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Thesis abstract 
 

Atmospheric greenhouse gases and nanometer-sized particles are incriminated for their role 

on the Earth radiative budget and climate. This thesis relates the research performed on the 

polarization-resolved backscattering of these nano-sized particles and demonstrates its 

usefulness to address complex atmospheric processes like particles nucleation. Greenhouse 

gases are also studied, by coupling a spectrally broadband lidar with optical correlation 

spectroscopy to remotely evaluate their atmospheric content (Thomas et al., 2012, 2013a,b). 

 

Special care has been taken to perform sensitive and accurate UV-VIS polarization lidar 

measurements (David et al., 2012). Hence, and as a first result, cross-polarized backscattering 

coefficients as low as (2.4 ± 0.5)×10−8 m−1.sr−1 have been measured in the troposphere, 

corresponding to UV-particles depolarization detection limit of 0.6 % at 4 km altitude, close 

to the molecular depolarization. Then, a new methodology has been developed to retrieve, in a 

two/three component particle external mixture, the backscattering coefficients specific to each 

particle component (David et al., 2013a). For that purpose, accurate knowledge on the 

backscattering Ångstrom exponent and depolarization ratio of each particle type must be 

addressed. This task is here achieved by performing either single-scattering numerical 

simulations using T-matrix, or alternatively by performing laboratory measurements. The 

inherent assumptions and the performance of the methodology are then discussed for three 

case studies of external mixing: i) spherical sulfate mixed with volcanic ash released from the 

Eyjafjallajökull 2010 eruption (Miffre et al., 2011, 2012a, b), ii) desert dust mixed with non-

dust particles (Miffre et al., 2011 ; Dupart et al., 2012), iii) desert dust mixed with sea-salt and 

background spherical particles as an example of a three-component particle mixture (David et 

al., 2013a). From these field measurements, three main results have been retrieved: (a) Range-

resolved particles number concentrations specific to one particle component (ash, dust) 

(Miffre et al., 2011, 2012b), which include the variability in the particle size distribution, the 

particles refractive index and possible sedimentation effects(Miffre et al., 2012b), (b) particle 

backscattering enhancement due to hygroscopic growth, (c) observation of new particle 

formation in the atmosphere using a sensitive UV polarization lidar, which is new and opens 
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new insights at the forefront of knowledge in atmospheric physics and chemistry (Dupart et 

al., 2012). 

 

In addition, absolute particles depolarization has been for the first time measured in the exact 

backscattering direction (θ = 180° ± 0.2°) for an ensemble of nanoparticles in ambient air 

(David et al., 2013b). The experiment is performed in the UV spectral range and fulfills the 

far-field single-scattering approximation. Hence, within error bars, spherical water droplets 

exhibit no depolarization (δp = 0.02 ± 0.05) %) in agreement with Mie theory. While for 

sodium chloride particles, used as an example of nonspherical particles, a δp = (4.38 ± 0.16) % 

depolarization has been measured at the laboratory. The above studies show the need to better 

understand the optical properties of each particle. Hence, absolute measurements of the 

particle extinction cross-section have also been performed on a single dielectric ammonium 

sulfate or a desert dust nanoparticle having a 50 nm radius, in collaboration with N. Del Fatti 

and F. Vallee’s group at the ILM. A discussion comparing the laboratory measurement and 

the theory is presented in regards to the environmental conditions. 

 

As a conclusion, this thesis explores the optical scattering properties of a single / an ensemble 

of nanoparticles, addressing them in the real atmosphere, through sensitive and accurate lidar 

and laboratory experiments and numerical simulations, showing new outlooks on the 

microphysical properties of these atmospheric nanoparticles (Dupart et al., 2012, David et al., 

2013b). 
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Résumé de thèse 
 

Cette thèse porte sur l’étude des gaz et nanoparticules diélectriques de l’atmosphère,  

fortement incriminés pour leur rôle sur le bilan radiatif terrestre et le changement climatique. 

Ces travaux de recherche, réalisées au sein de l’Institut Lumière Matière, traitent plus 

spécifiquement de la rétrodiffusion de la lumière, résolue en polarisation, par les 

nanoparticules de l’atmosphère, afin d’étudier la complexité des processus atmosphériques 

qui la composent, tels que la nucléation. En complément à cette approche particulaire, les gaz 

à effet de serre sont également étudiés, en suivant une méthode originale, consistant à évaluer 

leur concentration atmosphérique, par couplage d’un télédétecteur lidar possédant une large 

bande spectrale avec la spectroscopie optique de corrélation (Thomas et al., 2012, 2013a,b). 

 

Une attention particulière a été portée à la réalisation de mesures sensibles et précises utilisant 

un lidar multi-spectral (UV, VIS), résolu en polarisation (David et al., 2012). Comme premier 

résultat, un coefficient de rétrodiffusion aussi faible que (2,4 ± 0,5) × 10−8 m−1.sr−1, a été 

mesuré dans l’UV en polarisation croisée à celle du laser incident dans la troposphère libre, 

avec une limite de détection de la dépolarisation de δp = 0,6 % (proche de la dépolarisation 

moléculaire), observée à plus de 4 kilomètres d’altitude. Ensuite, une méthode nouvelle a été 

développée pour retrouver, dans un mélange externe de particules à deux/trois composantes 

chimiques, le coefficient de rétrodiffusion de chacune de ces composantes. Pour ce faire, le 

coefficient d’Angström et la dépolarisation de chaque espèce chimique doivent être 

déterminés précisément. On montre dans ce travail de thèse que ces coefficients  peuvent être 

déterminés soit par simulation numérique de la diffusion simple (algorithme T-matrix), soit 

directement par des mesures de laboratoire. Les hypothèses et les performances de cette 

méthode sont ensuite discutées dans trois cas d’étude : i) mélange externe de particules de 

sulfates avec les cendres volcaniques issues de l’éruption de 2010 du volcan Eyjafjallajökull 

(Miffre et al., 2011, 2012a, b) ii) mélange externe de poussières désertiques dans la 

troposphère libre (Miffre et al., 2011 ; Dupart et al., 2012) observé lors d’un épisode de 

tempête de sable désertique à Lyon (juillet 2010), iii) mélange externe à trois composantes : 

poussières désertiques, sels de mer et particules solubles dans l’eau (David et al., 2013a). Ces 

mesures atmosphériques ont conduit à plusieurs résultats: (a) détermination à distance de la 

concentration en nombre en particules volcaniques (cas i), désertiques (cas ii) (Miffre et al., 

2011). Par construction, ces mesures de concentration sont spécifiques à ces particules et 
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intègrent les effets de taille et de sédimentation (Miffre et al., 2012b) ; (b) Evolution de la 

rétrodiffusion en fonction de l’hygroscopicité de ces particules ; (c) Observation de la 

formation de nouvelles particules dans l’atmosphère (nucléation) à partir des mesures lidar 

UV, résolues en polarisation. Ce résultat nouveau ouvre de nouvelles perspectives à la pointe 

de la recherche actuellement réalisée en physico-chimie de l’atmosphère (Dupart et al., 2012). 

 

De manière complémentaire, la dépolarisation de nanoparticules en suspension dans l’air 

ambiant a été mesurée en laboratoire, pour la première fois dans la direction d’exacte 

rétrodiffusion (θ = 180,0° ± 0,2°) (David et al., 2013b). Cette expérience satisfait aux 

conditions de diffusion simple en champ lointain et fonctionne dans le domaine spectral UV. 

Ainsi, en accord avec la théorie Mie, aux incertitudes de mesure près, un ensemble de nano-

gouttes sphériques d’eau ne manifeste aucune dépolarisation (δp = (0,02 ± 0,05) %),  tandis 

que des nanoparticules de chlorure de sodium, non-sphériques, dépolarisent la lumière 

(δp = (4.38 ± 0.16) %). Ces expériences soulignent de plus le besoin de mieux connaître les 

propriétés optiques d’une nanoparticule individuelle. Ainsi, en collaboration avec l’équipe 

FemtoNano de N. Del Fatti et F. Vallée de l’ILM, des mesures absolues de section efficace 

d’extinction ont été réalisées sur des nanoparticules diélectriques uniques d’ammonium 

sulfate et de sable désertique. Une comparaison de ces mesures de laboratoire avec la théorie 

est présentée et discutée, en fonction des conditions environnementales. 

 

En conclusion, cette thèse explore la diffusion optique d’un ensemble de nanoparticules et 

l’extinction d’une nanoparticule diélectrique unique, en les mesurant de manière très sensible 

et précise, en atmosphère réelle comme en laboratoire, tout en étayant cette approche 

expérimentale par des simulations numériques. Cette approche ouvre des perspectives 

nouvelles, portant sur les propriétés microphysiques de ces nanoparticules atmosphériques 

(Dupart et al., 2012, David et al., 2013b).   
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List of variables and notations 
 

a:   spheroid’s rotational symmetry axis length 
Åp:   particle Ångstrom exponent 
Åp, :   cross-polarized particle Ångstrom exponent  
Åp,//:   co-polarized particle Ångstrom exponent  
AFT:   aerosol flow tube 
AMS:   aerosol mass spectrometer  
ATD:   Arizona test dust 
b:  spheroid’s axis length in the perpendicular direction of the rotational symmetry 

axis 
BE:   beam expander  
c:   light velocity 
Cext,p:  particle extinction cross section 
Cext,np:  nanoparticle extinction cross section 
Csca:   scattering cross section 
CNM:   number-to-mass conversion factor 
d:   the distance between the particle and the observer 
dØ:   distance between LC and Ir  
d1   distance between LC and L1 
DB:   Dichroic beamsplitter 
Dp:   particle depolarization 
DetL:   Lidar detector 
DIAL:   differential absorption lidar 
DM:   Dichroic mirror 
DMA:   differential mobility analyzer 
Ei  incident electric field vector 
Ei,p  components of Ei in the scattering plane 
Ei,s  components of Ei perpendicular to the scattering plane 
Er   electric field vector of the reflected wave 
ECMWF:  European Centre for Medium-range Weather Forecasts 
f:   frequency of the spatial modulation 
fc:   focal of the collecting lens Lc 
f1:   focal of the collecting lens L1 
f2:  focal of the collecting lens L2 
F:   scattering phase function 
F:   scattering phase matrix 
Fij:   scattering phase matrix elements 
FOV:   Field of view 
Gλ:   electro-optic calibration constant  
HWP:   Half waveplate 
h   local hour angle of the Sun 
I:   first element of the Stokes vector 
Iinc:   incident light intensity 
Il:   intensity spatial profile of the light beam 
Isca,p:   light intensity of the particle scattering 
Isca,//:   co-polarized scattered light intensity  
Isca, :   cross-polarized scattered light intensity 
I2λ:   backscattered photon intensity vector 
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Ir:   detector’s iris 
IF:   interference filter 
kinc:   incident light wave vector 
ksca:   scattered light wave vector  
K:   normalization constant of the spheroids weighting 
ℓ:   spatial extension of the backscattering volume 
L:   Latitude 
LC;   collecting lens 
L1:   Lens in the exact backscattering detector 
L2:   Lens in the exact backscattering detector 
m (subscript) molecules 
m:    refractive index  
Mash:   ash mass concentration 
mDB matrix relating the incident electric fields to the electric fields reflected by the 

dichroic beamsplitter 
MDL:   lidar detector transfer matrix 
ME :   Mueller matrix of the emitter device 
MEllip:   elliptic mirror 
MPrim:   primary mirror 
Mp:  mueller matrix that accounting for the modification of the polarization state of 

the laser pulse during its propagation in the particles medium and in the air 
surrounding medium 

MR :   Mueller matrix of the receiver device 
mO:   ordinary refractive index 
n12:   neither ns1 nor ns2 particle component 
nash:   non-ash particle (namely particles that are not ash particles) 
ndust:   dust number density 
ndust:   non-dust particle (namely particles that are not dust particles) 
nndust:   non-dust particle number density 
np:   nanoparticle 
np:   particle number density 
inc: incident 
Nash:   ash particle number concentration 
Ndust:   ash particle number concentration 
NPF:   new particle formation 
NPFG:   new particle formation and growth 
ns:   nonspherical particle 
ns1:   first nonspherical particle component 
ns2:   second nonspherical particle component 
O(z):   overlap function  
OBP2:  Optical backscattering partitioning in a two-component particle mixture 
OBP3:  Optical backscattering partitioning in a three-component particle mixture 
OCS:   Optical correlation spectroscopy 
OPC:   optical particle counter  
p:  particle 
P:   lidar optical signal 
Ƥ  exact backscattering signal 
PF:   measured background signal 
Pinc:   incident light power 
Ptrans:   transmitted light power 
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PV   small scattering volume element materialized by a point  
P2λ:    measured backscattering signal vector 
Pλ,//:   co-polarized lidar signal 
Pλ, :   cross-polarized lidar signal 
PMT:   photomultiplier tubes  
PSD:   particle size distribution  
Q:   second element of the Stokes vector 
QWP:   Quarter waveplate 
r:   particle radius  
rmin:  minimum radius of the particle contributing significantly to the backscattering 

coefficient 
R//:  parallel backscattering ratio  
Rp:  reflectivity coefficient for polarization in the scattering plane 
Rs:  reflectivity coefficient for polarization perpendicular to the scattering plane 
RH:   relative humidity 
RSL:   Raman scattering lidar 
s:   backscattering signal 
s0:   ambient air backscattering signal 
SMS:   spatial modulation spectroscopy 
s:   spherical particles 
sca:   scattered 
SMPS:  Scanning mobility particle sizer  
sp:   particles backscattering signal 
Sp:   lidar ratio 
Stp:   Stokes vector of the particles backscattering radiation 
Stinc:   Stokes vector of the incident laser pulse emitted 
ss:   sea-salt particles 
T  atmospheric transmission 
Tp:  transmission coefficient for polarization in the scattering plane 
Ts:  transmission coefficient for polarization perpendicular to the scattering plane 
TG:   target gas 
ti:   time of the laser pulse emission 
u:   unit vector in the z-direction 
U:   third element of the Stokes vector 
V:   fourth element of the Stokes vector 
w:   water dropplets 
W:  weighting factor of the spheroids distribution 
x:   size parameter  
Xns:   fraction of ns-to-particle backscattering coefficients 
 
αp:   particle extinction coefficient 
βash,π:  π-polarized ash particle backscattering coefficient  
βnash,π:  π-polarized non-ash particle backscattering coefficient  
βdust,π:  π-polarized dust particle backscattering coefficient  
βp,π:  π-polarized particle backscattering coefficient  
βm,π:   π-polarized molecular backscattering coefficient 
βndust,π:  π-polarized non-dust particle backscattering coefficient  
βss,π:  π-polarized sea-salt particle backscattering coefficient  
βws,π:  π-polarized water-soluble particle backscattering coefficient 
δ:   volume depolarization ratio 
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δ*:   measured volume depolarization ratio 
δNaCl:   NaCl depolarization ratio 
δash:   ash particle depolarization ratio 
δdust:   dust particle depolarization ratio 
δnash:   non-ash particle depolarization ratio 
δndust:   non-ash particle depolarization ratio 
δp:   particle depolarization ratio 
δss:   sea-salt particle depolarization ratio 
δws:   sea-salt particle depolarization ratio 
δw:   water droplets depolarization ratio 
Δx:   deviation from optics axis 
Δy  Amplitude of the spatial modulation 
Δs   solar declination angle 
Δλ:   interferential filter bandwidth 
ΔS:   collection surface of the detector 
Δt:   time interval 
Δδ:   difference between δ*/G and δ 
ε:   aspect ratio 
ἕ:   width of the scattering angle detected 
ξ:  residual polarization of the emitted laser 
1λ:   single wavelength 
2λ:   dual wavelength 
λ:   wavelength 
λ/2:   half-waveplate  
λ/4:   quarter-waveplate  
ηλ,π :   electro-optic detection efficiency 
φ:  misalignment angle between the laser linear polarization and the parallel axis 

of the detector PBC 
φ0:  offset-angle between the parallel laser linear polarization and the p-axis of the 

dichroic beamsplitter 
π:   {//, } polarization components ( co- or cross-polarized)  
Ø:   diameter of the iris Ir 
Øc:   diameter of the lens Lc 
Ø1:   diameter of the lens L1 
Ø2:   diameter of the lens L2 
θ:   scattering angle  
θ0: offset angle between the laser linear polarization and the dichroic 

beamsplitter’s axis in the scattering plane 
θi:   tilt angle from normal incidence of the QWP 
Ω:   solid angle 
ψ:  angle between the horizontal (x,z)-plane and the fast axis of the quarter 

waveplate 
τ:   laser pulse duration  
ω0:   single scattering albedo 
(dσ/dΩ)//:  co-polarized backscattering cross-section 
<(dσ/dΩ)//>:  mean co-polarized backscattering cross-section 
(dσ/dΩ) :  cross-polarized backscattering cross-section 
<(dσ/dΩ) >:  mean cross-polarized backscattering cross-section 
(dσ/dΩ)ash:  ash particle backscattering cross-section 
<(dσ/dΩ)ash>:  mean ash particle backscattering cross-section  
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Chapter 1 

 

Introduction  
 

 

This thesis is dedicated to the study of the optical backscattering and extinction of laser light 

by atmospheric particles in the nanometer size range. The main concern of this work relies on 

accurate observation of polarization-resolved and wavelength dependence of the particles 

light backscattering, which makes possible to address its complex microphysical properties 

(chemical composition, shape and size) and concentration in the atmosphere. 

 

1.1 Scientific context of this work 

 

An aerosol is an ensemble of liquid or solid particles suspended in ambient air, which present 

a wide range of sizes, shapes and chemical components with interconnected distributions 

(Seinfeld and Pandis, 2006). Atmospheric particles are usually classified as primary particles 

when directly emitted from one source (desert dust, volcanic ash, soot, sea-salt or biological) 

then secondary aerosols, when formed by particle-to-gas conversion, such as nucleation, 

condensation, heterogeneous and multiphase chemical reaction (Hallquist et al., 2009).  
 

Atmospheric aerosols strongly affect human health by giving rise to premature mortality 

(Pope et al, 2013; Fann and Risley 2013). For instance, 66 000 (95 % confidence interval 

[39 300; 84 500]) premature death per years in the USA are due to atmospheric particles 

(Punger and West, 2013). Moreover particles are associated with lung cancer and respiratory 

diseases (Katanoda et al., 2011). Indeed when aerosols are inhaled aerosols bigger than 5 μm 

mostly deposit in the nose, pharynx, larynx and trachea, while aerosols smaller than 5 μm 

deposit in the bronchioles and alveoli (Dockery and Pope, 1994). Dockery and Pope (1994) 

also underlined that the biological effect of aerosols is determined by their physical and 

chemical nature and especially their solubility.  
 

In addition to this health impact, atmospheric aerosols impact the Earth’s climate by 

modifying the optical scattering and absorption of the radiation emitted by the Earth and the 

Sun (direct effect) (Haywood and Boucher, 2000) and also modify the reflection of solar 
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radiation by changing the cloud coverage (indirect effect) (Twomey, 1977; Ramaswamy et al., 

2001). Figure 1.1, derived from the IPCC report (2007), presents the global radiative forcing 

(RF, in W.m-2) impacting the Earth’s climate and underlines the role of aerosols and the 

remaining uncertainties concerning the direct and indirect effect of atmospheric aerosols on 

Earth’s climate. Indeed, quantifying the climate impact of aerosols is a very difficult task as it 

requires the accurate determination of numerous inputs, including particle chemical 

composition, number concentration, size distribution, mixing state, shape and hygroscopicity, 

together with the particle spatio-temporal distribution (IPCC, 2007). Moreover, their optical 

properties such as the single scattering albedo ω0, the particles extinction cross-section Cext,p 

and the particles scattering phase function F11,p have to be accurately determined as function 

of the wavelength λ of the radiation and the relative humidity (RH) of the atmosphere. 

Another difficulty arises from complex processes and interactions between aerosols and 

gases, such as new particle formation which understanding is still undergoing (O’Dowd et al., 

2002; Boulon et al., 2011; Kulmala et al., 2012; Dupart et al., 2012, Kyrö et al., 2013). Hence, 

an accurate quantifying of the atmospheric particles effect on climate and health would 

require a near perfect characterizing of the atmospheric particles and the processes driving 

their formation and aging. 
 

 
Figure 1.1 Global mean radiative forcing (RF) from the agents and mechanisms discussed in the IPCC report 
(2007), grouped by agent type. The RF values, plotted in this figure, correspond to the bold values in Table 2.12 
of the IPCC report (2007). The scientific understanding shown for each term is described in Table 2.11 of the 
IPCC report (2007). Figure and caption from the IPCC report (2007). 
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Hence, the scientific context of the Figure 1.1 settled the framework of this thesis and 

especially the RF uncertainties affected by aerosols. These error bars originate from the 

complexity of atmospheric aerosols which present a wide range of size, shape and chemical 

composition. In this context, we focus on the benefits brought by optical techniques: optical 

measurements are a key tool since they can operate under atmospheric conditions of relative 

humidity, temperature and pressure, which mean that, when no sampling is required during 

the observation, the size, the shape and the chemical composition of the aerosol are preserved. 

Moreover, photon-particles energy interaction relies on only few electron-volts, below 

ionization thresholds that would modify the aerosol. In addition, high sensibility optical 

detectors exist, with the ability to detect up to the photon-counting if needed. While the main 

concern of this work is the study of atmospheric particles optical properties, I have also 

performed ,through a collaborative work with my colleague B. Thomas (Thomas et al., 2012, 

2013a, b), range-resolved measurements of the atmospheric water vapor content by using 

light absorption. This work is presented in the Appendix A.  

 

1.2 Atmospheric aerosols  
 

In this section, we present in details the atmospheric particles, which have different chemical 

composition, shape and sizes. The new particle formation is also introduced. Then after 

recalling some remaining questions, we present the optical techniques used to study 

atmospheric particles through either atmospheric or laboratory experiment on an ensemble of 

particle or on a single particle. 

 

1.2.1 Atmospheric particles chemical composition 
 

The chemical composition of atmospheric particles drives their physical and chemical 

properties such as the water uptake/solubility, scattering or absorption (Li et al., 2001; 

Randriamiarisoa et al., 2006; Vester et al., 2007). In the atmosphere, the predominant 

chemical components are sulfate, nitrate ammonium, sea-salt, mineral dust, organic 

compounds and black or elemental carbon. Each of these components typically contributes 

around 10-30 % of the total particle mass load (Pöschl et al., 2005). However these 

weightings may vary by one order of magnitude (Finlayson-Pitts and Pitts, 2000, Seinfeld and 

Pandis, 2006). These particles may exhibit hygroscopic properties. Water-soluble particles, 
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defined accordingly to Hess et al. (1998), include sulphate (such as H2SO4, NH4HSO4, 

(NH4)2SO4) and nitrate (such as NH4NO3) particles as well as other organic water-soluble 

substances, while soot and soil particles are water-insoluble. Moreover, there is close link 

between the chemical composition and the optical properties since the particle’s refractive 

index m drives the light scattering and absorption processes (Mishchenko et al., 2002). Hence, 

soot particles are sometimes considered as the second most warming component after CO2 

(Jacobson, 2001), as they strongly absorb the Sun light, while sulfate particles, have a cooling 

effect by reflecting sun light (Mishchenko et al., 2007b). In addition, several chemical 

components are often mixed in the atmosphere and the corresponding particles optical 

properties, such as ω0, Cext,p or F11,p, may strongly vary depending on the mixing state of these 

particles (Lesins et al., 2002). In the atmosphere, particle mixtures are usually observed as, 

either internally-mixed (when one small particle is embedded in a larger host particle) or 

externally-mixed (when particles are separated by a distance much greater than their size) as 

illustrated in Figure 1.2, inspired from Mishchenko et al. (2004b). The case of semi-external 

particle mixtures or aggregates is not considered in this thesis.  

