieved cloud optical properties originating from different sources of 

errors including measurement errors, errors related to fixed parameters and to the forward 

model. We then applied it on simulations of radiances that correspond to a large range of COT 

and Reff. The range covers all the values that we may encounter in cases of liquid water cloud. 

We also analyzed the errors on the inversion of real OSIRIS measurements. 

 

Figure IV-13: Uncertainties on the retrieved COT (a) and Reff (b) originating from the 3D 

radiative model as a function of the absolute difference |R1D-R3D| at each pixel averaged 

for all the directions available at 1240 nm (a) and 2200 nm (b). The color scale of the 

scatter plot represents the probability density functions. The red line is a first-degree 

polynomial fit of the data. The dashed black lines are at RSD COT (F3D)=5% in (a) and 

RSD Reff (F3D)=10% in (b). 
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In Figure IV-14, to summarize the results, we present the average of the different types 

of errors for the case of the monolayer cloud from CALIOSIRIS. In overall, we note that 

uncertainties on effective radius are larger the one of effective radius for any type of errors.  

The three fixed model parameters errors related to an incorrect estimation of the fixed 

parameters of the model are weak comparing to the others and remain below 0.5% regardless 

of the values of retrieved COT and Reff. The fixed altitude did not contribute at all to the 

uncertainty on the two retrieved parameters due to the negligible Rayleigh scattering (which 

depends on the cloud altitude) that occurs at the NIR and SWIR channels. The uncertainties 

originating from the fixed value of effective variance are about 0.05% for COT and slightly 

higher (0.25%) for Reff since veff affects the cloud bows that are also sensitive to Reff. 

Concerning the surface wind speed, the uncertainties are less than 0.1%, they are only present 

when the COT leading to an apparent surface. The 5% measurements error contributes to 

around 3% of uncertainty on the retrieved COT and 6% on the retrieved Reff. It tends to 

increase with the values of COT and Reff where the sensitivity of radiances on these parameters 

starts to decrease. 

Last two bars in Figure IV-14 correspond to the homogeneous vertical and horizontal 

assumptions in the forward model. They are the main source of errors. The assumption of a 

vertical homogenous profile of extinction and water droplets size contributes to around 5% of 

uncertainty on COT and 13% on Reff. When the cloud is optically thin, the uncertainties on 

COT and Reff tend to be lower than when the cloud is thicker. 

In the solar and infrared range, the effects of horizontal cloud heterogeneities need to 

be assessed because they can have large impacts on the retrieved cloud optical properties. The 

mean uncertainties originating from the use of the cloud homogeneous plane parallel 

assumption with a 1D RT code instead of a more realistic 3D RT code are 4% for COT and 

10% on Reff. As discussed before, the principal effects come from the non-independence of 

the cloud columns that lead to smooth the 3D radiative fields compared to radiances computed 

with the independent pixel approximation. At the low incidence (59º), illumination and 

shadowing effects can also be present according to the viewing geometries. However, the use 

of multi-angular measurements presents a great advantage of mitigating these effects. 
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We note that, for this cloudy scene, uncertainties due to vertical profile are higher than 

the one due to horizontal heterogeneities. This result is very case dependent and cannot be 

generalized. For example, for a fractional cloud or variable cloud top, we may expect higher 

uncertainties due to 3D radiative transfer. 

 

 

Figure IV-14: Histograms of the mean uncertainties on the retrieved COT and Reff in 

CALIOSIRIS_2: RSD COT (green bars) and RSD Reff (blue bars), for the different 

sources of error. Red error bars represent the standard deviation of the uncertainties. 
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Conclusions and Perspectives 

 

“The true function of philosophy is to educate us 

in the principles of reasoning and not to put an end 

to further reasoning by the introduction of fixed conclusions” 

George Henry Lewes 

~ 

The role and evolution of clouds in the ongoing climate change is still unclear. Their 

radiative feedbacks due to temperature rise or indirect effect of aerosols are insufficiently 

understood and are known to contribute to the uncertainty about the Earth future climate. A 

precise estimation of cloud properties such as altitude, optical thickness and cloud 

microphysics is therefore very important for constraining climate and meteorological models, 

improving the accuracy of climate forecast and monitoring the cloud cover evolution. The 

observations of satellite instruments allow continuous coverage of the clouds and aerosols, 

and retrieval of their properties from regional to global scale. In particular, missions like the 

A-Train have been useful for a better understanding of atmospheric processes of aerosols and 

clouds, especially thanks to the synergy between active instruments like CALIOP and 

CLOUDSAT and passive instruments like MODIS and POLDER. 