 

 
Figure 1.2 Illustration of the external (a) and internal (b) mixing of atmospheric particles. 

 

1.2.2 Particle size distribution 
 

The particle size is also very important, as for instance only particles of size larger than 25-50 

nm in radius are able to influence climate, although smaller particles may influence health and 

atmospheric chemistry (Kulmala et al., 2012). The size of atmospheric particles varies by 

more than four orders of magnitudes from less than 1 nm up to 100 μm. As particles are never 

perfectly mono-sized, the so-called particle size distribution (PSD) is often used to 

characterize the size of atmospheric particles. For a particles number concentration Np, the 

PSD function np (r), i.e. the number of particles per cm3 in air having a radius in the range 

r + dr, is defined as follows (Seinfeld and Pandis, 2006): 
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p p
0

N n (r) dr          (1.1) 

 

If the particles are nonspherical, r is defined as the radius of the sphere that would have the 

same surface or volume as the considered nonspherical nanoparticle. Hence, surface and 

volume Sp and Vp concentrations are also used and defined in Equation (1.2) and (1.3):  

 

2
p p

0

S r n (r) dr         (1.2) 

3
p p

0

4V r n (r) dr
3

        (1.3) 

 

In this thesis, if not mentioned otherwise, for non-spherical particles, the volume equivalent 

radius will be used.  

 

Figure 1.3 present a scheme of Sp (r) as presented by Seinfeld and Pandis (2006). The PSD 

exhibits three main modes: the ultrafine particles mode (around r = 10 nm), the fine particles 

mode (around r = 150 nm) and the coarse mode (around r = 5 μm). The highest surface 

concentration is found for fine particles, which underlines the high importance of particles 

having a radius in the hundred nanometer range. Ultrafine particles also have a high surface 

concentration. Moreover, in the particles number concentrations representation of the PSD, 

ultrafine particles would be the most numerous as the r2-factor present in Equation (1.2) 

would then disappear. In addition, ultrafine and fine particles experience the longest lifetime 

in the atmosphere. Hence, some atmospheric particles may remain in the troposphere for 

several weeks (Robock, 2000; Overnevaidte et al., 2009), which further reinforce their 

radiative impact. 
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Figure 1.3 Idealized schematic of the distribution of particle surface area of an atmospheric aerosol (Whitby and 
Cantrell, 1976). Principal modes, sources, and particle formation and removal mechanism are indicated. Figure 
and caption from (Seinfeld and Pandis, 2006). 
 

As detailed in Figure 1.3, to this three-mode PSD correspond several physico-chemical 

processes that indeed occur in the atmosphere, such as sedimentation, which usually occur on 

coarse particles, as during volcanic ash episodes or Saharan dust outbreaks, after long-range 

transport. Other processes may occur, such as condensation, coagulation, aggregation (for 

ultrafine particles), then homogeneous nucleation, condensation growth and coagulation in the 

accumulation range. These phenomena may lead to new particle formation, hereafter noted 

NPF. Research on NPF recently strongly involves the scientific community (O’Dowd et al., 

2002; Hamburger et al., 2010; Kirkby et al., 2011; Boulon et al., 2011; Kulmala et al., 2012; 

Dupart et al., 2012; Kyrö et al., 2013). Laboratory experiments, performed in cloud chambers, 
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have setlled the fundamental nucleation processes involving ions and neutral cluster (Kirkby 

et al., 2011). Moreover, field experiments showed that NPF can be observed everywhere in 

the atmosphere (Kulmala et al., 2012; Kyrö et al., 2013), such as in the Planetary Boundary 

Layer (PBL) (Wehner et al., 2010; Dupart et al., 2012) or in the free troposphere (Hamburger 

et al. 2010; Boulon et al., 2011). In this context, a recent finding is the possibility to initiate 

nucleation by new pathways, in the presence of mineral dust particles (Dupart et al. 2012) or 

volcanic materials (Boulon et al., 2011). Basically, NPF is related to the gaseous H2S04 in the 

atmosphere whereby molecular sulfuric acid formation processes are still under debate. 

Recent work realized on heterogeneous photochemistry shows that particulate matter 

presenting semi-conductor properties like desert dust containing Iron Oxyde could offer a new 

pathway to explain the formation of H2SO4 in the gas phase (Dupart et al. 2012). To provide 

details on this new pathway, it is presented in Figure 1.4. 

 

 
Figure 1.4 Scheme of reaction mechanism. The semiconductor (SC) components of dust under UV irradiation 
are producing OH• radicals that may desorb and react with SO2 in the vicinity of the dust OH• radicals oxidizing 
SO2 in the vicinity of the surface. The produced sulfuric acid may then initiate nucleation events. 
Such new particle formation eventually leads to secondary particle formation. Hallquist et al. 

(2009) recently reviewed the formation, properties and impact of second organic particles and 

emphasis their complexity. In addition, Hallquist et al. (2009) pointed out numerous future 

research directions necessary to understand the formation, properties and impact of second 

organic particles, including the study of complex reactant mixture and composition, the 

coupling of laboratory and field studies performed under similar conditions or tools 

development for isolation, characterization and process studies of the water insoluble organic 

matter. For all these reasons, the study of fine and ultrafine particles is emphasized in this 

thesis, as detailed below in the thesis’s outline (Figure 1.3).  
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1.2.3 Atmospheric particle shape 
 

Among the major uncertainties involved in climate change modeling, the lack of knowledge 

on the atmospheric particles shape is an essential point, especially in urban polluted areas, 

where atmospheric aerosols may present a wide range of sizes and shapes. Applying the 

century-old Lorenz–Mie formalism to tropospheric particles may lead to significant errors in 

climate change modeling (Kahnert et al., 2005), as nonspherical particles scatter and absorb 

light differently from volume- or surface-equivalent spheres (Mishchenko et al., 2000). In 

particular, orientation averaging over an ensemble of non-spherical particles does not lead to 

the same scattering pattern as for spheres (Nousiainen et al., 2009). Hence, non-spherical 

particles are difficult to address since no general analytical solution is available, except for 

some specific geometry far away from the observed highly-irregular shape of atmospheric 

particles (Mishchenko et al., 2002). The variability in the particles size and shape is depicted 

in Table 1.1, where volcanic ash, desert dust and sea-salt particles are observed through 

electron microscope images, while water-soluble particles, like sulfate particles, are spherical.  

 
Table 1.1 Electron microscope images of desert dust particles, sea-salt (ss) particles and water-soluble (ws) 
particles (an ammonium sulphate particle is observed) taken at ILM. For volcanic ash, in the absence of 
measurement at the ILM, the image has been provided by O. Muñoz from Mount Spurr volcanic eruption. ws-
particles are here defined accordingly to the classification of Hess et al. (1998), which include, sulphate (such as 
H2SO4, NH4HSO4, (NH4)2SO4) and nitrate (such as NH4NO3) particles as well as other organic water-soluble 
substances. 
Particle type Label Literature references Electron microscope image 
    
 
 
Volcanic ash 
 

 
 

(ash) 

Winker and Osborn (1992), 
Mather et al. (2003), 
Muñoz et al. (2004), 
Sassen et al. (2007), 
Schumann et al. (2011), 
Lindqvist et al., (2011), 
Eyjafjalljökull ACP Special Issue (Hasager 
et al., 2012) 
Miffre et al. (2012a,b)  

    
 
Desert dust 
 

 
(dust) 

Shimizu et al., (2004) 
Mallet et al. (2004) 
Kaaden et al. (2009) 
Nousiainen (2009) 
Veselovskii et al. (2010) 
Ansmann et al. (2011) 
Nishizawa et al. (2011) 
Di Girolamo et al. (2012)  
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Sea-salt 

 
(ss) 

Shettle et al., (1979) 
O’Dowd et al. (1997) 
Murayama et al. (1999) 
Wise et al. (2005) 
Zhang (2008) 
Sakaï et al. (2010) 

 
    
 
Water-
soluble 
 

 
(ws) 

O’Dowd et al. (1997)  
Hess et al., (1998) 
Nishizawa et al. (2011) 
Di Girolamo et al. (2012) 
 

 
 

 
 

1.2.4 Open questions 
 

The complexity of the formation, properties and impact of atmospheric particles, underline 

the need to address the different particle chemical component from their mixing and study the 

interaction between these particle components. Moreover, the optical properties (scattering 

and extinction) of these atmospheric particles are still under investigation and need further 

characterization (see Figure 1.1). In addition, the dust-climate processes due to dust transport 

mechanism affect adjacent continental and ocean regions (Engelstaedter et al., 2006). During 

transport by advection from source regions to places where intrusion episodes occur, the 

particle properties may also change due to processes such as sedimentation, mixing with other 

particles (Zhang, 2008), hygroscopic growth and possible chemical alteration (Bourcier et al., 

2011; Riccobono et al., 2012). After long-range transport, these particles are hence highly 

dispersed and aged, and may present sizes or shapes different from those observed in the 

source region. One of the typical consequences is a complex vertical layering generally 

observed in the low troposphere at far-range remote sites, far from their source regions. Due 

to this complexity, new measurement methodologies and techniques have to be developed to 

specifically address each particle component in the particle mixtures. We here present the 

corresponding bibliography. 
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1.3 On the use of polarization lidar for atmospheric studies 
 

To face the atmospheric particles complexity, laser spectroscopy is of prime importance and 

moreover particle light scattering and extinction are nowadays the main applied optical 

properties to evaluate the atmospheric particle content. Several optical properties can be 

addressed by laser spectroscopy, as for example the scattering phase function (Gayet et al., 

1997). Laser spectroscopy can be applied to address the chemical composition of atmospheric 

particles, by studying their refractive index wavelength dependency (Lang-Yona et al., 2009). 

Laser-induced fluorescence is another methodology to access PM chemical composition also 

used to characterize organic and biogenic atmospheric particles (Mejean et al., 2004). Along 

with these laser techniques, lidar (light detection and ranging) is particularly interesting as it 

provides fast, reliable and range-resolved access to the optical properties of an ensemble of 

atmospheric particles from the ground up to several kilometers, and this under in situ 

atmospheric conditions of temperature and humidity (Measures, 1992; Weitkemp, 2005; 

Kacenelenbogen et al., 2011; Di Girolamo et al., 2012). Indeed, a pulsed laser beam is sent 

into the atmosphere and the light backscattered by atmospheric aerosols and molecules is 

collected by a receiver telescope, which focus the collected light on a photo-detector. The 

laser excitation wavelength λ is often chosen in the visible (VIS) or/and in the infrared (IR) 

spectral range (Sugimoto et al., 2002; Mejean et al., 2004; Kacenelenbogen et al., 2011) while 

the ultraviolet (UV) spectral range is rather seldom used (Reichardt et al., 2000; Adam de 

Villiers et al., 2009; Freudenthaler et al., 2009). To address the high concentrated ultrafine 

and fine particles with laser remote sensing, it is interesting to choose a laser excitation 

wavelength λ in the UV spectral range, where particles size parameters (x = 2πr/λ for an r 

equivalent sphere radius) often lead to backscattering enhancements (Mishchenko et al., 

2002). This is, however, challenging since in the UV spectral range molecular scattering may 

overcome particles scattering. In addition, the shape of these particles can be addressed by 

using the light’s polarization, which is defined along the direction of the light electric field. 

The polarization state of light can be fully defined by using the Stokes vector [I, Q, U, V]T, 

where I, Q, U and V are the four Stokes parameters. I describes the light intensity, while Q, U 

and V fully describe the light polarization state. In this thesis, if not mention otherwise the 

Stokes parameters are defined with respect to the scattering plane (plane comprising the 

incident and scattered wave vector kinc and ksca). As further detailed in Section 2.1, light 

scattering by non-spherical particles modify the polarization state of the incident laser light, 
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while for spherical particles, the polarization state of the laser light is preserved during the 

scattering process. Hence, polarization-resolved remote sensing systems can be used as a 

particle shape and thermodynamic phase indicator (Gobbi et al., 2004), especially in the lidar 

backward direction, where polarization of the scattered light is unequivocally sensitive to the 

particles shape (Mishchenko et al., 2002; Nousiainen et al., 2009). The polarization lidar, 

which equation is given in Equation (1.4) (Measures, 1992; Weitkemp, 2005), has the same 

principle than the regular lidar, except that before being detected the backscattered light is 

separated as a function of its polarization π = {//, } with respect to the incident laser 

polarization. Hence, at altitude z, two lidar signals are obtained as function of their π = {//, } 

polarization and are respectively called co- and cross-polarized signals: 
 

2
0 F,2

O z
P ( , z) ( ) P ( ) ( , z) T P

z
    (1.4) 

d

p m
0

T( , z) exp( ( ( , z ') ( , z ')) dz ')      (1.5) 

 

where ηπ(λ) is the detection efficiency taking into account the electro-optics gain of the 

detector and the geometry of the telescope, while P0 is the incident laser power and O(z) is the 

overlap function between the laser beam and the receiver field of view (FOV). PF is the 

background signal, mainly due to the backscattered sunlight. T is the atmospheric 

transmission, which accounts for the particles (p) and the molecular (m) extinction coefficient 

(α) The key point of the lidar equation is the so-called atmospheric volume backscattering 

coefficient βπ(λ, z), in m-1.sr-1, which describes the amount of backscattered light. By applying 

the superposition principle, βπ is equal to : 

, ,
, ,

p m p m
p m

d dN N
d d

    (1.6) 

 

Where Np and Nm are the particles (p) and molecules (m) number concentration (in m-3), 

while <(dσ/dΩ)p,π> and <(dσ/dΩ)m,π> is the particles and molecules co-/cross-polarized 

backscattering differential cross-section, averaged over their size distribution. Most of the 

polarization lidars use a laser linearly polarized (Sugimoto et al., 2006; Sassen et al., 2007; 

Freudenthaler et al., 2009; Veselovskii et al., 2010). At a far range or altitude z compared to 

the particles size, the magnitude of the non-zero polarization change due to the backscattering 

by randomly-oriented non-spherical particles is a signature of the particles sphericity 
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(Mishchenko et al., 2002), which often called depolarization. In the lidar community, the 

volume linear depolarization ratio δ is defined as follows: 
 

/ /

( , z)( , z)
( , z)

         (1.7) 

 

However, δ is not a particle shape indicator as both molecules (subscript m) and particles 

(subscript p) contribute to βπ (i.e. βπ = βm,π + βp,π obtained when applying the superposition 

principle). Hence, the particle sphericity indicator is the so-called particle linear 

depolarization ratio δp: 
 

p,
p

p,//

( , z)
( , z)

( , z)
         (1.8) 

 

where the particle backscattering coefficient βp,π can be retrieved from the molecular 

backscattering coefficient βm,π by applying the Klett’s algorithm (1985). Moreover, with a βp,// 

time-altitude map, the βp,π-coefficients can be used to study the complex particle layering 

observed in the atmosphere, as shown in Figure 1.5, where a thin filament of unusually high 

particle load is visible between 3 and 6 km. As detailed in Chapter 3, this filament exhibits the 

temporal behavior of the volcanic ash cloud. Hence, such polarization lidar measurements of 

βp,π allow to distinguish the particle layering from the ground up to several kilometers 

altitude.  

 
Figure 1.5 Time altitude map of βp,// from 17th up to the 19th of April 2010. A thin filament of unusually high 
particle load is visible between 3 and 6 km on the 17th April. 
 

A few lidars use a laser circularly polarized (Del Guasta et al., 2006; Roy et al., 2011; 

Hayman et al., 2012), which is interesting to study preferentially oriented particles (Del 

Guasta et al., 2006; Nicolet et al., 2012; Hayman et al., 2012). However, as shown 
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theoretically by Mishchenko and Hovenier (1995) and experimentally by (Del Guasta et al., 

2006; Roy et al., 2011), when particles are randomly-oriented, the measurement of the linear 

or circular polarization leads to the same information on the particle shape as the linear and 

circular depolarization are linked by δc = 2δp/(1 – δp). Moreover, Lidar may also be used to 

address the PSD by using several laser wavelengths (Veselovskii et al., 2010; Di Girolamo et 

al., 2012) and lidar is the only remote sensing measurement allowing retrieving the range 

resolved vertical profile of particle concentrations (Revuelta et al., 2012). 

 

1.4 Laboratory optical experiments on atmospheric particles  
 

To address the climate impact of atmospheric aerosols, as underlined by the IPCC report 

(2007), laboratory measurements are interesting, as they allow controlling the experimental 

conditions, such as the particle chemical composition, size and shape, which brings 

complementarities with atmospheric field experiments. Hence, laboratory measurements have 

raised new understanding on the atmospheric processes such as new particle formation 

(Kirkby et al., 2011). Moreover, laboratory measurements may serve as a standard for 

evaluating particle optical properties, such as light scattering (Munoz et al., 2004), as they 

account for the potential highly-irregularly shape of nonspherical particles, as well as their 

inhomogeneity, porosity and birefringence (Attwood and Greenslade, 2011). Therefore, 

coupling field with laboratory experiments, when of course performed under similar 

experimental conditions, considerably improves the knowledge on particles in their 

environment (Hallquist et al., 2009). Hence, as the presented lidar measurements are 

performed in the backscattering direction, we here focus on the optical laboratory 

measurements performed close to the backscattering direction. 

 

Besides its quite simple geometry and its handiness for in situ applications (Ghosh et al., 

2009), the backscattering direction has raised great interest as it is one of the most sensitive 

directions to the size and the shape of the sample (Mishchenko et al., 2002; Nousiainen et al., 

2009). In addition, some experiments are polarization-resolved as they measure the elements 

of the scattering matrix, which relates the Stokes vector of the incident and scattered light, as 

developed in Chapter 2. O. Muñoz and J. Hovenier recently reviewed (2011) the existing light 

scattering laboratory experiments measuring one or more elements of the scattering matrix of 

an ensemble of particles suspended in air. Several light scattering matrix experiments have 
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been built and operate at high scattering angles θ ≥ 168°, approaching the exact 

backscattering direction (θ = 180°) (Sakai et al., 2010, Munoz and Hovenier., 2011; Schnaiter 

and al., 2012; Glen and al., 2013); where the scattering angle θ is defined as the angle 

between the incident and scattering direction of the light. The closest value to the exact 

backscattering direction is θ = 179.6° (Sakai et al., 2010). To cover the exact backscattering 

direction, polynomial extrapolations or numerical algorithms have been proposed (Liu et al. 

2003), but their inherent assumptions must be discussed and may lead to quite considerable 

errors, as recently discussed by M. Schnaiter et al. (2012). Hence, there is a need for 

laboratory scattering matrix measurements in the exact backscattering direction for an 

ensemble of particles in air, and this for at least two reasons. Firstly, it may help validating 

numerical simulations based on T-matrix or DDA numerical codes, which are never 

assumption-free, especially when the particles exhibit complex morphologies. Secondly, it 

may be also useful in passive or active lidar remote sensing field experiments, which operate 

in the backscattering geometry and where T-matrix computations have been coupled with 

polarization lidar (Veselovskii et al., 2010). However, to our knowledge, none of the existing 

apparatuses cover the exact backscattering direction for an ensemble of particles suspended in 

air and, in addition, the UV spectral range has never been explored during laboratory 

experiments. Moreover, from a detailed reading of the corresponding papers, it seems difficult 

to know if the far-field single scattering conditions are fulfilled, which is useful to benchmark 

with numerical simulation or passive or active lidar remote sensing field experiments.  

 

1.5 Laboratory experiment on a single particle 
 

The IPCC report (2007) underlines the need for quantitative measurements of absolute 

scattering and extinction cross-sections. To be performed at the scale of the atmosphere, such 

cross-sections must be evaluated over an ensemble of particles. In this context, it is generally 

assumed that the scattering and extinction cross-sections ,sca pC and ,ext pC of the N particles 

filling a volume element are obtained by summing the scattering and extinction cross-sections 

of the individual particles: 

  

, , ,
1

N

ext p ext i ext p
i

C C N C        (1.9) 
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This assumption is fulfilled if particles are in random orientation, under single-scattering 

approximation. Hence, there is a need for determining the scattering and extinction cross-

section of one single particle. As underlined by Miles et al. (2011), the study of a single 

particle is necessary to avoid the ambiguity induced by the inherent averaging of particle 

ensemble studies, which is useful to compare models and optical properties measurements. 

Moreover study of single nano-crystals raised new knowledge on phenomena never expected 

from measurement on an ensemble (Nirmal et., 1996). Yurt et al. (2012) recently reviewed the 

electrical (Fraiklin et al. 2011), mechanical (Burg et al., 2007) existing methods on single 

particles. Optical methods addressing a single particle have also been widely developed to 

measure the optical properties of a single particle, such as its extinction (Butler et al., 2007; 

Miles et al., 2011; Lombardi et al., 2013), scattering (Person et al., 2013) or fluorescence 

(Kaye et al., 2005; Heyes et al., 2007; Pan et al., 2012). These measurements have been 

performed on single metallic nanoparticles where the literature is abundant (Sönnichsen and 

Alivisatos, 2005; Lombardi et al., 2012; Li et al., 2013; Kuhlicke et al., 2013, Billaud et al., 

2010; Tanabe and Tatsuma, 2012; Lee et al., 2013), but also on single semiconducting 

nanoparticles or quantum dots (Chung and Bawendi, 2004; Heyes et al., 2005; Person et al., 

2013). However, these metallic and semi-conductor particles are rather seldom in the 

atmosphere. To my knowledge, measurements have never been performed on a single 

dielectric nanoparticle, probably due to their low refractive index, inducing lower scattering 

or extinction cross-sections (Yurt et al., 2012). In addition, in contrary to metallic 

nanoparticles, the absorption of a single dielectric nanoparticle such as a PSL (polystyrene 

latex sphere), an ammonium sulfate particle ((NH4)2SO4) or a desert dust nanoparticle is weak 

and the extinction is dominated by scattering. Miles et al. (2011) recently reviewed the 

existing measurements of light extinction, scattering and absorption by a single aerosols 

particle and underlined that “this review is necessarily limited to measurement on coarse 

particles and it is crucially important that the new techniques under development aim to push 

the lower size limit down to the sub-micron range”. 

 

1.6 Outline of this thesis 
 

The previous sections have enabled to identify the remaining issues that still need to be 

addressed. This thesis work hence proposed to address some of them, relative to the 

atmospheric particles characterization:  
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 Accurate spatial distribution and time evolution of atmospheric particles in the atmosphere 

is addressed (Miffre et al., 2012a; David et al., 2012). 

 Backscattering of externally mixed atmospheric aerosol is accurately observed and the 

spatial distribution of the concentrated particles components is evaluated for several 

climatic situations (Miffre et al., 2011; Miffre et al., 2012b; David et al., 2013a).  

 Timescale of particle size change from NPF to fine particles is evaluated (Dupart et al., 

2012). 

 For an ensemble of particle in ambient air, backscattering measurements in the exact 

backscattering direction are performed (David et al., 2013b). 

 For a single dielectric nanoparticle, having a potential atmospheric interest such an 

ammonium sulfate nanoparticle, absolute measurement of the particles extinction cross-

section are presented and discussed.  

To tackle these issues, wavelength and polarization-resolved studies, either from laboratory, 

field experiments but also numerical simulations have been extensively used. Hence, this 

thesis relies on the use of polarization optics to address the backscattering and extinction 

properties of atmospheric particles. From a fundamental point of view, the key process is 

hence the interaction of light with a single / an ensemble of nanoparticles in ambient air.  

 

The thesis work presented in this manuscript is organized as follows: 

 

Chapter 2 begins by introducing the light scattering and especially polarization-resolved 

backscattering. The scattering matrix formalism is recalled to fix our notations. Then, two 

methodologies are proposed to retrieve, in a two or three- component particle mixture, the 

vertical profile of the backscattering coefficient specific to each particle component (David et 

al., 2013a). These two methodologies rely on the coupling of polarization-resolved 

backscattering measurements with optical inputs concerning the individual particle 

components (depolarization and backscattering spectral dependence). Hence, this chapter ends 

with the retrieval of these optical inputs by using either field or laboratory measurements, but 

also numerical simulations. 

 

Chapter 3, lidar polarization-resolved backscattering measurements aims at presenting the 

experimental application of the partitioning methodologies. Hence, the UV-VIS polarization 

lidar used to perform polarization-resolved backscattering measurements is first presented, 
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with emphasis on error bar analysis (David et al., 2012). Then, the partitioning methodologies 

are applied to three case studies, concerning the external mixing of volcanic ash with 

spherical sulfates particles (Miffre et al., 2012a), the mixing of desert dust particles with water 

soluble particles (Miffre et al., 2011), and finally, the mixing of desert dust particles with sea-

salt and water-soluble particles, as an example of a three-component particle mixture. From 

these retrieved backscattering coefficients, three main results are retrieved: i) Range-resolved 

particles number concentrations specific to one nonspherical particle component (ash, dust) 

are retrieved (Miffre et al., 2012b), ii) Particle backscattering enhancement due to 

hygroscopic growth is studied iii) New particle formation is studied in the atmosphere by 

using a sensitive UV-polarization lidar, which opens new insights at the forefront of 

knowledge in atmospheric physics and chemistry (Dupart et al., 2012). 

 

Chapter 4 is devoted to laboratory measurements performed on generated nanoparticles, 

having an atmospheric impact, such as salt particles or ammonium sulfate particles. Two 

laboratory measurements are performed on these dielectric nanoparticles. First, a new 

laboratory experiment has been developed, built and optimized to observe the exact 

backscattering of light by an ensemble of such nanoparticles (David et al., 2013b).  

This new experiment enables to measure the absolute depolarization of an ensemble of fine 

and ultrafine particles suspended in air, for the first time in the exact backscattering direction 

(θ = π radian), and this with a 0.0035 radian the collection range (θ = (π ± 0.0035) radian). 

Secondly, a preliminary experiment on a single dielectric nanoparticle has been performed at 

the ILM, in collaboration with N. Del Fatti and F. Vallee’s group. The absolute extinction 

cross-section of a fixed single aerosol dielectric nanoparticle has been measured as a function 

of the incident light polarization and wavelength by using a spatial modulation spectroscopy 

technique, as detailed in Chapter 4. The preliminary results of this new experiment are 

presented and discussed.  

 

The manuscript ends with a conclusion and outlooks. 

  



32 
 

Chapter 2 
 

Polarization-resolved optical backscattering 
 

 

This chapter introduces the physical processes studied in this thesis, namely, the light 

backscattering and extinction by atmospheric particles. Moreover, a new methodology is 

proposed to analyze the particulate matter content of the complex atmospheric layering in the 

case of a two/three-component particle external mixture.  
 

The dedicated methodology is based on coupling polarization-resolved backscattering 

measurements on an ensemble of external mixed particles with knowledge on the optical 

properties (depolarization and scattering spectral dependence) of individual particle 

components used as optical inputs. The chapter is organized as follows. First, we recall the 

light scattering and extinction phenomena to be used in the following chapters. We then focus 

on the scattering matrix formalism, suitable for describing polarization-resolved 

backscattering by an ensemble of particles. Then, the methodology to retrieve, in a two-

component particle mixture, the backscattering coefficients specific to each particle 

component is presented. This optical backscattering partitioning in a two-component particle 

mixture (OBP2) is developed to address either a (p) = {s, ns} particle mixture, composed of 

spherical (s) and non-spherical (ns) particles, or a (p) = {ns1, ns2} particle mixture, composed 

of two ns-particles component. The methodology is then extended to the optical 

backscattering partitioning of a three-component particle external mixture (OBP3) by 

exploiting the spectral and polarization properties of the backscattering light (David et al., 

2013a). As explained above, to apply the OBP2, OBP3-methodology, optical inputs are 

needed, which are determined in the last section of this chapter, based on either field or 

laboratory experiments, or numerical simulations. 

 

2.1 General framework 
 

The interaction of light with a particle may lead to several effects including absorption and 

scattering, as explained by Mishchenko et al. (2002). The particle light absorption is defined 

as the incident light energy converted by the particle into other kinds of energy such as 
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thermal heat. The particle light scattering is defined as the incident light energy scattered in 

all directions without changing the light frequency, as schemed in Figure 2.1-a from 

Mishchenko et al. (2002). When the frequency is changing during the scattering process, non-

linear or non-elastic scattering formalisms should be applied (Shen, 2003). The two last 

processes will be not considered in this thesis. The sum of light absorption (subscript abs) and 

scattering (subscript sca) is defined as the light extinction (subscript ext). From these 

phenomena, the corresponding particle cross-section Cabs,p, Csca,p and Cext,p are respectively 

defined as the ratio of the absorbed, scattered and extinct light intensity to the incident light 

intensity Iinc. As presented in the Figure 2.1-a, the measured particle light scattering depends 

on the scattering angle θ, i.e. the angle between the incident and scattered wave vectors kinc 

and ksca. In this thesis, the backward direction (θ = 180°) corresponding to the backscattering 

direction is mainly considered (see Chapter 3 and Section 4.1). Moreover, the forward 

direction (θ = 0°) is also considered by considering the particle extinction (see Section 4.2).  

 

 
Figure 2.1 Scheme of light scattering and its detection extracted from Mishchenko et al. (2002, 2009) (a) and 
representation of the far-field zone (b) where the scattered wave become spherical. Please note that the incident 
and scattered wave vector noted  and  in this figure) are respectively noted ksca and kinc in this thesis. 
 

As presented in Figure 2.1-b, in the far-field approximation the scattered radiation becomes 

spherical and the scattering volume can be treated as a point source and several conditions 

must be fulfilled (Mishchenko et al., 2004). Firstly, the distance d from the backscattering 

volume to the observation point must be large compared with the particles diameter 2r and 

with the laser wavelength λ (i.e. d >> (2r), λ). Secondly, the phases of the scattered partial 

wavelets coincide in the far-field zone only if d >> kair × (2r)²/2, where kair is the  wave vector 

of the light in the air surrounding medium. Thirdly, when the scattering direction changes as 

little as π/(2kair×(2r)), changes in the scattering pattern may be resolved if π/(2kair(2.r)) >> 

Øc/(2d), where Øc is the diameter of the detector collecting lens. Finally, the position of a 
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particle is not affected by the presence of its neighbors when the particles are separated by a 

distance greater than the particles radius r.  

 

In this manuscript, single-scattering of light in the far field approximation is assumed. In 

addition, the particles are assumed to be randomly-oriented, except in Section 4.2 where the 

particle is static. These assumptions (far-field and single scattering approximation on 

randomly-oriented particles) are discussed along with the performed measurements in Chapter 

3 and Section 4.1. The reader may refer to (Del Guasta et al., 2006; Hayman et al., 2012; 

Nicolet et al., 2012) for studies on the depolarization of light by preferentially oriented 

particles. 

 

2.2 Scattering matrix formalism 
 

Among all scattering directions, the exact backscattering direction is one of the most sensitive 

to the particles microphysical properties (Mishchenko et al., 2002; Nousiainen et al., 2009). 

Hence, in this section, the particles optical properties (absorption; scattering and extinction) 

are presented by emphasis on light backscattering. These properties are textbook knowledge 

(Van de Hulst, 1957; Bohren and Huffman, 1983; Mishchenko et al., 2002) and recall here for 

the sake of clarity and to highlight our notations. Moreover, the polarization of the scattered 

light may differ from the polarization of the incident light depending on the particle shape 

(Mishchenko et al., 2002; Nousiainen et al., 2009). This polarization change can be described 

by using the normalized F-scattering matrix (M.I. Mishchenko et al., 2002), which relates the 

Stokes vectors [I, Q, U, V]T of the incident (subscript inc) and scattered light. The normalized 

F-scattering matrix hence describes the change of the light intensity (parameter I) and 

polarization (Q, U and V parameters) due to the light scattering by particles. The measured 

light scattering by particles of arbitrary sizes, shapes, refractive index m can be described by 

the normalized F-scattering matrix (Mishchenko et al., 2002): 

 

11, 12, 13, 14,

21, 22, 23 24,,
2

31, 32, 33, 34,

41, 42, 43, 44,

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )4
( ) ( ) ( ) ( )

P P P Psca inc

P P P Psca psca inc

P P P Psca inc

P P P Psca inc

F F F FI I
F F F FCQ Q
F F F FU Ud
F F F FV V

  (2. 1) 
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where the Fij-matrix elements are intensive parameters which depend on the particle radius r, 

shape, refractive index m (which imaginary part is responsible for the absorption) and also 

depend on the radiation wavelength λ and on the scattering angle θ. Fij are equal for two 

particles that only differ in size if their ratios r / λ are the same (Muñoz et al., 2010). Hence it 

is useful to introduce the dimensionless size parameter x = 2πr/λ. Alternatively, an additive 

scattering matrix can be introduced as follows  = . In this manuscript, we 

mainly focus on light scattering measurement in the exact backscattering direction (θ = 180°), 

hence from now on, if not mentioned otherwise, Fij are considered at θ = 180°. As shown by 

Mishchenko and Hovenier (1995), in the far-field approximation, for single-scattering by 

arbitrary particles in random orientation, the backscattering matrix is almost diagonal and 

only depends on the particle scattering matrix elements F11,p, F22,p. and F14,p:  
 

11, 14,

22,,
2

22,

14, 11, 22,

0 0
0 0 0
0 0 04

0 0 2

P Psca inc

Psca psca inc

Psca inc

P P Psca inc

F FI I
FCQ Q

FU Ud
F F FV V

    (2. 2) 

 

In addition, for particles and their mirror particles in equal number and in random orientation, 

F14,p = 0 so that the scattering matrix becomes diagonal (Mishchenko and Hovenier, 1995).  

 

2.2.1 Polarization-resolved backscattering by mono-sized particles 
 

In this part, we focus on an ensemble of mono-sized particles (see Section 2.1.3 for size-

averaged optical properties). Moreover we here detail how polarization-resolved 

backscattering measurements can be used to derive a shape and size particle indicator.  

If we assume that the incident laser is linearly polarized, polarization-resolved backscattering 

measurements detect the backscattered light intensity Isca as a function of its π = {//, } 

polarization with respect to the incident laser linear polarization. Hence polarization-resolved 

backscattering measurements separately detect Isca,//  = (Isca + Qsca)/2 and Isca,  = (Isca – Qsca)/2, 

while Usca = Vsca = 0. 

 

As shown in Figure 2.2, the light backscattered by spherical particles is only co-polarized (//) 

with respect to the laser incident linear polarization, in agreement with the Lorenz-Mie theory 

(Mie, 1908). Hence, for s-particles, F11,s = F22,s and the cross-polarized backscattered intensity 
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Isca,  is null. Meanwhile, for ns-particles, a cross-polarized backscattered intensity 

Isca,   appears in addition to Isca,//. 

 

 
Figure 2.2 Polarization-resolved light backscattering by a spherical particles (left scheme) then nonspherical 
particles (right scheme). When a linearly polarized incident light intensity Iinc is backscattered by a spherical 
particle (s), the backscattered light Isca is entirely co-polarized (//) with respect to the laser linear polarization, 
while for a non-spherical particle, a cross-polarized backscattered intensity Isca,  appears. 
 

The non-zero polarization change observed for ns-particles is called depolarization (Harris-

Hobbs and Cooper, 1987; Baumgardner et al., 2012). The propensity of the scattering 

particles ensemble to depolarize laser light can be measured by the particle depolarization Dp 

(Gimmestad et al., 2008; Nousiainen et al., 2012): 
 

22,

11,

1 p
p

p

F
D

F
          (2. 3) 

 

Like F11,p and F22,p, Dp is intensive and depends on the particle shape, size, chemical 

composition (through the particles refractive index m) and on the wavelength λ. Dp is hence a 

clear indicator for deviation from particle isotropy. This shape-dependent feature arises in 

polarization-resolved backscattering from the interference of different parts of an anisotropic 

particle, although absorption may somewhat dampen this interference. Numerical simulations 

show that the magnitude of Dp is however not a clear indicator of the particles overall shape 

or morphology (Nousiainen et al., 2012). By shape, we refer to the overall shape of the 

particles, different from the particles’ morphology which would include internal structures 

and porosity effects (Nousiainen et al., 2012). The particle depolarization Dp is linked to the 

particle linear depolarization ratio δp (introduced in Chapter 1) often used in the lidar 

community (Cairo et al., 1999; Shimizu et al., 2004; Tesche et al., 2009; Freudenthaler et al., 

2009) as well as in laboratory experiments (Sakai et al., 2010; Schnaiter et al., 2012):  



37 
 

11, 22,

11, 22,

p p
p

p p

F F
F F

       (2. 4) 

 

Use of δp or alternatively Dp is equivalent since both are an indicator for deviation from 

particle isotropy, both are intensive and they can be easily related as follows: δp = Dp/(2 – Dp) 

for an incident linearly polarized laser light. I will hence preferably use the δp-ratio as the 

depolarization observable. Additionally, polarization-resolved measurements can be 

performed with an incident laser circularly polarized (Hayman et al., 2012). However, since 

only randomly oriented particles are studied in this thesis, the use of circular polarization will 

not provide further information, as previously discussed (Section 1.3). 

 

To retrieve a particle size indicator from optics, the spectral dependence of Isca, Isca,// or Isca,  

have to be characterized. At a fixed radiation wavelength λ, the magnitude of Isca, Isca,// and 

Isca,  are respectively determined by the total-, co- and cross-polarized particle backscattering 

cross-sections, which depend on r, m and λ and are defined as follows: 

 

,2
11,.

4
sca psca

p
p inc

CId d F
d I

        (2. 5) 

, 11, 22,,//2

,//

( )
4 2
sca p p psca

p inc

C F FId d
d I

       (2. 6) 

, 11, 22,,2

,

( )
4 2
sca p p psca

p inc

C F FId d
d I

       (2. 7) 

 

where the d2 factor accounts for the compensation of Isca with the distance d from the particle 

to the observer. Please note that in Equations (2.5) to (2.7), to simplify our notations, the λ, r 

and m-dependencies of Csca,p, F11,p and F22,p have been omitted. In the literature, the spectral 

dependence of the backscattering cross-section is given in the form of the so-called Ångstrom 

exponent Åp which gives an indication on the particles size, as first shown by Sasano and 

Browell (1989). Note that the Ångstrom exponent considered here differs from the traditional 

definition which specifies the wavelength dependence of the aerosol optical depth; 

nonetheless both definitions indicate the particles size. Hence, for two wavelengths (λ1, λ2), 

we may introduce the total and co-/cross-polarized Ångstrom exponent Åp,π,(λ1, λ2) to 

respectively address the spectral dependence of Isca, Isca,// and Isca, : 
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1 2( , ) 2
22

1 1
1

( )
( )
( ) ( )

psca

sca

p

p
d

Å dI
dI
d

      (2. 8) 

1 2( , ) 2
22

1 1
1

,,

,

,

, ( )
( )
( ) ( )

psca

sca

p

p
d

Å dI
dI
d

     (2. 9) 

 

2.2.2 Size-averaged polarization-resolved backscattering by a particles 

ensemble 
 

In this subsection, we account for the particles size distribution of atmospheric particles, 

introduced in Section 1.2.2. This approach will be found useful to interpret backscattering 

measurements, such as those performed with a polarization lidar (Chapter 3), or to compute 

size-averaged optical properties of an ensemble of particles and their extinction, as developed 

in Section 2.4.3.  

 

As particles are assumed to be randomly oriented and single-scattering is considered, the 

optical cross sections of the particles ensemble are obtained by summing the cross sections of 

each individual particle (Mishchenko et al., 2002). Hence, for an ensemble of N particles, 

using Equations (2.5) to (2.7), the total additive particle cross-sections are defined as follows: 

 

, 11, 22,

, ,1
( )

4 2

N
sca i i i

p pi

C F Fd dN
d d

    (2. 10) 

 

where the sum is performed over the N particles and <(dσ/dΩ)p,π> is the mean backscattering 

cross-section per particle, averaged over the particles ensemble. In this equation, F11 + F22 

stands for the //-polarization, while F11 – F22 stands for -polarization. As shown by (Li et al., 

2001), to correctly calculate the particles ensemble optical properties, the backscattering and 

extinction cross-sections must be integrated over the particles size distribution (PSD) as 

follows:  

, ,( )p ext p p p ext p
PSD

C n r dr N C       (2. 11) 
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, 11, 22,( ) ( )
4 2
sca p p p

p p p
pPSD

C F F dn r dr N
d

    (2. 12) 

, 11, 22,
,

,
( ) ( )

4 2
sca p p p

p p p
pPSD

C F F dn r dr N
d

    (2. 13) 

 

where we have introduced the particles extinction coefficient αp as well as the additive 

particles volume backscattering coefficient βp, or its polarization-resolved equivalent βp,π, 

which are often used in the polarization Lidar community (see Chapter 1). In Equation (2.13), 

F11 + F22 stands for βp,//, while F11 – F22 stands for βp, . Moreover, by combining Equations 

(2.4) and (2.9) with the <(dσ/dΩ)p,π> expression, the δp-ratio and the size-averaged Åp,π can be 

deduced: 
 

, ,

,/ /

,/ /

p p
p

p

p

d
d

d
d

        (2. 14) 

2
, 22

1 , 1
1

, ,

,

( )
( )
( )

( )

p

p

p p

p

d
Å d

d
d

      (2. 15) 

 

Despite being size-averaged, <(dσ/dΩ)p, > and δp remain non-null only for ns-particles. In 

addition, to interpret backscattering measurements such as polarization lidar measurements, 

the particle extinction to backscatter ratio Sp will be found useful:  
 

,ext p p
p

p

p

C
S

d
d

         (2. 16) 

 

2.3 Optical backscattering partitioning 
 

In the previous part, the optical properties of an ensemble of particles have been presented. As 

underlined in Section 1.2, atmospheric aerosols are a complex mixture of different chemical 

compounds, with particles having very different sizes and shapes, especially after-long-range 
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transport. Hence in this section, we propose to optically partition a two component particles 

external mixture by retrieving the optical backscattering coefficient specific to each particle 

compound. This optical backscattering partitioning is then further developed to address the 

case of a three-component particle external mixture. Internal mixtures, such as pollutant-

coated dust or internal mixture of sulfate and organic carbon, are here not considered, because 

they cannot be accurately treated with the light-scattering method adopted here as the mixing 

state must be known to accurately address this issue (Lesins et al., 2002). 

 

2.3.1 Optical backscattering partitioning in a two-component particle 

mixture (OBP2) 
 

Two-component particle external mixtures were first studied by Shimizu et al. (2004), who 

separated dust from non-dust particles using a single wavelength (1λ) polarization lidar 

system (noted 1β + 1δ in the lidar community). This methodology was then applied by Tesche 

et al. (2009) to address the particle extinction αp with Raman channels (1α + 1β + 1δ), then 

further developed by Ansmann et al. (2012). Two component particle external mixtures 

composed of s- and ns-particles have also been studied by Veselovskii et al. (2010) and Di 

Girolamo et al. (2012), by measuring the βp-coefficient at 3λ with 1λ polarization-resolved 

then αp at 2λ (2α + 3β + 1δ). In this paragraph, we have developed a methodology that allows 

to optically partition a two-component particles mixture. It is a further development of the 

pioneer work done by Shimizu et al. (2004) which we will apply in Chapter 3 to study 

volcanic ash particles mixed with spherical sulfate (Miffre et al., 2011, 2012 a,b) as well as 

dust mixed with non-dust particles (Miffre et al., 2012a; Dupart et al., 2012). These two 

experimental studies are respectively presented in Section 3.3 and 3.4. Two case studies (a) 

and (b) are here developed, depending on whether or not s-particles are present in the two-

component particles mixture. 

 

(a) Case of nonspherical particles mixed with spherical particles 

 

Let us consider an external mixture of particles (subscript p), composed of both spherical (s) 

and nonspherical (ns) particles, having a backscattering coefficient βp and a depolarization 

ratio δp, as schemed in Figure 2.3. We here assume that ns- and s- particles are effectively 

present at the place where the measurements are performed. Whether these particles are 
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present is an issue addressed in Chapter 3. In a particles external mixture, the particles do not 

interact with each other. Hence, following the superposition principle, the particle 

backscattering coefficient βp of the particle mixture is the sum of the s- and ns-particle 

backscattering coefficients βs and βns, since the βp-coefficient is additive. The goal of the 

optical backscattering partitioning in a two-component particle mixture (noted OBP2) is 

hence to accurately retrieve βs and βns from βp. 

 

 
Figure 2.3 Scheme of a two-component particle external mixture composed of spherical and nonspherical 
particles. The backscattering coefficient βp of the particle mixture is the sum of the backscattering coefficient of 
each component (i.e. βs and βns). 
 

The depolarization ratio of its ns-particles is denoted δns while for s-particles δs is null. Since 

the δp-ratio is not additive, despite δs being zero, there is no reason for δp to equal δns. 

However, in the literature, δp is often compared to δns (Gasteiger et al., 2011) and the 

maximum value of δp is sometimes used as a δns-measurement (Shimizu et al., 2004). 

Moreover, the difference between δp and δns is not clearly stated to originate from the 

presence of s-particles, and the observed discrepancies between δp and δns are sometimes 

attributed to imperfections originating from numerical simulations or/and experimental 

observations (Wiegner et al., 2009). 

Here, the distinction between δp and δns is analyzed by applying the superposition principle to 

the βs- and βns-coefficients. The particles mixture backscattering coefficient βp is then the sum 

of their s- and ns-backscattering components:  

 

p s ns         (2. 17) 

 

Please note that in this section, to ease the reading, the λ-wavelength dependence is omitted. 