In the near future, several missions carrying new instruments with advanced 

capabilities will be developed and launched. The EPS-SG mission planned for 2022 is one of 

them and will carry, among other instruments, the Multi-viewing, Multi-channel, Multi-

polarization Imager (3MI). 3MI is the successor of the multi-angular polarized radiometer 

POLDER, with an extended spectral range towards the shortwave infrared (from 410 to 2130 

nm) including two common channels with the MODIS multispectral radiometer. It has also a 

higher spatial resolution of 4km. 3MI is mainly dedicated to the study of aerosols and air 

quality but will be also relevant for cloud characterization. Our contribution to the preparation 

of the 3MI mission relies first on developing new cloud optical properties retrieval methods 
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and second on assessing the different uncertainties on the retrieved properties originating from 

different sources of errors. 

In order to meet our objectives, we worked on the measurements of the airborne 

prototype of 3MI, OSIRIS (Observing System Including PolaRization in the Solar Infrared 

Spectrum, (Auriol et al., 2008)). It participated since 2013 in several airborne campaigns 

onboard the research aircraft Falcon-20. The measurements of OSIRIS are very useful to 

develop and test original retrieval methods that can be used later with 3MI. In addition, the 

high spatial resolution (a few tens of meters) of OSIRIS is an advantage to study the cloud 

properties and their heterogeneities at a fine scale. 

Until now, OSIRIS is still in a test phase, numerous advancements on the state of its 

measurements are under development. They are essential to provide the basis needed to 

generate level 2 and 3 of cloud and aerosol products or any other geophysical parameter that 

may be in the scope of interest of future OSIRIS data users. In a first step, we looked at the 

amount of stray light induced by high-reflected radiances. In clear sky conditions over the 

ocean sunglint, we found that the stray light type 2 could reach up to 25% in some parts of the 

OSIRIS matrix. However, the absolute value of this correction is negligible compared to the 

typical upwardly reflected radiances in cases of overcast cloud scenes over ocean. Another 

step was needed to be made regarding the multi-angular measurements of OSIRIS. Indeed, in 

order to benefit from this advantage in the retrievals, the development of a process to obtain 

multiple viewing directions for the same pixel is required. We co-localized all the different 

images (including spectral images) that include the same target by finding the lines and 

columns shifts that lead to a minimum RMSE or a maximum SSIM. In cloudy cases, the 

images have to be divided first by the average of previous and following images in order to 

highlight the structural effects and minimize the angular effects. 

Thanks to their multispectral, multi-angular and polarized information, the OSIRIS 

and 3MI radiometers offer many possibilities to study the clouds. In an operational context, 

the retrieval algorithms must be simple and fast. Thus, the “day-1” algorithms developed for 

3MI will use the horizontally and vertically homogeneous plane parallel (PPH) cloud 

hypothesis. Following this constraint, in the first part of this thesis, we used the PPH 

assumption while exploiting OSIRIS measurements. We studied the retrieval of the most 
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commonly used cloud optical properties, the cloud optical thickness (COT) and the effective 

radius of water droplets (Reff) in two cases of monolayer water cloud: a thin one at 5 km with 

high solar incidence (𝜃𝑠=59º) from CALIOSIRIS campaign and a thick one at 0.5 km with a 

lower illumination angle (𝜃𝑠=31º) from CHARMEX campaign. Retrieval methods for these 

parameters already exist and are used with MODIS and POLDER measurements. 

Accordingly, we developed a flexible algorithm that allows us to use classical and new 

approaches so we can compare their results. The algorithm is based on the optimal estimation 

method (Rodgers, 2000). OSIRIS is composed of two separate optical systems with different 

field of view and resolution, one for the VIS-NIR channels and another for the SWIR; we 

conducted thus a separate retrieval to avoid the two matrices co-registration errors. 