On the -polarization axis, both s- and ns-particles contribute to the backscattering, while on 

the -polarization axis only the ns-particles contribute to the backscattering, which leads to: 
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,/ / ,/ / ,/ /p ns s         (2. 18) 

, ,p ns          (2. 19) 

 

since βs,  = 0. By combining these equations the definition of βp,π (Equations (2.13)) and δp 

(Equations (2.14)), the following relation can be retrieved: 

 

,/ / , / / , / / , / /

, , ,

1 1 ns s ns s

p ns

ns ns ns

d d d d
d d d d

d d d
d d d

   (2. 20) 

 

Hence the δp-ratio of the particles mixture can be related to the depolarization ratio δns of its 

ns-particles as follows: 

 

,/ /

,

1 1 ss

p ns ns

ns

d
dN

N d
d

       (2. 21) 

 

This equation has been published in Miffre et al. (2011) in a slightly different form, which 

explains the expression <(dσ/dΩ)s,//> = <Csca,s × (F11,s + F22,s)/2> and 

<(dσ/dΩ)ns, > = <Csca,ns × (F11,ns – F22,ns)/2>. When s-particles are present (Ns ≠ 0), the δp-ratio 

of a {s, ns} particle mixture is hence lower than the depolarization ratio of its ns-particles (δp 

≤ δns).  Accordingly, the same conclusion can be drawn from the backscattering coefficient by 

combining Equations (2.13) with the above Equation (2.21): 

 

,/ /

,

1 1 s

p ns ns
         (2. 22) 

 

Equation (2.21), or its lidar-equivalent Equation (2.22), shows that δp equals δns only when 

there are no s-particles present (Ns = 0). In long-range transport situations, s-particles are 

expected to be present in the particle mixtures which then lower δp below δns. As a 
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consequence, the backscattering properties of ns-particles in {s, ns} particle mixtures cannot 

be easily derived from the measurement of δp, because the latter is not a tracer specific to ns-

particles only. A tracer for ns-particles can be derived from the cross-polarized backscattering 

coefficient βp, , which is specific to ns-particles (since s-particles do not depolarize light), as 

shown by Equation (2.19). Hence, only the cross-polarized particle backscattering coefficient 

βp,  is a reliable tracer specific to ns-particles. When βns,  is determined, the ns-particle 

backscattering coefficient βns can be retrieved from:  

 

,
1(1 )ns ns
ns

        (2. 23) 

 

Hence, for accurate determination of βns, it is necessary to determine βns,  together with the 

δns-value. The βs-coefficient can then be deduced from βp and βns:  

 

s p ns          (2. 24) 

 

To emphasize the contribution of s-particles to the δp-ratio, Equations (2.20) can be rewritten 

by introducing the fraction Xns of ns-to-particle backscattering coefficients: 

 

ns
ns

p
X           (2. 25) 

 

Hence, by combining Equations (2.18), (2.19), (2.21) and (2.23), we get: 

 

11 1 1(1 )ns

p ns ns ns

X
X

        (2. 26) 

 

Thus, the difference between δp and δns can be used to determine the fraction Xns of ns-

particles in the two-component particle mixture: 
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11
1(1 )11

ns
ns p

ns

p

X        (2. 27) 

as long as δp << 1, so that δp is actually a tracer for Xns. Equation (2.27), derived from the 

scattering matrix, agrees with Tesche et al. (2009). However, in the here developed 

methodology, the link with the scattering matrix formalism is explicit. Since δp is sometimes 

assumed to equal δns, we plotted in Figure 2.4 the systematic bias between δp and δns as a 

function of Xns for three δns-values (10, 20 and 30%). The relative error is larger when δns is 

larger but the three curves look almost independent on δns.  

 

 
Figure 2.4 Systematic bias on δns when assuming δp equals to δns for δns = 10 % (light gray), δns = 20 % (dark 
gray) and δns = 30 % (black). This graph allows measuring the need for distinguishing δp from δns. 
 

Hence this part explain the optical backscattering partitioning in a two-component particle 

mixture (OBP2) to retrieve from a {s, ns} particle mixture the backscattering coefficient βs 

and βns specific to the corresponding s and ns-particles.  

 

(b) Case of a nonpsherical particle mixture 

 

The optical backscattering partitioning in a two-component particle mixture (OBP2) 

methodology can also be used to partition a particle mixture composed of nonspherical 

particles only. Hence, we now consider a particles mixture composed of ns1 and ns2 particles 
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components with δns1 ≠ δns2 (if δns1 = δns2 the two-particle component cannot be separated by 

using polarization-resolved backscattering). To separately retrieve the ns1 and ns2 

backscattering coefficients, we offer the following set of four equations: 
 

,/ / 1,/ / 2,/ /p ns ns         (2.28)

, 1, 2,p ns ns         (2.29) 

1 1, 1,/ //ns ns ns         (2.30)

2 2, 2,/ //ns ns ns         (2.31) 

 

Four backscattering coefficients are hence to be determined, namely βp,π with (p) = {ns1, ns2} 

and π = {//, }. This is feasible by combining βp,// and βp,  measurements with δns1 and δns2 

values. Hence by taking into account δns1 and δns2, βns1,  is expressed as follows (Miffre et al., 

2012b): 
 

, 2 ,/ /
1,

2 11 /
p ns p

ns
ns ns

       (2.32) 

 

so that βns1,  = βp, only when δns2 = 0 as stated for {s, ns} particle mixtures. Equation (2.32) 

describes the quantitative impact of the ns2-particles depolarization ratio δns2 on the βns1-

backscattering coefficient, hence assuming δns2 = 0 leads to a maximum overestimation of 

βns1,  equal to δns2 × βp,//. This maximum overestimation term is negligible when δns2 << δp (as 

δns2 βp,// = βp, δns2/δp). Moreover the difference between δp and δns can also be interpreted for 

a {ns1,ns2} mixture in the frame of the additive scattering matrix. 
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           (2.33) 
 

Then after a few calculations, we get: 
 

2 2
12,/ / 2,

1
1 2

1, 2,

1
1 1
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ns ns

d dN N
d d

d dN N
d d

    (2.34) 
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which finally leads to: 

2
2

1

1

1,
1 2 2

2,/ /
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1 1

ns
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p ns
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N

d
d

N N
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     (2.35) 

 

Hence, when two ns-particle components are mixed, δp equals δns1 (resp. δns2) only if Nns2 = 0 

(resp. Nns1 = 0). Moreover δp lies between min(δns1,δns2) and max (δns1,δns2). As a 

consequence, the less depolarizing particles in the mixture lowered the measured δp. Equation 

(2.21) can be retrieved from Equation (2.35) by setting δns2 = 0. 

 

2.3.2 Optical backscattering partitioning in a three-component particle 

mixture (OBP3) 
 

In the literature, three-component particle mixtures have been studied by Nishizawa et al. 

(2011), who considered nonspherical dust particles mixed with spherical sea-salt and water-

soluble particles with a 2λ-Lidar experiment and 1λ-polarization-resolved (2β+1δ) to derive 

the particles extinction. They assumed sea-salt particles to be spherical, which may not be the 

case, as first shown by Murayama et al. (1999). Marenco and Hogan (2011) also analyzed a 

three-component mixture in the atmosphere. However, they actually include air molecules as 

one component which means that they actually studied a two-component particle mixture. In 

this section, a new optical backscattering partitioning methodology is developed to retrieve, in 

a three-component particle external mixture, the backscattering coefficient specific to each of 

the three particles components. This new methodology, hereafter called the OBP3-

methodology, has been published in (David et al., 2013a). The OBP3 relies on an analysis of 

the spectral and polarization properties of the light backscattered by the atmospheric particles 

measured with 2λ-polarization backscattering measurements (2β+2δ), such as dual-

wavelength polarization lidar, which is new. To our knowledge, 2β+2δ-measurements have 

only been used to observe two-component particle mixtures (Sugimoto and Chio Hie Lee, 

2006, Tesche et al., 2009). In addition, OBP3 allows taking into account the nonsphericity of 

each of the three particles components, which is important for radiative forcing assessments 
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(Kahnert et al., 2005). Examples of three-component particle mixtures are given in Chapter 3 

where the OBP3-methodology is applied.  

 

Let us now consider a three-component particle external mixture, as schemed in Figure 2.5, 

which is composed of two ns-particle populations (ns1 and ns2) with a third particle 

component (n12) belonging to neither ns1 nor ns2 particles (which may also content 

nonspherical particles). We here assume that ns1, ns2 and n12 particles are effectively present 

at the place where the measurements are performed. Whether these particles are present is an 

issue addressed in Chapter 3 along with the backscattering measurements. For an external 

mixture of ns1, ns2 and n12-particles, following the same methodology as in Section 2.2, δp is 

below max (δns1,δns2, δn12), where δns1, δns2 and δn12 are respectively the depolarization ratio of 

the ns1-, ns2 and n12-particles depolarization ratio. 

 

 
Figure 2.5 Scheme of a three-component particle external mixture composed of ns1, ns2 and n12 particles. The 
backscattering coefficient βp of the particle mixture is the sum of the backscattering coefficient of each 
component (i.e. βns1, βns2 and βn12). 
 

To determine the backscattering coefficient of each particle component in the three-

component mixture (p) = {ns1, ns2, n12}, six unknown quantities have to be determined by 

wavelength considered, corresponding to the three components (ns1, ns2, n12) assigned to the 

two polarization axes: βns1,π, βns2,π and βn12,π with π = {//, }. By performing a 1β+1δ-

backscattering measurement, βp,// and βp,  are measured, which can be coupled with the δns1-, 

δns2- and δn12-values to obtain five equations only. As a consequence, 1β+1δ-measurements 

cannot be used to address a three-component particle mixture.  

 

When dealing with 2β+2δ-backscattering measurements, each of these (βns1,π, βns2,π, βn12,π) 

backscattering coefficients has to be determined at the two Lidar wavelengths λ = {λ1, λ2}. 

Hence, twelve unknown backscattering coefficients have to be determined, hereafter noted 

βp,π(λ). By applying the superposition principle to the three-component particle mixture, using 
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the (λ, π) spectral and polarization properties, the βp,//(λ) and βp,  (λ) coefficients provide a set 

of four equations: 
 

,/ / 1,/ / 2,/ / 12,/ /( ) ( ) ( ) ( )p ns ns n      (2.36– a,b) 

, 1, 2, 12,( ) ( ) ( ) ( )p ns ns n      (2.37– a,b)

 

For the sake of clarity, we note that Equations (a) refer to λ1-wavelength, while Equations (b) 

refer to wavelength λ2. Six more equations are then provided by the ns-particle depolarization 

ratio at the two wavelengths λ = {λ1, λ2}: 
 

1,
1

1,/ /

ns
ns

ns
          (2.38– a,b) 

2,
2

2,/ /

ns
ns

ns
          (2.39– a,b) 

12,
12

12,/ /

n
n

n
          (2.40– a,b) 

 

The last two equations are obtained by addressing the spectral behavior of the backscattering 

coefficient βns. This could be achieved by using either Åp,// or Åp, . Here, we choose the cross-

polarized Ångstrom exponent Åp,  which takes into account the spectral dependence of βp,  

and represents an observable that is specific to ns-particles. Hence, by using Equations (2.15), 

we may write:  
 

1, 22

1 1, 1

1, ( )
( )

ns

ns

nsÅ
        (2.41) 

2, 22

1 2, 1

2, ( )
( )

ns

ns

nsÅ
        (2.42) 

 

Hence, when dealing with a 2β+2δ-backscattering measurements, the twelve unknown 

backscattering coefficients βp,π(λ) can be determined from the system of twelve Equations 

(2.36 to 2.42). As a conclusion, βp,π(λ) can be retrieved for each particle component (p) = 

{ns1, ns2, n12} at wavelength λ1 and λ2: 
 

1 1,// 1,( ) ( ) ( )ns ns ns        (2.43) 
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2 2,// 2,( ) ( ) ( )ns ns ns       (2.44) 

12 12,// 12,( ) ( ) ( )n n n       (2.45) 

 

Hence, four retrieved backscattering coefficients [βp,// (λ), βp,  (λ) with λ = {λ1, λ2}], 

addressed in the next Chapter 3, are used in combination with eight retrieved quantities 

[δns1 (λ), δns2 (λ), δn12 (λ), Åns1,  (λ1, λ2), Åns2,  (λ1, λ2)], addressed in the next Section 2.4, to 

determine the twelve ns-particles backscattering coefficients βp,π(λ), with (p) = {ns1, ns2, 

n12}, π = {//, } and λ = {λ1, λ2} : the three-component particle mixture is hence optically 

partitioned. As a conclusion, intensive parameters such as ns-particles depolarization ratios 

and cross-polarized Ångstrom exponents are used in combination with (2β + 2δ) polarization 

backscattering measurements to get the additive backscattering coefficient of each particle 

compound.  
 

2.4 Optical properties of an individual particle component 
 

As explained in Sections 2.3, to apply the OBP2 and OBP3 methodologies,(OPBi for Optical 

backscattering partitioning in a i-component particle mixture), the knowledge of the δns-ratio 

and the Åns, -coefficient of each individual ns-particle component, are required. The retrieved 

δns and Åns,  have to be specific to each individual particle component observed at the remote 

site. Hence, ideally, δns and Åns,  should be retrieved for particles having the same 

microphysical properties (PSD, shape, refractive index) as those observed at the remote site, 

and this at the wavelengths of the backscattering measurement. In this section, we show that 

the δns-ratio and the Åns, -coefficient can be retrieved either from field measurements, 

laboratory measurements or numerical simulations. However, as detailed below, each 

methodology has its own limitations so that the δns and Åns, -retrieval is generally not easy to 

achieve. As examples of ns-particles, we here focus on volcanic ash, desert dust and sea-salt 

particles, to be further used in Chapter 3. From now on, the ns-subscript will hence refer to 

either volcanic ash (ash), or desert dust (dust), or sea-salt (ss) particles. 
 

2.4.1 Field measurements  
 

In the literature, δns is sometimes retrieved from the maximum value of the δp-measurement 

(Shimizu et al., 2004). Strictly speaking, as explained in Section 2.3, this approach is valid 
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provided that the δp-measurements are performed very close to the source region where ns-

particles are the only detected particles. The Saharan Mineral Dust Experiment (SAMUM) 

provides measurements of δns and Åns for Saharan dust particles, maritime particles and 

smoke (Ansmann et al., 2011). SAMUM–1 and –2 took place in Southern Morocco and in 

Cape Verde, hence these measurements are performed close to the source region and could be 

used to partition the optical backscattering in a two/three component particle mixture if the 

observation place is itself very close to the source region. Such measurements cannot however 

be used to interpret measurements performed after long-range transport, since during 

advection up to the observation place, particles experience sedimentation, which modifies 

their PSD (Schumann et al., 2011, Zhang 2008). Hence, to focus on the long-range transport 

measurements shown in Chapter 3, field measurements of δns and Åns performed close to the 

source region cannot be used in our case studies. Field measurements of δp and Åp performed 

after long-range transport are usually not specific to one particle component, such as volcanic 

ash, desert dust or sea-salt particles. Hence in our case, δns and Åns,  cannot be easily derived 

from field measurements. 

 

2.4.2 Laboratory measurements 

 

To retrieve δns and Åns, , another possibility is to use laboratory measurements in which the 

particle generation can be controlled. Hence, measurements can be performed on a specific 

particle component. For volcanic ash particles, Muñoz et al. (2004) hence performed 

laboratory measurements at λ = 633 nm on samples that were mechanically sieved to remove 

the largest particles, to correspond with a PSD that is representative of long range transport 

situations. A striking feature of Muñoz et al.’s laboratory measurements is that their measured 

scattering matrices for the distinct samples taken from different volcanoes look remarkably 

similar, despite the observed variability in the ash particle morphology. This similarity in the 

measured scattering matrices elements justifies the construction of a synthetic scattering 

matrix, which corresponds to samples taken from different volcanoes (Muñoz et al., 2004). 

Hence, to include the variability in the ash particle morphology, Muñoz et al.’s synthetic 

scattering matrix optical measurements can be used. Moreover, this synthetic scattering 

matrix is extrapolated up to the lidar backscattering direction θ = 180° (Liu et al., 2003). 

Muñoz et al. (2004) hence derived F22,ash/F11,ash = (0.423 ± 0.030) at λ = 633 nm, 

corresponding to δash = (40.5 ± 2.0) %. For λ = 355 nm, due to increased size parameters, δash 
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might be slightly lower (Muñoz, private communication) and δash may be influenced by 

atmospheric aging, sedimentation processes, and possible water uptake, as extensively 

discussed in Chapter 3 and in (Miffre et al., 2012b). A quantitative estimation of these effects 

is however very difficult, since it has neither been measured nor numerically simulated for 

volcanic ash particles. Hence, this uncertainty is difficult to evaluate.  

 For sea-salt and dust particles, Sakai et al. (2010) performed laboratory measurements of 

δdust, δss close to the exact backscattering direction (θ = 179.2° ± 0.4°) at λ = 532 nm. In this 

sub-micrometer range, they measured δdust = (14 ± 3) % and δss = (8 ± 1) %. Indeed, these 

values are the state-of-the art literature. However, care should be taken since these 

measurements are not performed in the exact backscattering direction, which may lead to 

quite considerable errors, as recently discussed by Schnaiter et al. (2012). Otherwise, the 

influence of the PSD may be questioned. These two points (exact backscattering direction, 

possible influence of the PSD) will be further analyzed by performing a laboratory experiment 

in Section 4.1. Concerning the Ångstrom exponent, to my knowledge, no cross-polarized 

Åp, -measurement has been performed for ash, dust or ss-particles. 

 

2.4.3 Light scattering numerical simulations 

 

In complement to these field and laboratory methodologies, numerical simulations can also be 

used to retrieve δns and Åns, . Using light scattering numerical simulations, δns and Åns,  can 

be computed in the exact backscattering direction by choosing the radiation wavelengths 

together with the particles PSD and shape, for a given refractive index. As indicated by 

Equation (2.14) and (2.15), δns and Åns,  can be computed from <(dσ/dΩ)p,π>. Hence, in this 

sub-section, light single-scattering numerical simulations are exploited to retrieve size-

averaged backscattering cross-sections <(dσ/dΩ)ns,π> for ns = {ash, dust, ss}, from which δns 

and Åns,  are deduced. In addition, the Lidar ratios Sns, defined in Equation (2.16), are also 

computed and will be used in Chapter 3 to retrieve βns,π (λ). These numerical simulations have 

been recently published in (David et al, 2013a). 

 

(a) Numerical simulation  
 

The optical properties of the volcanic ash, desert dust or sea-salt particles encountered in the 

atmosphere are difficult to simulate with numerical models, due to the complexity of these 
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highly irregularly shaped ns-particles. As underlined in Nousiainen (2009) and Nousiainen et 

al. (2012), a complete realistic modelling is difficult to simulate as it should account for these 

highly-irregularly shapes, as well as inhomogeneity, porosity and birefringence. Despite this 

complexity, it is now well-established (Dubovik et al., 2006; Veselovskii et al., 2010; 

Nousiainen et al., 2012) that the optical properties of size-shape distributions of such particles 

can be well-mimicked by size-shape distributions of homogeneous spheroids, at least when 

particles are not much bigger than the wavelength. For example, Dubovik et al. (2006), 

Veselovskii et al. (2010), Merikallio et al. (2011) demonstrated that size-shape distributions of 

randomly-oriented spheroids can reproduce the phase function of real dust particles. Hence, to 

mimic volcanic ash and mineral dust particles, we used spheroids by applying the T-matrix 

code developed by Mishchenko and Travis (1998). Other approaches, such as the DDA-

method (Draine and Flatau, 1994), are feasible and promising but have not been performed 

during this thesis. The spheroids’ shape is expressed by the so-called aspect ratio ε = b/a, 

where a is the spheroids’ rotational symmetry axis length and b is its axis length in the 

perpendicular direction. As underlined by Merikallio et al. (2011), a distribution consisting of 

both oblates and prolates is a better proxy to represent atmospheric mineral dust particles. 

Hence, oblate (ε ≥ 1) and prolate (ε < 1) spheroids are assumed in equal numbers (equi-

probable shape distribution), as done by Dubovik et al. (2006) and Veselovskii et al. (2010). 

The shape distrubtion of the spheroids can be described by a weighting factor W following a 

n-power law (n ≥ 0). 
 

nW K           (2.46– a,b) 

 

where  is the shape factor (  = ε – 1 if ε ≥ 1;  = 1 – 1/ε if ε < 1) and K is the normalization 

constant. Atmospheric dust samples measured in laboratory (Volten et al., 2001, Muñoz et al., 

2004) are more realistically mimicked by a power-law n = 3 shape distribution (Merikallio et 

al., 2011). This favours extreme aspect ratios at the expense of nearly spherical spheroids, but 

in this way, polarization effects are better taken into account. Hence to simulate desert dust 

and volcanic optical properties, oblate and prolate spheroids in equal numbers are used with a 

n = 3 shape distribution. As underlined in Chapter 1, crystallised sea-salt particles exhibit a 

cube-like shape (below the 40 %-relative humidity crystallization point of sodium chloride 

(Randriamiarisoa et al., 2006)), the sea-salt optical properties are computed from cubes by 

using Kahnert’s T-matrix algorithm (2013). This code is well-suited to compute the optical 

properties of particles having discrete symmetries such as polyhedral prisms or cubes. In both 
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of these codes (Mishchenko and Travis, 1998; Kahnert, 2013), the Maxwell’s equations are 

solved analytically and exactly, with an analytical orientation averaging, to obtain the optical 

properties.  
 

(b) Input parameters of the numerical simulation  
 

The computed size parameters x = 2π r/ λ were chosen to be representative of atmospheric ns-

particles observed after long-range transport, as in Chapter 3 case studies. Hence, as detailed 

in (Schumann et al., 2011), due to sedimentation effects, a cut-off radius of a few micrometers 

seems reasonable according to the literature. Moreover, in the case of a sea-salt and dust 

particle mixture, sea-salt adhering may cause the gravitational settling of dust particles to be 

significantly accelerated (Zhang, 2008). Accordingly, we chose x-values varying from 0.01 to 

50 after long-range transport and ran the T-matrix code for volcanic ash and desert dust 

particles, using the m-refractive indices given in Table 2.1, for eight ε-values, varying from 

1.2 up to 2.6 with 0.2 steps. This table summarizes the input parameters used in the 

simulations for each particle component: ash, dust, sea-salt particles.  
 

Table 2.1 Input parameters used in the numerical T-matrix simulation on ns-particles (ash, dust, sea-salt): m-
complex refractive index at the Lidar wavelengths (UV, λ1 = 355 nm; VIS, λ2 = 532 nm), size parameter range, 
modelled shape, aspect ratios values and literature reference for the m-refractive index. The discrete set of X-
values is X = 0.01, 0.02, 0.1, 0.25, 0.5, 1; step of 1 for X = 1 to 10, step of 2 for X = 10 to 30, 35, 40, then 45, 50. 
For ε-values, the step is 0.2. 
 

Ns-particle Label Refractive index m Size 
parameter X 

Shape Aspect ratio ε 

      

Volcanic ash (ash) 1.54 − 0.0054i (UV, VIS) 
(Winchester, 1998; 
Muñoz et al., 2004) 

0.01 to 50 Spheroid 1.2, 1.4, 1.6, 
…, 2.6 

      

Desert dust (dust) 1.57 − 0.007i (UV, VIS) 
(Kandler et al., 2011) 

0.01 to 50 Spheroid 1.2, 1.4, 1.6, 
…, 2.6 

      

Sea-salt (ss) 1.51 − 0.0004i (UV) 0 to 20 Cubic  
  1.50 − 0.00001i (VIS) 

(Shettle et al., 1979) 
 

      

 

(c) Numerical simulation results 
 

Using the respective T-matrix numerical code, we have computed F11,ns, F22,ns, Csca,ns and 

Cext,ns as a function of the particle radius r for ash, dust and sea-salt particles at the 

λ1 = 355 nm and λ2 = 532 nm lidar wavelengths used in the following Chapter 3. Figure 2.6 

displays the retrieved particle backscattering cross-sections (dσ/dΩ)ns,//, (dσ/dΩ)ns,  and δns as 
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a function of the particles radius r, by respectively using Equation (2.6), (2.7) and (2.4). For 

clarity, the backscattering cross-sections are plotted per unit volume of the particle to 

emphasize the role of the finest particles, as first done in (Veselovskii et al., 2010). The 

obtained curves agree with the literature on spheroids (Veselovskii et al., 2010; Mishchenko 

et al., 2009). In particular, the backscattering cross-sections are not monotonic with the 

particle radius r. Due to the homothetic scale in r/λ, wavelength-sized particles exhibit larger 

backscattering cross-sections in the UV spectral range at λ1 = 355 nm than in the VIS spectral 

range at λ2 = 532 nm. Hence, our sensitivity to the ultrafine and fine particles is increased in 

the UV. The ns-particles’ depolarization ratio reaches its maximum value around r = 0.3 μm 

in the UV (0.5 μm in the VIS). Above this maximum, the dependence of δns with r exhibits 

weak secondary maxima, but is otherwise almost constant when increasing the particles 

radius. Up to r = 0.5 μm, δns rapidly increases with r and depolarization ratios as high as 50 % 

are reached so that ns-particles in the fine mode may also depolarize laser light. Such high 

depolarization ratios may then be experimentally observed with polarization-resolved 

backscattering measurements, such as polarization lidar. However, δns cannot be used as a 

particle size-meter since it also depends on m and ε (Mishchenko et al., 1995b).  
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Figure 2.6 Ns-particle backscattering cross-section (dσ/dΩ)ns,// and (dσ/dΩ)ns,  per particle volume and ns-
particle depolarization ratio δns as a function of the particle radius r in the UV (blue, λ1 = 355 nm) and in the VIS 
(green, λ2 = 532 nm) for each ns-particle type (ash, dust and sea-salt (ss)). 
For a particles ensemble, the optical properties have to be integrated over the PSD and shapes. 