From the visible head, we used first the 865 nm channel alone to apply a mono-

directional method and retrieve COT for every pixel while assuming a constant Reff=11µm. It 

is always possible to fit a cloud model with a single measured radiance of a given target. 

However, this does not necessarily indicate an accurate retrieval. The uncertainty of the 

retrieval is determined by the variance-covariance matrix of the posteriori state vector. A 5% 

error in the measurements contributes to an average 9% uncertainty on the retrieved COT, and 

reach up to 15% in lower sensitivity zones (the forward and cloud bow directions). Secondly, 

we applied the POLDER-like method, that uses the total radiance at 865 nm to retrieve for 

every pixel an average of mono-directional COTs, each corresponding to one available 

direction. Differences between the retrieved COT for each direction indicates a deviation from 

the assumed plane-parallel homogeneous (PPH) model with a constant droplet size 

distribution. In this case, we obtained around 8% of uncertainties. The POLDER COT 

averaging can be biased by the angular effects that induce high uncertainties. We proposed an 

approach (OSIRIS_8) that benefit from the multi-angular measurements simultaneously. It 

provides additional information for each pixel and constrains the forward model to match all 

the angular radiances at once. OSIRIS_8 retrieves the COT with a lower uncertainty (~3%) 

and provides close results to the POLDER-like method when the assumed cloud model, the 

PPH model, is realistic. We tried also to retrieve both COT and Reff by adding the polarized 

radiances to the measurements vector. We found that the small number of directions available 

around the cloud bow that contains information on Reff is not sufficient to obtain a successful 

retrieval. 
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However, the retrieval of Reff can be done with the SWIR head of OSIRIS using the 

radiation absorbed by the cloud droplets. A bispectral method used for MODIS allows indeed 

the retrieval of COT and Reff from mono-angular total measurements by combining visible 

and SWIR channels of MODIS. However, we have shown that the retrieval is not always 

possible using the MODIS-like method in particular in some directions close to the cloud bow 

and glory angular regions. Since OSIRIS and 3MI have multi-angular measurements in the 

SWIR, we applied a multi-angular bispectral approach using 1020 (or 1240nm) to retrieve 

COT and 2200nm to retrieve Reff (OSIRIS_10-22 and OSIRIS_12-22 methods). With these 

methods, higher amount of information on COT and Reff is available. Indeed, the OSIRIS 

multi-angular characteristics have the advantage of eliminating the angular effects around the 

cloud bow and glory directions and allow a higher accuracy on the retrieved properties. It 

avoids most of the failed convergences that occurred with the MODIS-like method. Using 

another absorbing channel 1620 nm, OSIRIS_10-16 (and OSIRIS_12-16) retrieved smaller 

Reff compared to the one of OSIRIS_10-16 (and OSIRIS_12-16) in the two case studies. The 

radiation at 1620 nm penetrates deeper in the cloud and thus allows retrieval of the water 

droplets size at lower altitudes of the clouds. This is coherent with young clouds having an 

adiabatic profile where the droplets size increase with altitude. When the COT is less than 2, 

radiations at 2200 nm penetrate in the cloud as much as at 1620 nm and both methods retrieve 

close values of Reff. 

Providing uncertainties on the retrieved cloud properties is becoming more and more 

demanded and allows the evaluation of retrieval quality. In the last chapter of this thesis, we 

addressed the extraction and separation of the uncertainties originating from different sources 

of error: (a) the instrument measurement error, (b) an incorrect estimation of the fixed model 

parameters such as the ocean surface wind, the cloud altitude and the effective variance of 

water droplets distribution, and (c) the errors linked to the vertical and horizontal 

homogeneous cloud assumptions. 

The 5% measurements error contributes to around 3% of uncertainty on the retrieved 

COT and 6% on the retrieved Reff. It increases with the values of COT and Reff for which the 

sensitivity of radiances starts to decrease. The fixed altitude does not contribute to the 

uncertainty on the two retrieved parameters due to the negligible Rayleigh scattering that 

occurs at the NIR and SWIR channels. The uncertainties originating from the fixed value of 
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effective variance are about 0.05% for COT and 0.25% for Reff. The uncertainties due to an 

incorrect estimation of the surface wind speed are near 0.1% only present when COT is low 

and the ocean surface is apparent. 