Ideally, the PSD of each particle component should be accurately known. However, this 

information cannot be sufficiently precisely addressed from backscattering measurements. In 

the absence of complementary measurements, we used PSD’s reported from the literature on 

volcanic ash, dust and sea-salt, after long-range transport as a proxy, with the criteria of 

ensuring specificity to the considered particle component, since our numerical simulations are 

built for that purpose. As an example, for volcanic ash, we used the PSD reported by Muñoz 

et al. (2004), since it is ash-particle specific, while being representative of long-range 

transport, as discussed in detail in Chapter 3 and in Miffre et al. (2012b). For dust particles, 

we chose Mallet et al.’s PSD (2004), who isolated the dust contribution by performing 

measurements after long-range transport, close to Lyon (France). We hence ensure dust 

particles specificity after long-range transport. Other literature references are of course 

possible, provided that the given PSD is representative of long-range transport and dust 

particles specific. The chosen PSD for the ns-particle types considered are displayed in Figure 

2.7.  

 
Figure 2.7 Selected ns-particle size distributions (PSD) introduced in numerical calculations for volcanic ash 
(Muñoz et al., 2004), desert dust (Mallet et al., 2004) and sea-salt particles (ss, O’Dowd et al., 1997).  
 

By integrating  (dσ/dΩ)ns,//, (dσ/dΩ)ns,  over the PSD , we plotted co and cross-polarized size-

averaged particle cross-sections <(dσ/dΩ)ns,//> and <(dσ/dΩ)ns, > as a function of the 

wavelength in Figure 2.8. For volcanic ash and desert dust particles, with this choice of PSD, 
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<(dσ/dΩ)ns, > is higher in the UV spectral range than in the VIS-spectral range, while the 

opposite behavior is observed for sea-salt particles. The wavelength-dependence of δns is also 

displayed. The observed dependence agrees with the literature as for desert dust (Veselovskii 

et al., 2010). However, the ash particle depolarization ratio δash is different from those found 

in the literature (Muñoz et al., 2004, Lindqvist et al., 2011). The discrepancy may originate 

from surface roughness, which is more important for larger particles and is not accounted for 

in our spheroid model: indeed, in contrast to simulations based on spheroids, laboratory 

measurements show a tendency of increasing δns with effective radius (Nousiainen et al., 

2009). The depolarization ratios predicted with spheroids for large volcanic ash particles may 

thus be underestimated. It follows that spheroids may have difficulties in predicting large 

particle depolarization ratios correctly. A DDA-approach (Lindqvist et al., 2011) might be a 

fruitful complementary approach; however extensive DDA simulations have not been 

performed in this thesis. Hence, for volcanic ash, we will use Muñoz et al.’s laboratory 

measurements δash = 40.5 %-value (2004). Nonetheless, whatever the chosen δash-value, the 

behavior of βash vertical profile is still retraced, as shown in Equation (2.23) and further 

confirmed with the experimental results in Section 3.3.  

 

The Lidar ratios Sns are computed and displayed in Figure 2.8 as a function of the wavelength. 

The obtained Sns-values agree with the literature, derived from Raman Lidar measurements. 

For example, at λ1 = 355 nm, Sash equals (60 ± 5) sr measured by Ansmann et al. (2012), 

while for dust particles, Veselovskii et al. (2010) numerically computed Sdust = 68 sr. Sea-salt 

particles exhibit Sns-values around 20 sr consistent with Ansmann et al. (2011). The Figure 

2.8 error bars are the results of a sensitivity study, aimed at addressing the issue of size and 

shape variability. The size-sensitivity has been tested by varying the particles radius by ± 10 

%, while for the shape-sensitivity, the n = 3 shape distribution was replaced with the n = 

0 equi-probable shape distribution (n = 1 and n = 2 led to similar results as the original n = 3 

shape distribution). To provide the Figure 2.8 error bars that combine this size and shape 

sensitivity, the Table 2.2 numerical outputs have been computed by using the n = 0 shape 

distribution and this for all particles radii. Note also that our sensitivity study has been 

performed for dust and sea-salt particles only, since, as explained above, the T-matrix 

numerical model has difficulties in correctly simulating the depolarization of volcanic ash. 

For volcanic ash particles, the interested reader may refer to Miffre et al. (2012b) where a 

detailed error analysis has been performed on the chosen particles size distribution. 
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Finally, by using this spectral dependence of <(dσ/dΩ)ns, > with Equation (2.15), we 

calculated Åns, (λ1, λ2) for volcanic ash, desert dust and sea-salt particles corresponding to the 

chosen ns-PSD.  

 

 
Figure 2.8 Ns-particle backscattering coefficients, particle depolarization ratios δns and Lidar ratios Sns as a 
function of the λ-wavelength, for each ns-particles type: volcanic ash, desert dust and sea-salt (ss). For ss-
particles, two curves are represented, one for each refractive index given in Table 2.  
 

Table 2.2 summarizes the results of our light-scattering simulations to be used in Sections 3.3, 

3.4 and 3.5 where the methodology developed in Sections 2.2 and 2.3 are applied. For each 

ns-particle component considered, the depolarization ratio δns averaged over the 

corresponding PSD is given at the two Lidar wavelengths, together with the cross-polarized 

Ångstrom exponent Åns,  (λ1 = 355 nm, λ2 = 532 nm) and the Lidar ratios Sns needed for the 

Klett inversion (1985). The sign of Åns,  (UV, VIS) underlines our chosen PSD: dust (resp. 

sea-salt) particles backscatter more light in the UV (resp. VIS) spectral range than in the VIS 

(resp. UV) spectral range.  

 
Table 2.2 Results of the T-matrix simulations: depolarization ratios δns averaged over the corresponding PSD, 
cross-polarized Ångstrom exponents Åns,  (λ1= 355 nm, λ2 = 532 nm) and Lidar ratios Sns, for each ns-particle 
component: volcanic ash, desert dust, sea-salt (ss) at λ1= 355 nm (UV), at λ2 = 532 nm (VIS). 
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Ns-particles  
 

Label δns(UV) 
 [%] 

δns(VIS) 
[%] 

Åns,  (λ1 = UV, λ2 

= VIS) 
Sns(UV) 

[sr] 
Sns(VIS) [sr] 

       

Volcanic ashes   (ash) 26.7 27.2 0.015 53.6 56.3 
       
       

Desert dust  (dust) 18.1 ± 3.1 13.8 ± 1.6 1.326 ± 0.086 56.7 ± 8.7 53.2 ± 8.6 
       
       

Sea-salt  (ss) 15.9 ± 0.1 16.2 ± 0.1 − 0.478 ± 0.034 18.8 ± 0.2 20.1 ± 0. 2 
       
       

 

2.5 Conclusion 
 

This chapter is related to the optical formalism applied in this thesis. After recalling the basic 

physical processes of scattering and extinction to be applied in the next chapters, this chapter 

focuses on polarization-resolved backscattering which relies on the scattering matrix 

formalism. The novelty of this chapter is related to the development of a new methodology 

allowing the optical backscattering partitioning of a three-component particles external 

mixture into its individual spherical and nonspherical components.  

Hence, the issue addressed in this chapter is how to retrieve, from polarization-resolved and 

mutliwavelength backscattering measurement on an ensemble of external mixed particles the 

backscattering coefficient specific to each spherical (s) and nonspherical (ns) particle 

component, The polarization-resolved backscattering of a particle external mixture has first 

been analyzed for the following mixtures: (p) = {s, ns}, composed of spherical (s) and non

spherical (ns), then (p) = {ns1, ns2}, composed of two ns-particles components. It has been 

shown that the particle mixtures’ depolarization ratio δp differs from the nonspherical 

particles’ depolarization ratio δns, due to the presence of spherical particles or less 

depolarizing particles in the mixture. Hence, by identifying a tracer for nonspherical particles 

based on the cross-polarized backscattering coefficient, a new methodology has been 

developed to retrieve, in a two-component particle mixture, the backscattering coefficients 

specific to each particle component. This optical backscattering partitioning is based on 

coupling a single wavelength polarization-resolved backscattering measurement (1β + 1δ) 

with the depolarization ratio of each particle component. 

 

The optical backscattering partitioning in a two-component particle mixture (OBP2-

methodology) has then been extended to the case of three-component particle external 

mixture (OBP3) by retrieving the backscattering coefficient specific to each of the three 
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particles components. OBP3 is based on coupling dual-wavelength polarization-resolved 

backscattering measurement (2β + 2δ) with the δns-value of the three particle component and 

the cross-polarized backscattering Ångstrom exponent Åns,  of two particle components. The 

novelty of this OBP3 methodology is twofold: firstly, a methodology had never been 

developed to retrieve from a three-component particle mixture, the backscattering coefficient 

specific to each particle component; secondly the nonsphericity of each of the three particle 

components is, taken into account.  

 

To apply the OBP2 or OBP3 methodologies, optical inputs specific to each ns-particle 

component, are needed, i.e. the δns-ratio and the Åns, - coefficient, which have been 

determined by using either field measurements, laboratory measurements or numerical 

simulations. Field measurements are suitable provided that they are specific to one ns-particle 

component, i.e. performed close to the source region, where atmospheric particles are 

dominated by one ns-particle component. Laboratory measurements are useful as the particles 

generation can be controlled and as the complex morphologies of the particles are taken into 

account, but to operate the OBP-methodologies, these measurements must be performed in 

the exact backscattering direction and at the appropriate radiation wavelength. To my 

knowledge, laboratory measurements of cross-polarized Åns, -exponent have never been 

performed. Finally, by applying the Mishchenko T-matrix’s code (Mishchenko et al., 1998), 

we performed light single-scattering numerical simulations to provide the δns-ratio and the 

Åns, -coefficient for volcanic ash and desert dust particles in the exact backscattering 

directions as a function of the radiation wavelength, using the refractive index and the PSD 

that are specific to one ns-particle component. To account for the cubic shape of sea-salt 

particles, Kahnert’s code (2013) has been used. The obtained values are in good agreement 

with the reference literature, except for volcanic ash for which the retrieved δns with spheroids 

is lower, perhaps due to surface roughness effects. These results are to be used in the 

following chapters, Chapter 2 opening new insights for both field measurements, to be studied 

in Chapter 3, as well as laboratory measurements, to be studied in Chapter 4.  
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Chapter 3 

 

Lidar polarization-resolved backscattering measurements 
 

 

The physical and chemical processes involved during transport by advection from a source 

region to a place where intrusion episodes occur was underlined in the general introduction. 

To briefly recall that point, the particle properties may change due to processes, such as 

sedimentation, mixing with other particles (Zhang, 2008), hygroscopic growth and possible 

chemical alteration (Bourcier et al., 2011; Riccobono et al., 2012). Hence, after long-range 

transport, one of the typical consequences is a complex vertical layering of the aerosols 

generally observed in the low troposphere. 

 

3.1 Introduction 
 

In this chapter, the atmospheric particle vertical layering is retrieved together with its 

temporal evolution by using the Lyon UV-VIS polarization lidar (David et al., 2012). In the 

literature, multiwavelength lidar are currently used to retrieve βp at several wavelengths (Del 

Guasta et al, 1994; Sugimoto et al, 2006; Freudenthaler et al., 2009; Veselovskii et al, 2010; 

Di Girolamo et al., 2012). As shown in Chapter 2, when dual wavelength (2λ) measurements 

are polarization-resolved (2β+2δ-measurements), they are suitable to apply the OBP3 

methodology, which increase the knowledge on the optics of the particles layering in the 

atmosphere. Among the chosen 2λ, the UV spectral range is favored in lidar measurements to 

address the highly concentrated ultrafine and fine particles. Hence, the 1β+1δ-measurements 

are performed with a UV-polarization lidar, while the 2β+2δ-measurements are performed 

with a UV-VIS polarization lidar.  

In this context, three case studies, and further analyzed to objectively show the precision and 

the performance of the OBP-methodologies. To apply these methodologies, the single or dual-

wavelength polarization backscattering measurements (1β+1δ or 2β+2δ) have to be performed 

and knowledge on particle chemistry present in the atmospheric particle mixture should be 

gathered by applying a complementary methodology, different from the lidar methodology. In 
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this context, air masses trajectories have been used as an indicator on the sources of the 

atmospheric particles. 

Therefore, two cases studies, corresponding to different geophysical situations, have been 

studied by applying the OBP2 methodology, namely:  

 The Ash case, in which volcanic ash particles are mixed with sulfate particles, as an 

example of a two-component particle external mixture that occurred at Lyon between 17th
 

and 19th of April 2010, during the Eyjafjallajökull volcanic eruption. After more than 2 500 

kilometres of transport by advection, the volcanic ash particles entering Lyon’s atmosphere 

might have mixed with other particles, most likely to be hydrated sulfates, produced by 

SO2-oxydation (Mather et al., 2003), giving rise to a two-component external mixture. In 

this case study, βash and βnon-ash are simultaneously retrieved and the robustness of the 

OBP2 methodology is also discussed. Then, vertical profiles of volcanic ash mass/number 

concentrations are retrieved and analyzed from the βash-retrieval, which is new. Moreover, 

a nice comparison is found between the polarization lidar measurement and the 

FLEXPART ash particles numerical dispersion model and sulfate hygroscopicity is 

discussed.  

 The Dust case is a two-component particle external mixture of desert dust with non-dust 

particles, observed at Lyon during a Saharan dust outbreak that occurred on July 09th 2010  

after thousands kilometers of advection. In this cases study, βdust and βnon-dust are 

simultaneously retrieved. Moreover, βnon-dust is interpreted in the context of new particle 

formation, hereafter called NPF, introduced in Chapter 1 in the context of mineral dust 

particles. It is generally considered that NPF cannot be observed with a lidar. Here, a 

numerical simulation of the backscattering coefficient corresponding to a typical NPF 

event is performed to demonstrate that observation of NPF events based on polarization 

lidar is feasible. This numerical simulation gives the features of the backscattering 

coefficient corresponding to a typical NPF.  

 

Finally, we applied the OBP3 methodology to the following case study:  

 The Sea-salt/dust case is an example of three-component particle external mixture. On 

October 18th 2011, a Saharan dust outbreak occurred at Lyon with particles entering the 

Lyon troposphere after several thousand kilometres of transport by advection above the 

Atlantic Ocean, during which mineral dust particles mixed with sea-salt (ss) and water-

soluble (ws) particles in the troposphere over Lyon. In this case, βdust, βss and βws are 
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simultaneously retrieved. The robustness of the OBP3-methodology is analyzed and the 

retrieved βdust, βss and βws are interpreted. 

 

This chapter is hence organized as follows. First, the statistical errors and systematical biases 

affection the Lyon 2λ-polarization lidar are presented. Then, the Lyon UV-VIS polarization 

lidar setup is described with emphasis on the key points to reduce these statistical errors and 

systematical biases so as to perform sensitive and accurate measurements. Then, the (βp,π, δp)-

retrieval from the 2λ-polarization lidar measurements is detailed. Finally, the three above case 

are presented and analyzed in details with emphasis on the above cited applications, such as 

NPF.   

 

3.2 Lyon 2λ-polarization Lidar 

 

In this section, the Lyon dual-wavelength and polarization-resolved lidar is presented and 

used to perform the backscattering measurements (2β+2δ). Such measurements are based on 

efficiently separating the backscattered light with respect to its (λ,π)-spectral and polarization 

optical properties. This approach implies an ability to perform sensitive depolarization 

measurements: from low δp-values, below the percent range, close to the molecular 

depolarization, up to high δp-values, in the several tens percent range. Therefore, a precise 

analysis of the statistical errors and systematical biases is necessary. Consequently, an 

experimental setup-up has been developed reaching a drastic improvement of these statistical 

errors and systematical biases. The section is organized as follows:  

(1) Statistical errors and systematic biases 

(2) Lyon 2λ-polarization lidar experimental set-up 

(3) Calibration procedure for the polarization measurement 

(4) Polarization resolved backscattering coefficients 

 

3.2.1 Statistical errors and systematic biases 
 

This error analysis relies on the opto-electronic components used in the lidar device depicted 

below in Figure 3.3. Statistical errors on the Lidar signal are due to the laser fluctuations 

(power, polarization) and to the detector noise. The latter includes the electronic noise and the 

shot noise induced by the laser backscattered photons and the sky background detected light. 
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To minimize these statistical errors, we minimized the sky background contribution to the 

cross-polarized lidar signal P , whose intensity is low (in the range of 100 times lower than 

P//). Appendix B contains the sky background information, which has been simulated and 

measured to minimize its contribution on the cross-polarized lidar signal. 

 

An atmosphere having a depolarization ratio δ (defined in Equation (1.7)) is hence considered 

as an input. This δ-ratio originates from both atmospheric molecules and aerosols, which both 

depolarize laser light. Both statistical errors and systematic biases a priori affect the δ-

measurement so that the measured depolarization δ* a priori differs from δ. In the absence of 

these undesirable errors and biases, the measured depolarization δ* is linked to δ in the 

following way: 

 

/ / / / / /

P ( , z) ( ) ( , z)( , z) G( ) ( , z)
P ( , z) ( ) ( , z)

    (3.1) 

 

where Pπ(λ, z) are the polarization-resolved lidar signals measured at altitude z (above mean 

sea-level, ASL) and G = η /η// is the electro-optics gain calibration constant, which depends 

on the reflectivity and the transmission of the detector optical components and the detector 

electronic gain. Four systematical biases are here analyzed (see Figure 3.1): 

(a) Imperfect linear polarization of the light emitted in the atmosphere 

(b) Imperfect separation of polarization components (polarization cross-talk) 

(c) Misalignment between the transmitter and receiver polarization axes  

(d) Misalignment of the dichroic beamsplitter used for the λ-separation 

In each case, to perform a sensitivity study, relations between δ*/G and δ are provided 

through Δδ/δ = (δ*/G – δ)/δ. the corresponding Δδ/δ are plotted for each bias in Figure 3.1 for 

δ-values in the percent range.  
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Figure 3.1 Four systematical biases affecting the depolarization measurements: influence of a non-perfect linear 
polarization of the light emitted in the atmosphere (a), imperfect separation of polarization component, namely 
polarization crosstalk between  and // detection channels (b), misalignment between the linear polarization of 
the emitted light and the PBC // axis of the lidar detector (c) and misalignment of the dichroic beamsplitter used 
for λ separation (d). 
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(a) Imperfect linear polarization of the light emitted 

 

Here, we quantify the effect of a small unpolarized component in the emitted laser 

polarization on the δ-measurement, as displayed in Figure 3.1-a where a residual polarization 

ξ = Ii, / Ii << 1 is introduced with  Isca = Isca,// + Isca, . This emitted residual polarization ξ may 

originate from the laser degree of linear polarization or / and from polarization-sensitive 

reflective mirrors from the emission optics. In this case, even in a non-depolarizing 

atmosphere (δ = 0), the polarization state of the backscattered wave will have a depolarized 

component, leading to a non-zero measured depolarization δ*, i.e. δ*/G ≥ ξ. The parallel 

Lidar intensity Isca,// is contaminated by the induced non-zero β  Iinc,  term; while the 

perpendicular lidar intensity Isca,  is contaminated by the term β// Iinc, . Hence, after a few 

calculations from Equation (3.1), δ* can be expressed as a function of δ and ξ, the bias 

parameter, as follows:  

 

(1 )
G (1 )

         (3.2) 

 

When δ = 10 %, a residual polarization ε = 1 % induces a measured depolarization δ* = 11 %. 

As shown in Figure 3.1-a plotting the Equation (3.2) by the quantity Δδ/δ = (δ*/G – δ)/δ, care 

should be taken when measuring low depolarization ratios, in the 1 %-range: for δ = 1 %, the 

required ξ-value to ensure that δ* differs from δ by no more than 1 %, is only equal to 0.01 %. 

As shown bellow in our experimental set-up, ξ is below 0.0001. 

 

(b) Imperfect separation of polarization components: polarization cross-talk 

 

When separating two π-polarization components of the backscattered light, defined with 

respect to the laser linear polarization, some leakage between the two polarization detection 

channels may occur, leading to an imperfect polarization separation leading to so called cross-

talk effects (Figure 3.1-b). To calculate the allowed leakage for measuring δ-values in the few 

percents range, we introduce a cross-talk coefficient CT// to characterize the leakage of the -

polarization light into the -polarization channel. As shown in Figure 3.1-b, the parallel Lidar 

intensity Isca,// is contaminated by the contribution from perpendicular channel, having a CT -

efficiency, while removing the leakage contribution into the perpendicular channel, which 
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occurs at a CT//-efficiency. Hence, the measured parallel Lidar intensity P// is given by:  P// = 

η// [(1 – CT//)Isca,// + CT Isca, . Symmetrically, the perpendicular Lidar intensity can be written 

as P  = η  [(1 – CT ) Isca, + CT// Isca,//], as obtained from the P//-expression by simply 

exchanging the // and -subscripts, to satisfy photon energy conservation, hence introducing 

the CT cross-talk coefficient, characterizing the leakage of the -polarization channel into 

the -polarization channel. Hence, δ* is linked to δ via the bias parameters CT  and CT

 

/ /

/ /

(1 CT ) CT
G (1 CT ) CT

        (3.3) 

 

For a δ = 10 % atmospheric input depolarization, a bias parameter of CT// = CT  = 1 % leads 

to δ* = 11 %. Again, as shown by Equation (3.3) and in Figure 3.1-b, care should be taken 

when measuring low depolarization ratios, in the 1 %-range: for δ = 1 %, the same residual 

leakage induces a measured depolarization δ* of 2 %, which represents a 100 %-relative error.  

As shown bellow in our experimental set-up, CT// and CT  are below than 10-7. 

 

(c) Misalignment between transmitter and receiver polarization axes  

 

The backscattered photons polarization is analyzed by projection on the lidar detector 

polarization axes, assumed to implicitly match with the laser linear polarization, so that the 

polarization plane of the transmitter and the receiver are in perfect alignment. When a 

systematic offset-angle φ exists between the incident laser linear polarization and the detector 

polarization axes (see Figure 3.1-c), as first described by Alvarez et al. (2006), the measured 

depolarization δ* can be expressed as a function of δ and the φ-angle as follows: 

 
2

2
tan ( )

G 1 tan ( )
         (3.4) 

 

The relative error on δ is plotted in Figure 3.1-c for different φ angles. When δ = 10 %, a 

residual offset angle of 3° leads to δ*/G = 10.03 % only. For δ = 1 %, when φ = 1° (resp. 3°), 

δ*/G = 1.03 % (resp. 1.27 %). Varying the offset angle φ can also be used to calibrate our 
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depolarization measurements by determining G, as proposed by Alvarez et al. (2006) and as 

detailed in Section 3.2.3. 

As shown bellow, in our experimental set-up φ is below 0.5°, which means the induced Δδ/δ 

is below 4 % when δ ≥ 0.2 % and below 0.1 % when δ ≥ 0.8 %. 

 

(d) Misalignment of the dichroic beamsplitter used for the λ-separation 

 

In dual-wavelength polarization Lidar detectors, a dichroic beamsplitter (DB) is often 

introduced to differentiate the backscattered photons at the two laser wavelengths. In this 

paragraph, we analyze the possible bias introduced by such a DB on the δ-measurement. To 

our knowledge, such a systematic study has never been reported in the literature, where the 

DB is assumed to be polarization-insensitive.  

 

 Let us consider a dichroic beamsplitter having Rp, Rs-reflectivity coefficients, defined with 

respect to the dichroic beamsplitter incidence plane (a similar discussion could be held on the 

corresponding transmission coefficients (Tp = 1 – Rp, Ts = 1 – Rs). As a consequence of 

Fresnel’s formula, Rp generally differs from Rs (Rp < Rs), so that the reflection on the DB may 

modify the polarization state of the backscattered photons. When the linear polarization of the 

laser correspond either to the s or p axis of the DB (φ0 = 0 or 90°), δ* is proportional to δ so 

that the corresponding proportionality coefficient Rs/Rp can be included in the polarization 

calibration procedure. However, when a systematic offset-angle φ0 exists between the laser 

linear polarization axis and the p-axis of the dichroic beamsplitter (see Figure 3.1-d), 

polarization cross-talks appear, which cannot be compensated during the polarization 

calibration procedure. We quantified the effect of a non-zero offset angle φ0 on the 

measurement of a low atmosphere depolarization ratio δ. The corresponding calculations are 

detailed in appendix C. 

 
2 2 2 2 2

0 0 0
2 2 2 2 2

0 0 0

a cos ( ) sin ( ) (b a cos ( ))
G (b a sin ( )) a cos ( ) sin ( )

    (3.5) 

 

where the two coefficients a = pR  – sR and b = pR  are determined by the Rp, Rs-reflectivity 

coefficients, as detailed in Appendix C. The relative error bar on δ is plotted in Figure 3.1-d 

for different offset angles φ0, using Rp = 72 % and Rs = 94 %. 
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3.2.2 Lyon 2λ-polarization lidar experimental set-up 
 

The UV-VIS polarization lidar experimental setup developed in this PhD has a home-built 

detector to minimize the statistical errors and systematical biases developed in Section 3.2.1. 

The UV spectral range has been chosen to increase the sensitivity to the ultrafine and fine 

particles, while the VIS spectral range has been chosen to probe coarser particles in the 

micron range (see Figure 2.6). Our set-up, described in Figure 3.2, uses a doubled and tripled 

Nd:YAG laser emitting pulses of 15 and 30 mJ respectively in the UV (λ = 355 nm) and the 

VIS (λ = 532 nm) spectral ranges. An emission polarizing beamsplitter cubes (PBC) is used to 

ensure that laser emission is linearly polarized with a degree higher than 10000:1. A half-

wave-plate (λ/2) is used to align the linear polarization of the laser with the PBCs’ axis of 

lidar detector (DetL), with better than 0.5° uncertainty. A 2.5x beam expander (BE) reduces 

the laser divergence down to 0.4 mrad. The UV and VIS lasers are combined on the same 

optical pathway through a dichroic mirror DM to probe the same atmospheric particles. The 

light backscattered by atmospheric particles and molecules (subscript m) is collected with a 

200 mm f/3-Newtonian telescope. The 2.5 mrad field of view (FOV) of the telescope is 

determined by a 3 mm-diameter pinhole inserted at the telescope’s focus, and was chosen to 

minimize multiple scattering and solar sky background contributions to the lidar signals. As 

shown by Tatarov et al. (2000) for FOV below 8 mrad, the multiple-scattering contribution is 

almost negligible. Moreover, the pinhole diameter was determined with the constraint to 

achieve lowest possible geometric compression, defined as the overlap function O(z) between 

the laser beam divergence and the receiver FOV. Hence by choosing a 3 mm-diameter 

pinhole, the overlap function O(z) is equal to unity for z-altitudes around 500 meters above 

ground, as can be seen on the lidar signals in Figure 3.5. After being collected by the 

telescope, the backscattered light is then (λ, π)-separated by the lidar detector DetL, as 

schemed in Figure 3.3. Each polarization channel is composed of two PBC to ensure a precise 

polarization separation. Very narrow interference filters IF (Δλ = 0.35 nm) are used to ensure 

there is no wavelength crosstalk. Moreover, the IFs minimize the sky background contribution 

as well as molecular backscattering. The backscattered light is finally focalized, by using a 

lens (L2), on the 6 mm effective diameter of a photomultiplier tubes (PMT). Each PMT’s 

signal Pπ(λ) is then sampled by a Licel TR-20 MHz, leading to 75 m-vertical range resolution 
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after noise filtering and range-averaging. Pπ(λ) statistical noise is further reduced by averaging 

the signals over 4000 shots (less than 7 min) before range averaging and noise filtering. 

 

 
Figure 3.2 Top view of the lidar experimental set-up. Double (532nm) and triple (355nm) Nd:YAG laser pulses 
are combined through the emission optics before propagating through the atmosphere along z axis, after 
reflection on an elliptic mirror (ME). The light backscattered by the atmospheric aerosol and molecules is 
collected by a f/3 primary mirror MP. Before entering the lidar detector DetL, a 3 mm pinhole is used to reduce 
the field of view of the telescope to 5 mrad. The emission optics is composed for each wavelength of a polarizing 
beamsplitter cubes (PBC), to ensure a high polarization rate of the laser light (higher than 10000:1), a half-
waveplate (λ/2), to align the linear polarization of the laser with DetL, a beam expander BE (2.5x) to reduce the 
laser divergence and reduce the laser power density and then a dichroic mirror DM is used to combine both 355 
and 532 nm laser pulses. 
 

 
Figure 3.3 Exploded view of each polarization channel (left panel) composed of two PBC, an interferential filter 
(IF), a lens (L2) and a photomultiplier tubes (PMT). Photograph of the UV cross-polarized lidar polarization 
channel composed of two PBC (right panel) 
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To sum up, the polarization and wavelength separation efficiency of the detector can be 

evaluated by writing the lidar detector transfer matrix MDL which relates the backscattered 

photon intensity vector I2λ = [IUV,//, IUV, , IVIS,//, IVIS, ,] to the measured backscattering signal 

vector P2λ = [PUV,//, PUV, , PVIS,//, PVIS, ,]. During a previous thesis work (Abou Chacra, 2009), 

the detector has been characterized on a dedicated test bench to measure the detector transfer 

matrix. A striking feature is that, with better than 10-7 uncertainty, polarization and 

wavelength crosstalk are fully negligible, as shown by the diagonal transfer matrix:  

 

,// ,/ / ,/ /
8

, , , ,

,/ / ,/ / ,/ /

, , ,

0.99 0 0 0
4 10 0.72 0 0

0 0 0.87 0
0 0 0 1

UV UV UV

UV UV UV UV

VIS VIS VIS

VIS VIS VIS

P I
P I
P I
P I

  (3.6) 

 

where ηλ,π is the electro-optic detection efficiency of the corresponding detector channel, 

which depends on the reflectivity and the transmission of the DB and the PBCs, the IF-

transmission and the gain of the PMT at the applied voltages.  

 

3.2.3 Calibration procedure for the polarization measurement 
 

Since the relation between the PMT gain and the applied voltage is not precisely known, a 

calibration procedure is necessary to determine the electro-optical calibration constant 

G = η /η// corresponding to the λ-channel. Since the detector transfer matrix is diagonal, a 

robust calibration procedure can be performed which consists in determining the 

multiplicative electro-optics gain calibration constant G for each laser wavelength. In the 

literature, different calibration methods exist (Behrendt and Nakamura, 2002 ; Alvarez et al. 

2006; Freudenthaler et al., 2009). Behrendt and Nakamura (2002) proposed to use an 

atmosphere where only molecules are present, as the depolarization in this atmosphere equals 

δm. For instance, our molecular depolarization ratios δm (355) = 3.7 × 10-3 at λ = 355 nm and 

δm (532) = 3.6 × 10-3 at λ = 532 nm, have been computed by taking into account the IF 

bandwidth Δλ = 0.35 nm (Behrendt and Nakamura, 2002). Freudenthaler (2009) uses an angle 

φ = ± 45°, which leads to P  = P// and δ* = G as shown in Equation (3.4). Finally, Alvarez et 

al., (2006) introduce a control amount of polarization cross-talk by varying the φ-angle to 

perform an accurate calibration procedure, by relying on several φ-values. Hence they 

measure δ* as a function of φ and use Equation (3.4) to retrieve G from the δ* measurements.  
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To reduce the statistical noise of the calibration, we chose to apply the methodology proposed 

by Alvarez et al. (2006) with a dozen points to calibrate (δ* is measured for twelve φ-values). 

This methodology avoids assumption about the atmospheric particle content. In addition, in 

our case, the precision of the φ = ± 45° calibration is limited by the possibility to have an 

exact 90° rotation control between the φ = + 45° and φ = - 45° measurements. Moreover, the 

φ = ± 45° calibration may lead to possible PMT-saturation during the calibration procedure, 

as for δ = 1 %, P  is multiplied by 50. Hence, to retrieve G, δ* is first measured for twelve φ-

angles as shown in left panel of Figure 3.4. Then, δ* is averaged between 0.8 and 2.0 km (the 

average value is here after noted <δ*>), where atmospheric conditions are stable as the 

vertical profiles of δ* remain almost constant for each φ-angle. Finally, these <δ*>-values are 

used to fit the Equation (3.4) and retrieved G as shown in right panel of Figure 3.4, which 

represents <δ*> as a function of φ. Hence, the retrieved G is known with less than 2 % error 

for both wavelengths (G (UV) = 29.16 ± 0.22 and G (VIS) = 16.69 ± 0.23) 

 

 
Figure 3.4 Vertical profiles of δλ* for different value of misalignment angle φ between the laser linear 
polarization and the parallel axis of the detector PBC. 
 

3.2.4 Polarization resolved backscattering coefficients 
 

Here, we present the methodology used to retrieve the particle backscattering coefficient βp,π 

from the lidar signals Pπ. Three examples of Pπ (λ) lidar signals measured with the above setup 

are plotted in Figure 3.5 respectively for the dust case (left panel), the ash case (middle 

panel), and sea-salt/dust case (right panel). The given statistical error bars are very low, as 
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drastically reduced by laser shot averaging, noise filtering and range averaging. Except for the 

P  (UV)-signal on July 09th, the maximum value is reached in the Planetary Boundary Layer 

(PBL), where usually most aerosols are located (Miffre et al., 2010a; Winker et al., 2013), 

while an unusually high particle load is observed between 2 and 6 km. 

 

 
 

Figure 3.5 UV polarization-resolved lidar signals Pπ(355) on July 09th 2010 (left panel) and April 19th 2010 
(middle panel) and UV-VIS polarization-resolved lidar signals Pπ(λ) on October 18th 2011 (right panel) and. 
Blue and cyan full lines represents P (355) and P//(355). Green and olive dashed curves represents P (532) and 
P//(532). 
 

As both molecules and particles contribute to the lidar signals Pπ(λ), the particles 

backscattering contribution must be retrieved by introducing the contrast R// = 1 + βp,///βm,// of 

the molecular-to-particle backscattering, called the parallel backscattering. R// has been 

computed by applying the Klett’s inversion algorithm (1985), which uses the lidar Sp-ratio, to 

correct for particle extinction in the lidar equation recalled in Chapter 1. To apply the Klett’s 

algorithm, a predefined value for Sp is needed as well as a starting point Z0 for the inversion 

algorithm, generally chosen at high altitudes (above 7 km). The choice of Sp will be explained 

for each case study in the corresponding case study Section 3.3, 3.4 and 3.5. Error bars on R// 
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are calculated by using the maximum and minimum values of Sp in the Klett’s algorithm. 

Then βp,// and βp,  are retrieved by using R// and the calibrated δ-measurement as follows:  

 

βp,// = (R// – 1)× βm,//         (3.7) 

βp,  = (R// δ – δm)× βm,//        (3.8) 

 

The vertical profile of βm,// is computed from reanalysis model of the European Centre for 

Medium-range Weather Forecasts (ECMWF), by taking into account Δλ of the IF (Miles et 

al., 2001; Behrendt and Nakamura, 2002). Finally, by using R// and δ, the particle 

depolarization ratio δp can be retrieved from Equation (3.9), as first proposed by Winker and 

Osborn (1992) :  

 

/ / m
p

/ /

R
R 1

         (3.9) 

 

Equation (3.9) can be simply retrieved from the ratio of Equation (3.8) and Equation (3.7). 

Figure 3.6 displays the retrieved vertical profiles of βp,//, βp,  and δp for each case study. For 

the ash and dust cases, measurements have only been performed in the UV, as a single-

wavelength measurement can be used to apply the OBP2 methodology developed in Section 

2.3. For the sea-salt/dust case, 2λ-polarization measurements are performed, since dual-

wavelength measurements are required to apply the OBP3 methodology.  
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Figure 3.6 Vertical profiles of particle backscattering coefficient βp,// and βp,  and δp for each of the three case 
studies. Ash case on April 19th at 0 h UTC (upper raw) and dust case on July 9th at 12h UTC (middle raw) are 
measured in the UV, while sea-salt/dust case on October 18th 2011 (bottom raw) is measured in the UV (blue 
line) and VIS (green line). Error bars on βp,  (resp. δp) are determined by using Equation 3.8 (resp. Equation 3.9). 
Due to the overlap function, the lidar signals start from 0.6 km altitude. 
 

In the PBL, particles depolarize light with δp-values in the percent range. Hence, within error 

bars, the particle depolarization in the PBL should be considered as different from zero. The 
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achieved sensitivity enables to measure with accuracy very low depolarization ratios, as low 

as only a few percent. In the UV (resp. VIS), at z = 600 meters altitude (resp. z = 3800 m), we 

measured δp (UV) = (4.2 ± 0.3) % (resp. δp (VIS) = (3.1 ± 0.3) %) at 14h45. Hence, our 

detection limit is 2 × 0.3 % = 0.6 %, a value comparable to the molecular depolarization. As a 

conclusion, the Lyon 2λ-polarization lidar has the ability to measure particles depolarization 

ratios over two orders of magnitude, from 0.6 % (detection limit very close to the molecular 

depolarization), up to 40 %, as observed during volcanic ash episodes. Moreover, in the cross-

polarized channel, whose importance has been underlined in Chapter 2, very small βp, -

values, as low as (2.4 ± 0.5) × 10−8 m−1.sr−1 are measured.  

 

3.3 The Ash case: volcanic ash mixed with sulfate particles 
 

We first introduced the geophysical situation and then, the optical analysis is performed by 

applying the OBP2-methodology, with emphasis on the potential applications. Moreover, 

from the OBP2-methodology, a new method for determining range-resolved number and mass 

concentrations specific to volcanic ash particles is proposed.  This work has been published in 

(Miffre et al., 2010b, 2011, 2012a,b). 
 

3.3.1 Geophysical situation 
 

Volcanic eruptions release particles and gases such as sulfur dioxide (SO2) into the 

atmosphere that have implications on global climate. For example, Pinatubo’s eruption in 

1991 injected large quantities of SO2 into the stratosphere, which caused an anomalous 

cooling of the Earth’s surface (Ramaswamy et al., 2001). Volcanic aerosols emitted in the 

troposphere affect climate through both direct and indirect effects, however this topic is still 

subject to large uncertainties (Robock, 2000). To quantify the impact of volcanic ash, the 

evaluation of ash mass, ash number, and even surface concentration is necessary 

(Ravishankara 1997). Ash number concentrations are often measured by filtration and 

sampling using either optical particle counters (Kaaden et al. 2009; Schumann et al. 2011) or 

inverse modeling of measured aerosol optical thicknesses (Tsanev and Mather 2007). Such 

measurements are, however, sensitive to an ensemble of particles and are not generally 

specific to volcanic ash particles, so that the retrieved number concentrations must be 
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carefully analyzed. Moreover ash mass concentrations are useful for airspace closures (the 

aviation safety limit is 2000 μg.m–3).  
 

The Eyjafjallajökull volcano (63.63N, 19.62W, Iceland) started to erupt on March 20th 2010, 

before entering an explosive phase on April 14th 2010 lasting for several days, followed by 

further explosive eruptions during May 2010. In the initial explosive phase in April 2010, the 

eruption ejected volcanic ash to altitudes as high as 9 km above sea level (ASL), as reported 

by the Institute of Earth Sciences (IES, http://www. earthice.hi.is). On April 15th and 16th, 

the volcanic activity and ash generation continued, with reduced activity from April 16th. IES 

chemical analyses of ash samples revealed eruptive products with a silica content of 58% by 

weight, alumina Al2O3 (15%), and oxides (FeO, CaO, <10%). SO2 fluxes of 3 kt day-1 were 

reported by the Icelandic METOffice (http://en.vedur.is/), comparable with the annual flux of 

SO2 normally emitted by the whole Icelandic volcanic region (Halmer et al., 2002). As shown 

by MODerate resolution Imaging Spectrometer MODIS (http://modis.gsfc.nasa.gov/) on April 

15th, the volcanic cloud emitted by the strong initial eruption on 14th April was transported 

eastwards and subsequently spread over northern Europe before reaching the South of France, 

leading to a six-days closure of the airspace for aviation over western Europe due to possible 

hazards to aircraft (Prata and Tupper, 2009). During their transport, irregularly-shaped 

volcanic ash particles larger than about 20 micrometers diameter are rapidly removed from 

the volcanic cloud by gravitational settling. In contrast, finer ash particles and secondary 

aerosols such as hydrated sulfates, formed by SO2-oxidation, may remain in the troposphere 

for several weeks (Ovadnevaite et al., 2009). Hence after long-range transport, non-ash 

particles (here after noted nash) are present in the volcanic cloud and likely to be spherical 

hydrated sulfates (Mather, 2003; Schumann, 2011). Hence, a two-component particle mixture 

of volcanic ash mixed with ash particles is observed after long-range transport. Our remote 

site of Lyon is located at the border of the air traffic closure area, with particles that were 

highly dispersed and aged, after more than 2,600 km transport by advection. A precise 

chemical analysis has not been performed during the experiments carried out. Instead, we 

used 7-days air mass back-trajectories (Stohl et al., 1995) to identify the origin of the 

nonspherical particles present at the remote site, as shown in Figure 3.7. According to these 

back-trajectories, Saharan dust can be excluded as a source of particles over Lyon during the 

observation period. During this event, RH-values range between 50 and 75 % close to the ground 

to reach 70 % near 3 km-altitude. However, in the air masses coming from Iceland around 4-5 km, 

very low (10-25%) RH-values are observed. 
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Figure 3.7 NILU FLEXTRA 7-days air mass back-trajectories on April 17th, 18th and 19th. and relative humidity 
RH on April 17th at 12 h UTC (circles) (a), April 19th at 0 h UTC (squares) (b) and April 19th at 19 h UTC 
(triangles) (c). 
 

3.3.2 Observation of the Icelandic volcanic ash cloud above Lyon 
 

We analyzed the lidar signals recorded during this ash episode to analyze βp,π-coefficients for 

the ash case study. We used Sp = 55 ± 5  sr in the Klett algorithm to retrieve the βp,π and δp, in 

agreement with Table 2.3 and the literature (Ansmann et al., 2012). The retrieved time-

altitude map of βp,// is potted in  Figure 3.8, where, between 3 and 6 km an unusually high 

particle load is visible on April 17th and 18th in a thin filament. In this filament, βp,//-values 

vary between 2 and 5 Mm-1.sr-1. The filament tilts from 6 to 4 km above sea level (asl) on 

April 17th at 12 h, and then at 3 km asl on April 18th in the evening before mixing into the 

PBL. On April 19th, measured particle backscattering coefficients are lower because of less 

direct atmospheric transport and decreased volcanic activity (Schumann et al., 2010). βp,//-

values do not exceed 3.5 Mm-1.sr-1, except for the 3 km altitude cloud seen on April 19th at 

18h. 
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Figure 3.8 Top graph: Parallel UV-particle backscattering coefficient (in Mm_1 sr_1) at Lyon as a function of 
time (in UTC units) from April 17th to 20th 2010. Bottom graph: FLEXPART time-height section of the ash 
tracer at Lyon. Letters from (a) to (c) correspond to vertical profile’s times, to be analyzed in the next Section 
3.4.3, 3.4.4 and 3.4.5. 
 

In the lower part of Figure 3.8, we plotted the time-altitude plots retrieved from FLEXPART 

ash numerical dispersion model, in collaboration with the group headed by A. Stohl who 

simulated the volcanic ash transport from Iceland to Lyon. The lidar-observed filament 

structure (top of Figure 3.8) nicely agrees with the FLEXPART simulated ash layers within 

the vertical and time resolutions of both methodologies. This agreement is observed even for 

some small-scales features, for instance the maximum on April 17th at 18 h at 4 km. The 

comparison between the simulated and observed ash layers relies on the proportionality 

between βp,// and the particles number concentration. The filament structure suggests that the 

ash layers remained highly stratified even after long-range advection. On April 17th, the 

observed layers below the filament (2-3 km) correspond to air masses originating from the 

East of Europe and are, thus, of non-volcanic origin. When volcanic particles mix into the 

PBL on April 18th, parallel backscattering enhancement relies on the volcanic ash particles 

intrusion, as shown by FLEXPART, and on possible sulfate hygroscopic growth. On April 
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19th, βp,//-values decrease caused both by the reduced volcanic activity after the initial 

eruption and less direct transport to the measurement site. An interesting feature occurs 

between 3 and 5 km altitude where, in agreement with back-trajectories, new ash layers are 

simulated by FLEXPART in high mass concentrations. By the same time, low βp,//-values are 

observed on Figure 3.8, dedicated to scattering on the parallel polarization channel. As shown 

in the next paragraphs, it is necessary to include the βp,  profiles to further address the ash 

particles content. In addition, the ash particle content, deduced from backscattering 

measurements, is necessary to further interpret the comparison to the FLEXPART ash 

dispersion model.  
 

3.3.3 Ash and non-ash (nash) backscattering retrievals 
 

We here apply the OBP2-methodology introduced in Section 2.3 to the ash case study to 

simultaneously retrieve βash and βnash, as illustrated in Figure 3.9 in the form a diagram 

showing the different necessary steps. As explained in Section 2.3, δash and δnash have to be 

known and, as discussed in Section 2.4, to ensure ash specificity, we chose 

δash = (40.5 ± 2.0) %, derived from laboratory measurements on volcanic ash particles 

performed by Muñoz (2004). For nash (non-ash) particles, δnash = 0 % is used, as nash-

particles are likely to be spherical hydrated sulfates.  
 

 

Figure 3.9  Flowchart of the OBP2 methodology highlighting the inputs and outputs for ash and nash particles. 
Concerning the inputs, βp,// and βp,  are measured with UV-polarization Lidar, δash = (40.5 ± 2.0) % has been 
measured by Muñoz et al. (2004) and δnash = 0 % is used, as nash-particles are likely to be spherical sulfate. βash 
and βnash are the retrieved outputs, from which the fraction of ash-to-particle backscattering Xash (Equation 
(2.27)) as well as Xnash can be deduced. 
 