Concerning the uncertainties related to the vertical profile assumed homogeneous in 

the classical retrievals, we quantified the errors using a heterogeneous vertical profile with a 

triangle shape composed of two adiabatic profiles. The profile takes into account the transition 

zone at the top of the cloud related to turbulent and evaporation processes. When the cloud is 

optically thin, the radiations penetrate deeper in the cloud providing information on the whole 

cloud profile. This leads to small differences between the homogeneous and heterogeneous 

vertical profiles, and consequently low uncertainties on COT and Reff. However, when the 

extinction is larger, the radiations sample the higher altitudes of the cloud and the information 

is different between the homogeneous and heterogeneous vertical profile leading to larger 

uncertainties on COT and Reff with average values reaching 5% and 13% respectively in the 

studied cases. 

Another major source of uncertainty in the simplified physical model comes from the 

sub-pixel cloud heterogeneities and the radiatively non-independence of cloudy columns. 

Indeed, it is well known that, considering the spatial variability of the cloud macrophysical 

and microphysical properties, the plane-parallel and homogeneous assumption (PPH, Cahalan 

et al., 1994) and the independent pixel approximation (IPA, Cahalan et al., 1994; Marshak, 

1995) can lead to large errors on the retrieved cloud properties (detailed in section I.2.3). In 

the thin overcast cloud case that we studied the average uncertainties originating from the 3D 

effects are 4% for COT and 10% for Reff. They are caused by several effects depending on the 

COT gradient between neighboring pixels and viewing geometries. The non-independence of 

the cloud columns dominates the PPH error at the high spatial resolution of OSIRIS. It 

smoothed the 3D radiative field compared to radiances computed with the independent pixel 

approximation. At the low solar incidence (59º), illumination and shadowing effects can also 

be present. However, the use of multi-angular measurements mitigated their effects. Therefore, 

using multi-angular instruments like OSIRIS and 3MI will allow a more accurate 

characterization of the cloud by reducing the uncertainty induced by one of the strongest 

assumptions in operational algorithms. 
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The work presented in this thesis addressed the exploitation of OSIRIS, the airborne 

prototype of the future 3MI imager. We retrieved COT and Reff along with their uncertainties 

in monolayer liquid water cloud scenes without aerosols. In addition to measurement errors, 

we showed that the vertical and horizontal homogeneity assumptions are major contributors 

to the retrieval uncertainties. One way to reduce them is to retrieve a more complex cloud 

model described with pertinent parameters. It appears possible given the important and 

complementary information provided by OSIRIS or 3MI measurements but more 

sophisticated retrieval methods need to be developed.  

Regarding OSIRIS, before applying such retrieval methods, several improvements on 

the measurements such as stray light correction or co-registration of the two matrices have to 

be realized. Indeed, for radiative fields with very different values such as cumulus cloud 

scenes, proper correction of the stray light has to be done. For the Level 1 processing 

algorithms of POLDER, the correction of the stray light type 1 and 2 was based on accurately 

measuring the point spread of stray light type 1 and the ratio of stray light type 2, this in 

different zones and for every spectral band. It allowed to reduce the measurement artifacts to 

the electrical noise level (Hagolle et al., 1996). Therefore, important in-lab campaigns should 

be made to apply these corrections on OSIRIS. Accurate calibration process including errors 

uncertainties should also be made for each spectral channel independently. It will allow to 

account for the measurement errors for each spectral channel of OSIRIS leading to a better 

characterization of the uncertainty on the retrieved parameters. Moreover, in order to use the 

different channels from the VIS-NIR and SWIR heads simultaneously and the inter-

comparison between retrieved parameters, the two heads of OSIRIS have to be co-registered. 

The overlap between the VIS-NIR and the SWIR matrices can be obtained by a tracking 

process similar to the one we developed, while taking additionally into account the alignment, 

sizes and resolutions of the two heads. 