As for (βp,//, βp, )-vertical profiles, we chose those from April 19th 2010 at 00h UTC (see 

Figure 3.8) which correspond to the (b)-profile on the time-altitude map displayed in Figure 

3.8. Note that the βp,// and βp,  profiles are different, as both spherical and non-spherical 

particle contribute to βp,// (Equation 2.18), while only nonspherical particles contribute to βp,  

(Equation 2.19). If the particle mixture was only composed of non-spherical ash particles, δp 

would be equal to δash everywhere. However, the presence of nash-particles lowers the 
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observed δp-values, which are always below δash within our error bars. Consequently, far from 

the source region, δash cannot be directly retrieved from δp without care (Miffre et al., 2011). 

To ease the understanding, we also display the βash,//-profile in Figure 3.10 (βash,// = βash, /δash 

since βash,  = βp, ). Hence, when βash,// equals βp,//, there are no nash-particles and δp reaches 

δash as observed around 4 km ASL within our error bars, in agreement with Equation 

(2.21).When βash,// deviates from βp,//, nash-particles are present and we observe lowered δp-

values, in agreement with Equations (2.21). We hence explain the observed behaviour of δp 

with z-altitude. Contrary to the δp-profile, only ash particles contribute to the βp, -vertical 

profile ,as discussed in Chapter 2. Thus, the vertical dispersion of the volcanic ash cloud in 

the low troposphere of Lyon can be retraced by the βp, -vertical profile: within our error bars, 

the achieved sensitivity allows distinguishing several successive volcanic ash layers at about 

1.5, 3.0, 4.0, 4.5 km altitudes. As shown by the comparison of the βp,  and δp-vertical profiles, 

depolarization does not necessarily correlate with the backscattered power. The observed 

1 km altitude difference between the βp,  and the δp-maxima is hence due to the presence of 

spherical nash particles. 

 
Figure 3.10 Vertical profiles of backscattering coefficients βp,//, βp, , depolarization ratio δp, and βash,// retrieved 
in the mixed {ash, sulfate} particle cloud on April 19h 2010 at 00h UTC at Lyon. With 
βash,// = βash, /δash = βp, /δash (also assuming δnash = 0). The experiment is performed in the UV (λ = 355 nm). Due 
to the overlap function, the lidar signals start from 0.6 km asl.  
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Then, the βp,// and βp,  vertical profiles plotted in Figure 3.10 and the δash- and δnash-value are 

used as inputs in the OBP2 methodology to determined βash  with Equation (2.19) and (2.23) 

and Xnash with Equation (2.27). Figure 3.11 displays the hence retrieved vertical profiles of 

βash and Xnash. The corresponding error bars on Xash and βash are range-dependent since the 

vertical profile of βp,  is itself range-dependent. Its error bar includes the error bar on δash 

((40.5 ± 2.0) %) derived in Section 2.4.2 from Muñoz et al. measurements (2004). In 

agreement with Equation (2.27), the Xash-profile follows the δp-profile (Figure 3.10), which 

confirms that δp can be considered in our case as a tracer for Xash. 

 

 
Figure 3.11 Vertical profiles of Xash and βash in the mixed {ash, sulfate} particle cloud on April 19h 2010 at 00h 
UTC at Lyon, for δnash = 0 and Sp = 55 ± 5 sr (full lines). Within our error bars, these profiles are slightly 
influenced by Sp (dotted lines, for Sp = 40 sr) and by the sulfate depolarization δnash (dashed lines, for δnash = 1 %) 
at altitudes where back-trajectories confirm the presence of volcanic ash particles. 
 

To discuss the robustness of βash-retrieval OBP2-methodology, we here discuss two 

arguments:  

 First, we changed the Sp-value used in the Klett algorithm. As shown in Figure 3.11, the 

influence of the Sp is very low, as using Sp = 55 sr (full line curves in Figure 3.11) or 
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Sp = 40 sr (dotted line curves in Figure 3.11) leads to negligible difference in the retrieved 

βash within our error bars.  

 Secondly, the assumption of ash particles being the main depolarizing source may also be 

questioned. Nash particles may slightly depolarize light and contaminate the βp,  

measurement. Therefore, we need to correct the contaminated coefficient βp,  for the 

background depolarization ratio δnash. Hence, by applying Equation (2.32), we may write: 

βash,  = (βp,  – δnash βp,//)/(1 – δnash/δash). The dashed line curve plotted in Figure 3.11 

corresponds to δnash = 1%, as measured by Sakai et al. (2010) for sulfate particles. βash,  is 

then used in Equations (2.24) to retrieve βash. As can be seen from Equation (2.32), by 

assuming δnash = 0 %, the maximum overestimation term on βash,  is equal to δnash βp,//, 

which is negligible when δnash << δp (as δnash βp,// = βp,  δnash/δp). Hence, at altitudes where 

back-trajectories confirm the presence of volcanic ash particles, the background 

depolarization δnash = 1 % has negligible influence on the retrieved vertical profiles of βash.  

As a consequence, our βash-retrieval is very robust since the influence of Sp and δnash is 

negligible in the volcanic ash layers. Hence, we are confident that the retrieved βash-profiles 

are ash-specific, which is new.  

 

In addition, the OBP2-methodology provides the βnash-coefficient, obtained by simply noting 

that βnash = βp – βash. Figure 3.12 displays the vertical profiles of βnash and βash, together with 

the relative humidity (RH). βash-value and βnash-value respectively as low as (4.9 ± 3.7) ×10-

8 m-1.sr-1 and  (0.129 ± 0.125) ×10-8 m-1.sr-1  have been retrieved on April 19th 0h UTC at 3.7 

km asl and at 0.9 km altitude. Hence the achieved βash and βnash detection limits are below 

0.049 ×10-8 m-1.sr-1 and  0.129 ×10-8 m-1.sr-1. In addition, two main features are observed in 

Figure 3.12:  

− First, βnash seems to be higher when RH is high. For instance on April 19th, βnash almost 

follows the RH vertical profile. Since nash particles are most likely to be sulfate, the 

nash-particle hygroscopic growth can explain the similarity between βnash and RH.  

− The second feature observed is a negative-correlation between βnash and βash. This 

negative correlation cannot be explained by the OBP2 methodology applied to retrieve 

βash and βnash (as this negative-correlation is already observed between βp,  and βp,//). 

One possible explanation to the negative-correlation between ash and nash particles is 

the new particle formation (NPF), which is most likely to occur when low particle 

surface concentration is available (Wehner et al. 2010). Hence ash particles act as a 
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growing condensational sink which stops the new particle formation and growth 

(NPFG). Such NPFG is also addressed and carefully studied in the case a desert dust 

outbreak episode (Section 3.4) 

 
Figure 3.12 Vertical profiles of βash (black triangles), βnash (red circles) and RH (blue squares) on April 17th at 12 
h UTC (left panel) and April 19th at 0 h UTC (right panel). 
 

3.3.4 Applications of the OBP2-methodology 
 

In this subsection, two applications of the OBP2 methodology are proposed. Starting from the 

separate retrieval of βash and βnash, we provide a new methodology to retrieve the ash number 

concentration. This methodology is then further used to retrieve the ash mass concentration, 

which is compared with the ash mass computed with FLEXPART particle dispersion model. 
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(a) Ash number concentration retrieval 

 

In the literature to my knowledge, remote sensing have only been used to retrieve the ash 

mass concentrations (Schumann et al., 2011; Gasteiger et al., 2011; Hervo et al., 2012; 

Markowicz et al., 2012; Revuelta et al., 2012; Wiegner et al., 2012). Our here proposed 

methodology proposes to retrieved ash number concentration by discriminating Nash from 

Nnash, which is new and has been published in Miffre et al. (2012b). Nash is retrieved from the 

definition of the backscattering coefficient in Equation (2.12), namely: 

 

p
p

p

N
d
d

         (3.10) 

 

where <(dσ/dΩ)ash> has been computed by averaging (dσ/dΩ)ash (r) over the ash-PSD. 

(dσ/dΩ)ash (r) is computed by using T-matrix numerical simulations presented in Section 2.4.3 

using the parameters indicated in Table (2.1). The corresponding <(dσ/dΩ)ash> averaged over 

Muñoz et al.’s ash-PSD (2004) is plotted as a function of the wavelength in Figure 2.8. 

Nonetheless, the choice of the ash-PSD may be questioned, as ash-PSD is changing during the 

explosive and ascending phases of the volcanic eruption, while complex physical and 

chemical processes are occurring, as pointed out by several authors (Delmelle, 2005; 

Schumann, 2011). During advection, the ash-PSD undergoes several modifications with 

possible scavenging, sedimentation and water adsorption on ash particles surface (Lathem, 

2011). Because these processes are complex, a quantitative in-situ observation of the change 

in the volcanic ash PSD has never been reported in the literature from the source region down 

to the observation region. Hence ideally, the ash-PSD should be accurately known. However, 

in the absence of complementary measurements, the robustness of the retrieved <(dσ/dΩ)ash> 

has been studied by using three different ash-PSD reported in the literature, which are plotted 

in Figure 3.13. Two PSD’s are derived from the literature on the Eyjafjallajökull eruption, 

either close to the source region (Ilyinskaya, 2011) or after long-range transport (Schumann, 

2011) and we also added Muñoz’s ash PSD as a recognized reference for volcanic ash 

particles. Ilyinskaya et al. (2011) measurement has been performed a few kilometers outside 

of Island providing measurement close to the source and as a consequence most probably ash 

specific. Schumann et al. (2011) performed their measurement on volcanic cloud over 

Germany, providing long-range-transport measurement in the volcanic cloud.  
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Figure 3.13 Normalized volcanic ash number density nash as a function of r radius (in μm) derived from (Muñoz 
et al., 2004, full line with circles); (Schumann et al., 2011, dashed lines with triangles); (Ilyinskaya et al., 2011, 
dashed dotted lines with squares). Muñoz’s ash particles PSD was derived from samples collected near the 
ground close to the volcano, mechanically sieved to remove the largest particles. Ilyinskaya’s PSD was derived 
at 15 km from the Eyjafjallajökull’s volcano. Schumann’s PSD was evaluated in the atmosphere above Leipzig 
(North-East of Germany) after long-range transport from the Eyjafjallajökull Icelandic volcano.  
 

<(dσ/dΩ)ash> derived by averaging (dσ/dΩ)ash over the three corresponding PSD is 

summarized in Table 3.1. 
 

Table 3.1 Summarize of <(dσ/dΩ)ash> computation by using the PSD presented in  Muñoz et al. (2004), 
Ilyinskaya et al. (2011) and Schumann et al. (2011). The main features of the measured PSD are also indicated. 
 

Reference  Volcano Location Characteristics <(dσ/dΩ)ash> 
(10-10 cm2.part-1) 

Muñoz et 
al. (2004) 

 different 
volcanoes 

laboratory long-range transport 
ash specificity 

1.59 

Ilyinskaya 
et al. (2011) 

 Eyjafjallajökull Iceland short-range transport  
ash specificity 

2.16 

Schumann 
et al. (2011) 

 Eyjafjallajökull over 
Germany 

long-range transport  
absence of ash 
specificity 

1.65 

 

To compute the <(dσ/dΩ)ash> used to retrieve Nash, we chose Muñoz’s PSD to be both ash 

particles specific (instead of Schumann’s PSD) and representative of long-range transport 
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(instead of Ilynskaya’s PSD). Nonetheless, the <(dσ/dΩ)ash>-computation may be influenced 

by several effects, namely i) ash water uptake, ii) aging of ash particles and iii) ash particles 

sedimentation. We here analyze these three items:  

i) Water up-take on ash particles should be considered in <(dσ/dΩ)ash>-calculations. However, 

ash particles practically do not contribute to water-uptake, as first shown by P. Delmelle 

(2005) and as recently confirmed by C. Lathem (2011) for the specific case of the 

Eyjafjallajökull volcanic eruption. Quantitatively, it is found that for RH = 90 %, the 

hygroscopic growth for ash particles is between 2 and 5 % (ash particles are found to be 35 

times less hygroscopic than sulfates). Hence, ash hygroscopic growth should be considered 

only for relative humidity approaching condensation levels, which does not occur under the 

considered clear-sky conditions in this case (see RH profiles in Figure 3.7).  

ii) The effect of atmospheric aging on the ash PSD can be seen by comparing Ilyinskaya’s, 

and Schumann’s PSD, under the assumption that Schumann’s PSD is ash specific as 

Ilyinskaya’s PSD.  

iii) The quantitative role of sedimentation processes has been intensively studied by 

Schumann et al. (2011) who discussed how the ash-PSD is modified by sedimentation 

processes during the Eyjafjallajökull eruption. For a given plume age, sedimentation 

processes act as a low-pass size filter for the ash-PSD so that ‘‘the plumes of ages larger than 

2 days should be free of particles for diameter larger than 15 mm due to sedimentation’’. The 

cut-off radius is determined by the square root of the fall distance (see Schumann et al.’s Eq. 

(3)). From this equation, we determined the modification of the ash-PSD and computed the 

corresponding <(dσ/dΩ)ash> to include the sedimentation processes. Table 3.2 presents the 

retrieved cutoff radius on April 19th at 18h UTC close to the end of the volcanic episode. As 

cut-off radii are above 6 μm, the corresponding size parameters are above x = 106 for 

λ = 355 nm. We could not compute such high x-values with T-matrix numerical simulations. 

Hence to simulate the effect of sedimentation on <(dσ/dΩ)ash>, ash particles were assumed to 

behave like projected-surface-area-equivalent spheres and we computed Δ<(dσ/dΩ)ash> as 

follows:  
 

( )
ash ash

ash

ash

d dcutoff radius
d dd

d d
d

   (3.11) 

Where <(dσ/dΩ)ash (cut-off radius)> accounts for the cut-off radius in contrary to 

<(dσ/dΩ)ash> which is computed over the entire ash-PSD. The computed Δ<(dσ/dΩ)ash> are 
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summarized in Table 3.2. As a conclusion, sedimentation processes induce less than 4% 

variations on the retrieved <(dσ/dΩ)ash>, leading to the same relative uncertainty on Nash. We 

here assume that the cut-off radius induced the same error on <(dσ/dΩ)ash> computed with 

spheroids than on <(dσ/dΩ)ash> computed with surface-area-equivalent spheres. Hence the 4% 

variations have been included in Nash error bars. 

 
Table 3.2 Influence of sedimentation processes on the ash particle size distribution (cutoff radius) and 
corresponding Δ<(dσ/dΩ)ash> at different altitudes for two times up to the end of the volcanic episode. The 
cutoff radius has been calculated by assuming a 10-km plume top height (Schumann et al. 2011).  

 

April 18th 2010 at 12h UTC (3 days aged plume) 

Altitude Z asl (km) 3 4 5 

Cutoff radius (μm) 8.2 7.6 7.0 

Δ<(dσ/dΩ)ash> (%) -1.3 -1.9 -2.5 

April 19th 2010 at 18h UTC (4 days aged plume) 

Altitude Z asl (km) 1.7 3 5 

Cutoff radius (μm) 7.7 7.1 6.0 

Δ<(dσ/dΩ)ash> (%) -1.9 -2.4 -3.7 

 

Figure 3.14 displays the Nash vertical profile retrieved from βash and <(dσ/dΩ)ash> = 1.59 ×10-

10 cm2.part-1 (Table 3.1) on April 19th at 00h UTC. This Nash-retrieval methodology, because it 

is by construction ash-specific, reveals the dispersion behavior of the volcanic ash cloud. 

Quantitatively, on April 19th at 00h UTC, the ash number concentration reaches a few tens 

part.cm-3. Because in-situ measurements specific to volcanic ash particles do not exist in the 

literature, it is difficult to provide a correlative measurement. During the Eyjafjallajökull 

eruption, the measurements performed by Schumann et al. (2011) after long-range transport 

appear to be the most appropriate reference, since the air masses that they studied in the North 

East part of Germany passed over Lyon a few hours after, as confirmed by Figure 3.7 back-

trajectories. Their measured number concentrations are in agreement within error bars with 

our Nash = (17.7 ± 5.4) part.cm-3 for particles in the 0.25 – 1 μm size range. Hence, particles 

number concentration compare well when ash particles radii around 0.5 μm are considered. 

This size represents the particles size at which our 355 nm-lidar measurements are among the 

most sensitive as confirmed by Figure 2.6. Comparison of our Nash with particles counters 

(Schumann, 2011) should however be done with care as our new Nash-retrieval methodology 

is volcanic ash particles specific in contrary to these optical particle counters. To become 

quantitative, further specific in-situ comparison measurements at the lidar location are needed. 
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Figure 3.14 Vertical profiles of βash and Nash in the mixed {ash, sulfate} particle cloud on April 19h 2010 at 00h 
UTC at Lyon, for δnash = 0 and Sp = 55 ± 5 sr (full lines). Within our error bars, these profiles are slightly 
influenced by Sp (dotted lines, for Sp = 40 sr) and by the sulfate depolarization δnash (dashed lines, for δnash = 1 %) 
at altitudes where back-trajectories confirm the presence of volcanic ash particles. 
 

At altitude z, the uncertainty on Nash depends on the uncertainty on our lidar measurements, 

on the <(dσ/dΩ)ash>-computation uncertainty and on the depolarization ratios δash and δnash. 

Thanks to our sensitive and accurate polarization measurement, the error bar on Nash slightly 

depends on the uncertainty on the βp, -lidar measurement. For the <(dσ/dΩ)ash> uncertainty, 

use of Schumann’s PSD instead of Muñoz’s PSD would lead to a 3 % lower Nash-value. The 

uncertainty on δash (δash = (40.5 ± 2.0) %), leads to a 3.5 % relative error on Nash, which is 

included in Figure 3.14. The effect of a possible bias and higher uncertainty in the δash-

laboratory value can be evaluated by using Equation (2.32) and (2.23). The exact value of a 

possible bias is difficult to determine, but to fix the way the errors propagate, one can note 

that the relative error on Nash grows to 6.7 % for δash = (50.0 ± 5.0) %. Such a 10 %-bias 

appears to be high under our operating conditions (use of accurate Muñoz et al.’s laboratory 

scattering measurements). This however confirms that the proposed methodology can only be 

applied if accurate laboratory scattering matrix measurements are available.  
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In complement to this approach, numerical simulations using DDA instead of T-matrix might 

be interesting to develop for precise evaluation of <(dσ/dΩ)ash>. However, the complexity 

resulting from the numerical simulation of randomly oriented vesicular and non-vesicular ash 

particles (Lindqvist, 2011) may lead to higher bias and uncertainties in the retrieved Nash-

number concentration. Finally, within our error bars, Figure 3.11 Nash-vertical profiles are 

slightly dependent on the exact δnash-value at altitudes where the volcanic cloud is present. 

Hence, our new Nash-retrieval methodology is volcanic ash particles specific and very robust: 

it is practically not affected by possible non-ash particles depolarization. 

 

(b) Ash mass concentration retrieval 

 

Ash mass concentrations Mash can be evaluated from Nash by using the number-to-mass 

conversion factor CNM = 1.88 × 10-6 μg.part-1, deduced from the volcanic ash density assumed 

equal to 2600 kg.m-3 (Gasteiger et al., 2011) and the mean particle volume <Vp> of Munoz’s 

PSD defined in Equation (3.12) with the volume particle concentration Vp which is integrated 

over the PSD (Equation (1.3)):  

 

/p p pV V N         (3.12) 

 

Vertical profiles of Mash are displayed in Figure 3.15. All retrieved mass concentrations are 

well below the limit value of 2 000 μg.m-3 chosen for airport closures. In the PBL, the low ash 

concentration is comparable with 10 to 50 μg.m-3 PM10 concentration measured at ground 

level in urban polluted areas (Miffre et al., 2010). The highest Mash-value, (346 ± 87) μg.m-3, 

is observed on April 17th at 12h (figure 7a) in the volcanic layer  around 4.5 km altitude (Mash-

values are not evaluated under 4 km as air masses do not originate from the volcano), in 

excellent agreement with FLEXPART ash simulation. In Figure 3.15 profiles (b) and (c) 

exhibit lower Mash-values for the new ash intrusions, and when particles mix into the low 

troposphere, Mash-values are even lower, in agreement with FLEXPART. The observed 

discrepancy above 3 km between FLEXPART and Lidar ash mass concentrations may be due 

to the air masses hanging around in Europe moving back and forth as suggested by Figure 3.7 

back-trajectories; rain further complicates the situation.  
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Figure 3.15 Vertical profiles of volcanic ash mass concentration on April 17th at 12 h UTC (left panel), on April 
19th at 0 h UTC (middle panel) and on April 19th at 19h UTC (right panel). FLEXPART ash mass 
concentrations vertical profiles are added for quantitative comparison. 
 

3.3.5 Ash case study summary  
 

As a summary on the Ash case study, the OBP2-methodology has been successfully applied to 

the mixing of nonspherical volcanic ash particles with spherical sulfates, as observed at Lyon 

during the mid-April 2010 Eyjafjallajökull eruption. Starting from the lidar measured  

βp,//,βp, , and δp-coefficients derived from our sensitive and accurate UV-polarization 

measurements, we discriminated nonspherical volcanic ash particles from non-ash particles in 

the volcanic cloud mixture to retrieve the volcanic ash backscattering coefficient βash. The 

accuracy of the OBP2-methodology depends on the accuracy of the UV-polarization 

measurements. In agreement with Section 2.3, the measured δp has been found to differ from 

δash, as non-ash particles are present in the volcanic cloud after long-range transport. The 

robustness of the βash-retrieval has been studied by changing the Sp and the δnash-value, while 

the uncertainty in δash is already included in the error bars. The influence of both Sp and δnash 

is negligible within our error bars within the volcanic ash layers. Hence, the achieved βash and 

βnash detection limits are below 0.049 ×10-8 m-1.sr-1 and 0.129 ×10-8 m-1.sr-1. In addition, the 
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retrieved βnash follows the RH vertical profile due to the nash particles hygroscopic growth. 

Hence, polarization optics, when used in the context of the OPB2 methodology has the ability 

to enhance physic-chemical processes such as nash hygroscopicity which can then be studied 

by using optics, through sensitive, non destructive and accurate measurements. Finally, two 

applications of the OPB2 methodology have been proposed, which further reinforces its 

novelty and usefulness. First, by using βash, the vertical profile of ash number concentration 

Nash in the troposphere is retrieved, by combining the polarization lidar experiment with a T-

matrix numerical simulation of the ash particles mean backscattering cross-section 

<(dσ/dΩ)ash>. The Nash-retrieval is robust, as almost insensitive to sedimentation effects, as 

well as change in the chosen ash-PSD or to water uptake. Finally, ash mass concentrations 

have been retrieved in good agreement with FLEXPART ash particles numerical dispersion 

model.  

 

3.4 The Dust case study: Desert dust mixed with non-dust 

particles 
 

In this section, the Dust case study is analyzed by applying the OBP2-methodology, following 

the same methodology as for the Ash case study. As underlined by Engelstaedter et al. (2006), 

the dust-climate processes due to dust transport mechanisms affect adjacent continental and 

ocean regions. In addition, during desert dust episodes, non-dust particles, such as water 

soluble particles (Wang et al., 2005) or sea salt (Zhang et al., 2008), are often mixed with dust 

particles. In this section, the mixing of desert dust with non-dust (ndust) particles during a 

Saharan dust outbreak that occurred on July 2010 is studied. The βdust and βndust-coefficients 

are retrieved from their mixing by applying the OBP2-methodology and are further used to 

interpret the atmospheric particle content. The main novelty of this section is the observation 

of new particle formation (NPF) event in the atmosphere by using a UV polarization lidar, as 

published in PNAS (Dupart et al., 2012), in collaboration with C. George’s and H. 