The improvements of the retrievals are based on the definition of a more complex cloud 

model that does not only lie on the retrieval of optical thickness and effective radius but could 

include a cloud vertical profile. Indeed, the different amount of information in OSIRIS or 3MI 

measurements, from the polarization to the absorbing channels in the SWIR, provide 

information on different altitudes within the cloud that can be used in the retrieval of the 

extinction and microphysical vertical cloud profiles. A cloud model with a triangle shape, like 
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the one used in this thesis to estimate the uncertainty of the homogeneous profile assumption, 

can then be retrieved. This has been theoretically verified by the information content analysis 

on 3MI measurements made by Merlin (2016a). The cloud model is formulated using five 

parameters, which are the COT, the cloud geometrical thickness (CGT), the cloud top altitude 

(CTOP), the liquid water path (LWP) and the form factor p that determines the altitude of the 

maximum LWP. Merlin (2016a) showed that the information on LWP is mainly provided by 

the visible total radiances and the SWIR total and polarized radiances, LWP being dependent 

on the extinction coefficient and the effective radius. The information on CGT and CTOP 

comes from the Oxygen A-band (Ferlay et al., 2010; Merlin et al., 2016b) and the polarized 

radiances (Merlin et al., 2016a). Information of the fifth parameter p appears to be given, in 

most cases, by the total and polarized SWIR radiances. The information content analysis of 

these five parameters needs further investigation with real measurements since a high 

information content is not always a sign of good retrieval in case of multiple solutions or strong 

nonlinear approximations in the forward model. The vertical cloud profile could be even more 

complicated for precipitating clouds by adding a low layer of drizzle. 

Instead of just being limited to a cloud layer, the whole atmospheric cloudy column 

can be addressed. In presence of an ice cloud, Sourdeval et al. (2015) showed the possibility 

to retrieve simultaneously the ice water path of the ice cloud layer and the COT and Reff of up 

to two liquid water cloud layers. They use radiometric measurements in five channels from 

the visible to thermal infrared and the lidar information to obtain the cloud altitudes. This 

method is not directly feasible with 3MI because even if thermal radiances can be provided by 

the multi-spectral imaging (METimage) which is onboard of Metop-SG platform with 3MI, 

the lidar information is missing and should be replaced. It can however be applied with 

OSIRIS that generally flies with lidar and other longwave passive radiometers. 

Multilayer cases can also concern the aerosol layer above the cloud (Waquet et al., 

2013). Using the method presented in this thesis, we can evaluate the error contribution of 

aerosols above cloud on the retrieved cloud properties. It is known, that the presence of aerosol 

above cloud attenuates the upward radiances in the near infrared due to absorption. In cloud 

retrievals, when the aerosol optical thickness is not taken into account in the forward model, 

it implies an underestimation of the COT (Haywood et al., 2004). Similarly, the presence of 

larger aerosols that interact with radiation at SWIR wavelengths can create a bias on the 
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retrieved effective radius of cloud droplet. OSIRIS participated in airborne campaigns where 

aerosols above clouds have been spotted as presented in Figure CP-1. The lidar profile shows 

clearly the aerosol layer (red rectangle) above the cloud layer (blue rectangle). The high-

polarized radiance in the forward scattering (Figure CP-1.d) along with a decreased magnitude 

of the cloud bow are typical polarized features for when an aerosol layer overlays a low cloud 

layer. These measurements could be exploited to evaluate the uncertainty of the non-inclusion 

of aerosols in the cloud retrievals. Following the method used for the forward model 

uncertainties, the COT and Reff have to be retrieved with the bispectral multi-angular method 

developed in this thesis. The uncertainties can then be deduced by computing radiances 

including the aerosols layer using the aerosol optical thickness (AOT) above the clouds 

retrieved with the method presented in Waquet et al. (2013). 

 

Figure CP-1: Measurements of aerosols above clouds from 6 September 2017 during the 

AEROCLO-sA campaign. (a) LIDAR-LNG measurements. (b) OSIRIS measurements of 

radiance at 865nm over the red (marine aerosols layers) and blue (low cloud) areas on the 

LIDAR image. (c) Polarized radiance at 865nm. (d) A transect (red line in (c)) of polarized 

radiance as a function of the scattering angle. 
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Determination of aerosol properties is also often biased due to the proximity of clouds. 

In the case of fractional coverage, the AOT can be biased by the radiation scattered by the 

clouds (Zhang et al., 2005) to distances that can reach several kilometers (Marshak et al., 2008; 

Wen et al., 2007). Using the methodology presented in this thesis, we could estimate the 

uncertainties on aerosols properties due to the presence of clouds. 

As mentioned before, we showed also that uncertainties related to cloud horizontal 

heterogeneities are not negligible. Reducing the uncertainty originating from the simplified 

one-dimensional cloud model requires new retrieval techniques that perform the inversion of 

multi-pixels cloud fields all together while taking into account their radiative 

interdependencies. In this context, several multi-pixel retrieval methods of cloud fields are 

being developed. For example, Levis et al. (2015) developed a framework to retrieve the 3D 

extinction coefficient distribution by tomography using surrogate functions to reduce the 

computational complexity. Okamura et al. (2017) used the bispectral radiances to train a deep 

neural network to retrieve a field of cloud optical properties. Martin et al. (2014) and Martin 

and Hasekamp (2018) developed a technique based on the adjoint method and the use of a 

three-dimensional radiative transfer code. The feasibility of this method has so far been 

demonstrated only mathematically. Implementing it in the case of OSIRIS data should follow 

three steps. The two first have already been examined in this thesis. The method starts with 

the retrieval of cloud properties under the hypothesis of 1D plane parallel cloud with a multi-

angular bispectral method. Then, the retrieved properties are used to build a three-dimensional 

cloud field from which the reflected 3D radiances are simulated using a 3D radiative transfer 

model as 3DMCPOL. In the case of homogeneous clouds, the simulated 3D radiances match 

the measurements of OSIRIS. However, in the case of strong heterogeneities, the difference 

between the 3D radiances and the measurements increase. The last step of the method uses 

these differences to calculate the adjoint of the Stokes vector in order to find the gradient 

needed to adjust cloud properties. If this method is found to succeed on real measurements, it 

will lead to the retrieval of more realistic cloud properties with the high accuracy needed to 

refine our knowledge about the clouds and their interaction with their environment. 
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Appendix A: Extinction Processes 

 

We consider the interaction of solar radiation with the atmosphere. At these 

wavelengths, an incoming photon can either be absorbed or scattered by atmospheric 

molecules. Thus, a beam of light traversing the atmosphere may lose energy through these two 

processes. This loss of energy is denoted “extinction”. 

 

Efficiency factors 

Let the energy absorbed by a particle be equal to the energy of an incident light falling 

on an area 𝐶𝑎𝑏𝑠 of the particle. Likewise, we can define 𝐶𝑠𝑐𝑎 for the energy scattered in all 

directions by the particle, and 𝐶𝑒𝑥𝑡 for all the energy lost from the original beam. The 

quantities 𝐶𝑎𝑏𝑠, 𝐶𝑠𝑐𝑎 and 𝐶𝑒𝑥𝑡 are called cross sections of the particle for absorption, scattering 

and extinction, respectively. They are expressed in area dimension (m2). By definition, we can 

write: 

 𝐶𝑒𝑥𝑡 = 𝐶𝑎𝑏𝑠 + 𝐶𝑠𝑐𝑎 Equation A-1 

Now, if 𝐺 (m2) is the geometrical cross section of the particle, we can then define three 

dimensionless constants, the efficiency factors 𝑄𝑎𝑏𝑠, 𝑄𝑠𝑐𝑎 and 𝑄𝑒𝑥𝑡 for the absorption, 

scattering and extinction, respectively: 

 

{
 
 

 
 𝑄𝑎𝑏𝑠 =

𝐶𝑎𝑏𝑠
𝐺

𝑄𝑠𝑐𝑎 =
𝐶𝑠𝑐𝑎
𝐺

𝑄𝑒𝑥𝑡 =
𝐶𝑒𝑥𝑡
𝐺 }
 
 

 
 

 Equation A-2 

Therefore according to Equation A-1, the equality is preserved: 

 𝑄𝑒𝑥𝑡 = 𝑄𝑎𝑏𝑠 + 𝑄𝑠𝑐𝑎 Equation A-3 
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Extinction coefficient 

Let us assume that a radiation is propagating in a volume composed of spherical 

particles with different sizes but same composition. If we have  𝑛(𝑟)𝑑𝑟 is the number of 

particles with radius ranging from 𝑟 to 𝑟 + 𝑑𝑟, then 𝑁 = ∫ 𝑛(𝑟)𝑑𝑟 
∞

0
is the total number of 

particles in this volume. Spherical particles of radius 𝑟 have a geometrical cross section 𝐺 =

𝜋𝑟2 so according to Equation A-2, 𝐶𝑒𝑥𝑡 = 𝜋𝑟
2𝑄𝑒𝑥𝑡. We can then define the total cross section 

as the extinction coefficient (𝜎𝑒𝑥𝑡) expressed in m-1: 

 𝜎𝑒𝑥𝑡 = ∫ 𝜋𝑟2𝑄𝑒𝑥𝑡(𝑟)𝑛(𝑟)𝑑𝑟

∞

0

 Equation A-4 

It indicates how easily a beam of light can penetrate the volume of material. A small 

extinction coefficient indicates that the medium is relatively transparent to the beam while a 

large value means that the beam is highly attenuated by the medium. The same formulation as 

Equation A-4 leads also to the absorption and scattering 

coefficients, σabs and σsca respectively. Generally speaking, these coefficients depend on the 

shape, type and size of the particles with respect to the wavelength. 

 

Single scattering albedo 

The proportion of radiation scattered with respect to the total extinction of the radiation 

is the single scattering albedo (SSA or ω0): 

 𝜔0 =
𝜎𝑠𝑐𝑎
𝜎𝑒𝑥𝑡

=
𝜎𝑠𝑐𝑎

𝜎𝑎𝑏𝑠 + 𝜎𝑠𝑐𝑎
 Equation A-5 

It is unitless and a value of zero indicates that all the attenuation of radiation is due to 

absorption while a unity value denotes an attenuation by scattering only. 

 

Phase function and phase matrix 

A photon interacting with a particle may be scattered in all space directions. In order 

to describe the scattering process, the scattering function 𝑓 indicates the probability for the 
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incident photon to be scattered in a solid angle 𝑑𝛺 (sr), following the scattering angle 𝛩 (rad), 

defined between the incident and scattered radiation: the value of 𝛩 is between 0 and π. The 

scattering function integrated on the space gives the scattering coefficient. 

 𝜎𝑠𝑐𝑎 = ∫ 𝑓(𝛩)𝑑𝛺

4𝜋

0

 Equation A-6 

If each scattering direction has an equal probability, 𝑓(𝛩) become a constant 

normalized by 4π (𝑓(𝛩) =
𝜎𝑠𝑐𝑎

4𝜋
 ). Then, we can define the phase function 𝑝(𝛩) as the 

scattering function normalized by the equiprobable diffusion function: 

 𝑝(𝛩) = 4𝜋
𝑓(𝛩)

𝜎𝑠𝑐𝑎
 Equation A-7 

When the radiation is polarized, the phase function is replaced by the 4×4 scattering 

(or phase) matrix 𝑃(Θ). It describes the modification of the electric field during the interaction 

with the scattering particle. When the scattering medium is composed of randomly oriented 

symmetrical particles, the scattering matrix will have an azimuthal symmetry. In this case, it 

is expressed as a function of the scattering angle 𝛩 only. 

 𝑃(Θ) = [

𝑃11(Θ) 𝑃12(Θ) 0 0
𝑃21(Θ) 𝑃22(Θ) 0 0
0 0 𝑃33(Θ) 𝑃34(Θ)
0 0 −𝑃34(Θ) 𝑃44(Θ)

] Equation A-8 

It is composed of only four independent elements, since 𝑃11 = 𝑃22 and 𝑃33 = 𝑃44. 

Examples of phase matrix coefficients are shown in Figure A-1. 
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Figure A-1: Elements of the phase matrix for different types of particles: air 

molecules, aerosols and cloud droplets (Kokhanovsky et al., 2010). (a) 1st term of the 

phase matrix 𝑃11 corresponding to the normalized phase function (𝑝(𝛩)), (b) 

𝑓44 = 𝑃44/ 𝑃11 , (c)−𝑓12 = −𝑃12/ 𝑃11 and (d)𝑓34 =  𝑃34/ 𝑃11. 
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