Herrmann’s chemical groups. From the OBP2-methodology, the potential observation of new 

particle formation with a polarization lidar is discussed by performing a numerical simulation, 

based on Dupart et al.’s measurements (2012). It is shown that, indeed, an NPF event can be 

observed with a polarization lidar, provided that the polarization lidar instrument (see Section 

3.2) reaches a sensitivity and an accuracy similar to ours. 
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3.4.1 Dust and ndust backscattering retrieval  
 

During the July 9th 2010 dust episode, ns-particles were attributed to highly-irregularly shaped 

dust particles, as confirmed by Figure 3.16, where 7-days FLEXTRA back-trajectories 

provide the Saharan dust origin of the observed air masses, for altitudes between 3 and 6 km 

asl. After long-range transport by advection, coarse particles were removed from the dust 

cloud by gravitational settling and the particle cloud was composed of both dust and non-dust 

(ndust) particles with humidity conditions detailed in Figure 3.16. Ndust particles particles are 

likely to be small-sized ammonium sulfates and aged carbonaceous particles (Kaaden et al., 

2009). Hence δndust = 0 % is assumed.  

 
Figure 3.16 NILU FLEXTRA 7-days air mass back-trajectories and relative humidity RH on July 9th. 
 

Figure 3.17 displays the time-altitude maps of βp,//, βp,  and δp measured above Lyon on July 

09th 2010 in the UV spectral range together with the βdust, βndust and Xdust (Xdust = βdust/ βp) 

mapping obtained by applying the OBP2-methodology. Hence, for the first time to my 

knowledge, UV time-altitude maps of βdust and βndust are plotted, which allow to address the 

spatio-temporal distribution of these particle components. Moreover from βdust, the dust 

number concentration Ndust can also be computed by using the methodology described in 

Section 3.3.4 as for volcanic ash particles. Further information on Ndust can be found in 

(Miffre et al., 2011), where the retrieved dust particles number concentrations compare with 

the reference literature (Klein et al., 2010). Here, the OBP2-methodology has been applied to 
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the βp,// and βp,  maps with the following input parameters: δndust = 0 % and δdust = 21 %, in 

agreement with our T-matrix numerical simulation presented in Table 2.2, which agree with 

(Veselovski et al. 2010). The highest value of δdust = 21 % is used to account for the 

polarization properties of light backscattered by dust particles, by using the n = 3 shape 

distribution (Merikallio et al., 2011). For retrieving the βp,//, βp,  and δp maps, a lidar ratio 

Sp = (68 ± 5) sr has been used, derived from Table 2.2 in agreement with the literature 

(Veselovski et al. 2010; Tesche et al., 2011). 

 

Between 2 and 6 km asl, a high βp,// and βp, -values layer is observed. According to the back-

trajectories (Figure 3.16), this layer can be attributed to dust particles. On the βp,// time altitude 

map, a particle layer between 2 and 3 km is observed from 2 h 30 to 6 h 00, which can be 

attributed to spherical particles since this layer is not observed on the βp, -map. This 

observation justifies the assumption of δndust = 0 %. The δp and Xdust-maps are remarkably 

similar, as observed in the volcanic ash and sulfates mixture, in agreement with Equation 

(2.27). The highest βndust-values and consequently the highest ndust particles concentration are 

mainly observed in the PBL. The particles layer between 2 and 3 km from 2 h 30 to 6 h 00 is 

only composed of ndust particles, since it is observed on βp,//, on βndust but not on the βdust. 

Meanwhile, the particles layer between 3 and 6 km is mostly composed of dust particles, as 

suggested by the back-trajectories. Ndust particles are mainly located at the border of the dust 

layer, as can also be seen at 5 km at 1h UTC. Around 12 h, a high particle depolarization ratio 

is observed. Combined with a high RH-value of 85 %, it may lead to the formation of ice 

crystals. This hypothesis however needs to be further discussed and analyzed. To further 

interpret the observed time-altitude maps, we analyzed the state-of-the art literature on 

laboratory experiments performed on mineral dust particles. In particular, an alternate 

pathway of NPF (Figure 1.10), occurring in low dust particle concentration, has been recently 

identified (Dupart et al., 2012): a high dust concentration reduces such NPF, as dust particle 

act as a condensational sink. Here, our ndust particles are observed at the border of the dust 

layer which means that their concentration is low so that ndust particles may have been 

induced by such an NPF-event. It is the subject of the next paragraph to analyze this 

hypothesis in detail. We first describe this new particle formation process.  
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Figure 3.17 Time-altitude maps of βp,//, βp, , δp, βndust and βdust in the UV on July 09th 2010 at Lyon obtained by 
applying the OBP2-methodology. The grey bands above 4000 meters correspond to clouds which prevented 
retrieving βp,//, βp, , δp, βndust, βdust and Xdust. 
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3.4.2 New particle formation (NPF) process  
 

NPF is basically related to the gaseous H2SO4 in the atmosphere whereby molecular sulfuric 

acid formation processes are still under debate. Laboratory experiments in cloud chambers 

could settle the fundamental nucleation processes involving ions and neutral clusters (Kirkby 

et al., 2011). Moreover, field experiments showed that NPF can be observed everywhere in 

the atmosphere (Kulmala et al., 2012; Kyrö et al., 2013), such as in the PBL (Wehner et al., 

2010; Dupart et al., 2012) or in the free troposphere (Hamburger et al. 2010; Boulon et al., 

2011). Moreover, NPF can also be initiated in the presence of volcanic materials (Boulon et 

al., 2011) and very recently in the presence of mineral dust particles (Dupart et al. 2012). Into 

more details, recent laboratory findings, achieved on heterogeneous photochemistry (Dupart 

et al. 2012), have identified a new chemical pathway in which mineral dust photochemistry 

induces nucleation events in the presence of SO2. This new mechanism has been detailed in 

Figure 1.10, which means that mineral dust containing Iron Oxide offers a new pathway to 

explain the appearance of an NPF event of sulfuric acid (H2SO4) promoted in the gas phase.  

 

As an introduction to this important part of the thesis, a brief presentation of the laboratory 

experimental results obtained by Dupart et al. (2012) is proposed to highlight the main 

features of such an NPF-event occurring in the presence of mineral dust particles. Figure 3.18 

and Figure 3.19 summarized the experimental results obtained by Dupart et al. (2012). In a 

few words, an aerosol flow tube was equipped with lamps to provide continuous UV-

irradiation (from 300 to 420 nm-wavelengths) and the injected dust particles had variable 

residence times. As shown in Figure 3.18 and Figure 3.19, the interaction of SO2 with dust 

particles and water vapor under UV-light systematically resulted in NPF. These dust-induced 

nucleation events were clearly observed only in the presence of water vapor, gaseous SO2, 

and UV irradiation. The absence of any one of these parameters inhibited nucleation. The 

nucleated particles number concentration increased with increasing the UV-photon flux 

(Figure 3.18) and a similar trend was observed with increasing the relative humidity (RH) 

then the SO2-concentration. On the other hand, the particle number concentration decreased 

with increasing the injected dust particles number concentration and with increasing the dust 

residence time (Figure 3.19), which is consistent with a growing condensational sink. Hence, 

the three main features of NPF retrieved from this laboratory experiments are:  

(a) The formed particle number concentration increases when increasing the UV-irradiance.  
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(b) Mineral dust particles in the presence of water vapor, gaseous SO2, and UV-irradiation are 

necessary to obtain NPF.  

(c) The formed particle number concentration decrease when increasing the dust particle 

concentration and the residence time of dust particle in the NPF location. 

 
Figure 3.18 Data from Dupart et al. (2012). Evolution of the particle number and size distribution in the aerosol 
flow tube during the laboratory experiment with ATD (UV irradiance at 300 ppbv of SO2 and 3,000 cm-3 of  
Arizona Test Dust particles (ATD) injected). Under UV-illumination (red and blue lines correspond to two 
different photon fluxes), particle-number concentration increases strongly, together with the appearance of small 
particles (<20 nm). 
 

 
Figure 3.19 Data from Dupart et al. (2012). Dependence of the number concentration of new particles on ATD-
dust particles particle-number concentration injected into the aerosol flow tube (A) and residence time in the 
aerosol flow tube (B). These experiments are performed with an UV- irradiance of 2.2 × 1015 photons per square 
centimeter per second, a SO2 concentration of 170 ppbv, an RH of 50%, a residence time of 110 s, and ATD 
number seed-particle concentration of 3,000 cm 3 (except when varied systematically)  
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3.4.3 Numerical simulation of expected lidar backscattering coefficient in 

an new particle formation event 
 

The observation of a new particle formation and growth event (NPFG) is usually achieved by 

measuring the time evolution of the PSD, to retrieve the so-called “banana plots” (Kulmala et 

al., 2012). Such a PSD is usually measured with a differential mobility particle sizer, a 

particle size magnifier, a neutral cluster and air ion spectrometer, a diethylene glycol-scanning 

mobility particle sizer, an air ion spectrometer, a balanced scanning mobility analyzer and 

condensation particle counter (Kulmala et al., 2012). Such apparatuses allow performing an 

accurate PSD-measurement, but cannot be used to remotely detect NPFG as these are not 

range-resolved. Use of a lidar to detect NPFG would hence lead to new observation 

possibilities, which raises the following issue: whether or not NPFG can be observed with a 

lidar, and especially with our lidar. We have performed numerical simulations to compute the 

βp-coefficient corresponding to the NPFG observed in the atmosphere. These numerical 

simulations are used to identify the βp-features corresponding to NPF. In the literature, it is 

generally considered that ultrafine particles cannot be observed with optical scattering based 

on a Lidar. Let us recall that βp is obtained by integrating np (r) × (dσ/dΩ)p (r) over radius r as 

shown by Equation (2.12). Hence, ultrafine particles, despite their very low sizes, may 

strongly contribute to optical scattering when they are numerous, as implied by atmospheric 

molecular scattering responsible for the blue color of the sky. 

 

In the absence of complementary number density np(r) measurements, to compute βp, the PSD 

has been taken from the literature. Figure 3.20-a shows the PSD time evolution during a 

NPFG that occurred in China during an intensive field campaign: strong nucleation events 

initiated on mornings following strong dust events, while dust particle concentrations are still 

present (Dupart et al, 2012). NPFG was marked by the appearance of the so-called “banana 

shaped plots” in the measurement as can be seen from 08 h 00 to 20 h 00 in Figure 3.20-a2, 

which is due to the induced enhancement of particles number concentration in the ultrafine 

mode and the particle size increase in the fine mode (Boulon et al, 2011; Dupart et al., 2012). 

Moreover, in the literature (Ansmann et al., 2012; Dupart et al., 2012), for particles radii r 

below 0.5 μm, dust particles practically do not contribute to the PSD, while for particles radii 

r above 0.5 μm, dust particles are often assumed to be the main contributor to the PSD 

(Ansmann et al., 2012; Dupart et al., 2012). Hence np(r,t) derived from the PSD’s in Figure 
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3.20-a2 can be considered as ndust-specific and hereafter noted nndust (r,t) while the particle 

number density ndust (r,t) retrieved from the PSD in Figure 3.20-a1 is assumed to correspond 

to dust particles. 

 

Equation (2.12) is used to operate the numerical simulation whose outputs βdust and βndust are 

given in Figure 3.20-b. The newly formed particles are assumed to be H2SO4, as usually done 

for NPF-events (Kulmala et al, 2012). Consequently the Mie theory, suited for spherical 

particles, has been used to compute the (dσ/dΩ)ndust (r,λ) with the λ-dependent refractive index 

m measured by Hummel et al. (1988) for H2SO4. Palmer and Williams (1975) also reported 

similar results for m-H2S04 values as a function of λ; we however used Hummel et al.’s 

reference which extends down to 200 nm. As a first output, we plotted the time evolution of 

βndust (t) in Figure 3.20-b at λ = 355 (UV, blue curve), 532 (VIS, green curve) and 1064 nm 

(IR, red curve) wavelengths, corresponding to three spectral ranges currently used in lidar 

experiments (Alvarez et al., 2006; Sugimoto et al, 2006; Freudenthaler et al., 2009; 

Veselovskii et al, 2010; David et al, 2012). For the dust particles,  βdust (t) has been computed 

in the UV spectral range from Equation (2.12) by using the ndust (r,t)-PSD and the (dσ/dΩ)dust 

retrieved in Section 2.4.3 with a n = 3 shape distribution of spheroids.  

 

As can be seen in Figure 3.20-b, βndust (t) increases from 9h to 12h and from 18h and 19h 

when particle size grows due to the NPFG for the three spectral ranges. These βndust (t) 

increase is stronger in the UV (+0.76 Mm-1.sr-1
 between 09 and 12h and +3.1 Mm-1.sr-1 

between 18 and 19h30), than in the VIS (resp. +0.33 Mm-1.sr-1 and +1.3 Mm-1.sr-1) and in the 

IR (resp. +0.11 Mm-1.sr-1 and +0.46 Mm-1.sr-1) spectral ranges. This is not surprising since as 

underlined by Mishchenko and Sassen (1998), UV is more sensitive to ultrafine and fine 

particles. Hence, to observe the βNPF (t) enhancement, a lower detection limit is necessary in 

the UV spectral range than in the VIS and IR. By following the procedure to be discussed in 

Section 3.3, we retrieve a below 0.22 Mm-1.sr-1 detection limit for the ndust-particles 

backscattering coefficient. It follows that the two observed simulated βndust increase (between 

9h to 12h then between 18h and 19h) are detectable with our UV-polarization lidar set-up, 

which means that, indeed, NPFG event can be observed with our UV-polarization lidar. 

 

In addition, Figure 3.20-b also displays the time evolution of βdust, which is important since 

dust particles act as a condensation sink (Dupart et al., 2012; Kulmala et al., 2012; Wehner et 

al, 2010). As shown in Figure 3.20-b, the simulated βndust increase observed between 09 to 
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12h then 18 to 19h occurred after a βdust-decrease (and the βndust decrease starts after βdust 

increased strongly by more than 70 %, between 11 and 12h). Moreover, a striking feature is 

the negative correlation observed between βndust(t) and βdust(t). By negative correlation, we 

intend that when βndust decreases from 12 to 18h (-33 % in the three spectral range), βdust 

increases (+19 %) during the same time.  

 
Figure 3.20 Panel (a) displays ground-based in situ measurements conducted at the Wuqing meteorological 
station, China (39°23′9′′N, 117°1′26′′E), on March 13th 2009 during a NPF event. Panel (a1) shows particle-
volume distribution in the size range between 0.8–8 μm, indicating the presence of coarse particles; and panel 
(a2) shows particle-number concentrations for particle diameters between 3 and 800 nm as a function of local 
time of day (x axis) and the particle diameter (y axis). Panel (b) displays the time evolution of simulated 
backscattering coefficient βndust and βdust, corresponding respectively to the PSD displays in panel (a1) and (a2) 
for ultrafine-fine particles and coarse particles. 
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Before the occurrence of the NPF-event, no negative correlation is visible: both βndust(t) and 

βdust(t) reach a maximum around 06h before decreasing around 07h30. As a conclusion, for a 

dust NPF-event to be observed with a lidar, the following features are to be pointed out:  

i) A βndust-enhancement due to the NPFG is observable provided that our lidar is polarization-

resolved so that the detection limit be sufficiently low, once the optical partition has been 

performed to efficiently separate dust from ndust-particles  

ii) UV should be preferably used to observe NPF as this enhancement βndust is more than two 

times stronger in the UV than in the VIS (more than six times stronger in the UV than in 

the IR) 

The occurrence of the NPF-event is identified by the negative correlation between βndust and 

βdust
 during the NPF event, while no negative-correlation is observed before. 

 

Let us now discuss on the contribution to βndust of each particle size. Ultrafine particles are 

very numerous but their cross-sections are small while fine particles have a smallest number 

concentration but have higher backscattering cross-sections. Hence, the good optical 

observable is the integrand of βndust, namely nndust (r, t = t0) × (dσ/dΩ)ndust (r,λ), at a fixed time 

t0. Figure 3.21 plots nndust (r, t0) × (dσ/dΩ)ndust (r,λ) as a function of λ and r (panel (a)) together 

with its PSD-integrated value βndust (λ, t0) (panel (b)), where the PSD nndust (r, t0) is retrieved 

from the PSD measured in Figure 3.20-a2. Hence the plotted nndust (r, t0) × (dσ/dΩ)ndust (r,λ) 

indicates for a given particle size its contribution to βndust (λ, t0). In the UV-spectral range, a 

high nndust (r, t0) × (dσ/dΩ)ndust (r,λ) value is observed for almost all particles between 25 nm to 

400 nm which hence contribute to βndust. In the IR spectral range, only particles around 170 

nm contribute to βndust (λ, t0). As shown in Figure 3.21-a, the particles minimal radius rmin 

significantly contributing to βndust increases with increasing λ: it is around 20 nm at 

λ = 240 nm and reaches around 150 nm at λ = 1200 nm. An NPF-event begins by nucleation 

of clusters with a few nanometers radius or even smaller (Kulmala et al., 2012). Clearly, such 

small particles cannot be detected with a polarization Lidar, at least in the UV. Nonetheless, 

when r is a few tens of nanometers large, particles more significantly contribute to the 

backscattered light if UV spectral range is used. We hence explain the several petals shape 

observed in Figure 3.21-a, which is mainly due to the (dσ/dΩ)ndust (r,λ) behavior, which is not 

monotonously increasing with increasing the particle radius r. 
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Figure 3.21 Backscattering cross section multiplied by the particle number density nndust (r, t0 = 
10h45) × (dσ/dΩ)ndust (r,λ) as function of the optical wavelength and particle radius (panel (a)). nndust (r, t0 = 
10h45) is retrieved from the 10h45 PSD in Figure 3.20-a2. βndust (λ) is deduced from panel (a) by integrated 
nndust (r, t0 = 10h45) × (dσ/dΩ)ndust (r,λ) over the particle radius r (panel(b)). t0  = 10 h45 is the chosen time, to be 
representative of the NPF-event which extends from about 9h to 12h.  
 

3.4.4 Observation of new particle formation with UV polarization Lidar 
 

In this section, the identified NPF-event features are used to interpret the lidar measurement 

presented in Section 3.5.1 to determine whether or not NPF can be observed with our UV-

polarization Lidar. Each NPF-feature identified in the Dupart’s et al.’s laboratory 

measurement (see Section 3.4.2) or numerical simulations (see Section 3.4.3) is compared 

with the measured βdust and βndust, as presented in Figure 3.17.  
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Figure 3.22 plots the lidar-retrieved βndust-coeffiicient at 2.8 km altitude, on July 9, 2010 

during sunrise as a function of the solar UV-irradiance. The βndust-values have been retrieved 

from the Figure 3.17 time altitude map at a 2.8 km altitude between 2h30 and 3h40 UTC. The 

solar UV-irradiance has been computed in the spectral range that provoked NPF in the 

laboratory experiment (300 to 420 nm). The UV-irradiance (in photons per second per square 

centimeter) illuminating the dust particles at a 2.8 km altitude has been evaluated by 

considering the Sun as a blackbody, applying the single-scattering atmosphere radiative-

transfer formalism to consider the solar light extinction from the top of the atmosphere to the 

dust particles altitude. This extinction depends on the solar zenith angle and, consequently, on 

the local solar angle. Figure 3.22 shows that, for UV irradiances slightly lower than to those 

observed in the laboratory, βndust increases with increasing solar UV-irradiance. Moreover, the 

βndust enhancement (+0.45 Mm-1.sr-1) measured with our UV-polarization lidar is in the same 

range as the βndust enhancement (+0.75 Mm-1.sr-1) simulated from the NPFG measured in 

China and presented in Section 3.5.3.  

 

 
Figure 3.22 βndust as a function of the solar UV irradiance during sunrise (between 2h30 and 5h40 UTC). 
 

Figure 3.23 represents the βdust and βndust lidar vertical profiles on July 9th 2010, at Lyon 

during nighttime (1h30 UTC) and daytime (11h30 UTC), for altitudes between 3.3 and 5 km 

asl, derived from the Figure 3.17 time-altitude maps. A positive correlation between βndust and 

βdust is seen during nighttime, while a negative-correlation is observed during daytime.  
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Figure 3.23 lidar vertical profiles of βndust (in gray) and βdust (in brown) during the July 9, 2010, Saharan dust 
episode, during nighttime (left profiles at 01h30 hours UTC) and daytime (right profiles at 1130 hours UTC). 
 

This positive/negative correlation is best seen in the form of a scatter-plot showing βndust as a 

function of βdust for the daytime (blue squares) and nighttime (black squares) lidar profiles as 

plotted in Figure 3.24: within our error bars, under / without solar UV-irradiance, a 

positive/negative correlation scatter-plot is observed. The daytime-observed negative 

correlation does not originate from our retrieval methodology: despite βndust = βp – βdust, at a 

given z-altitude, βndust evolves independently of βdust which is not constant with the altitude, so 

that there is no reason for βs to be in an opposite behavior with βd (as can be seen on the night 

profile in Figure 3.23). Secondly, a careful analysis of the βp,// and βp,  already showed 

evidence of negative correlation between polarization-resolved optical signals, and this prior 

our βndust and βdust retrieval, obtained by applying the OBP2-methodology. To interpret these 

positive/negative correlation plots, in the absence of complementary measurements and 

literature on these new Lidar-observed photo-induced processes, in addition to NPF-process 

and H2SO4 condensation on dust surface, coagulation and hygroscopicity growth should be 

considered. However, RH is almost constant and moreover, such processes do not explain the 

different behavior observed during night and daytime. 
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Figure 3.24 Scatter plot of the βndust as a function of βdust showing negative correlation during daylight hours 
(black) and positive correlation during nighttime hours (blue). The plotted point correspond to the point plotted 
in Figure 3.23. 
 

The combined laboratory, numerical simulations and field observations presented here 

provide strong arguments in favor of the identified new chemical pathway for dust particles to 

promote nucleation: indeed, semiconductor properties of atmospheric dust particles lead to 

new chemical properties affecting aerosol formation, associated with dust, in the troposphere. 

All the features retrieved from laboratory measurement and numerical simulations (except the 

Åp measurement) have been retrieved on our lidar measurements. We are hence confident that 

NPFG event has been observed on July 9th 2010 with our UV-polarization lidar. 

 

3.4.5 Dust case study summary 
 

In this section, the mixing of dust and non-dust (ndust) particles has been studied. First the 

optical backscattering coefficients βdust and βndust specific to dust and ndust particles have been 

retrieved simultaneously by using the OBP2 methodology developed in Section 2.3.1. In the 

free troposphere, the ndust particles are located at the border of the dust layer. Such an 

observation may be consistent with NPF formation (Dupart et al., 2012). To support this 

hypothesis, numerical simulations of βndust corresponding to an NPF event have been 

performed based on Dupart et al.’s measurements (2012). These numerical simulations shown 
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that NPFG event can be observed with the detection limit of our UV polarization lidar and 

also demonstrated that during a NPFG event almost all the particles from 30 and up to 400 nm 

contribute to βndust in the UV. Moreover several features have been pointed out from these 

simulations and have all been retrieved on the lidar measurement of βndust:  

i) An enhancement of the βndust backscattering coefficient due to the NPFG can be observed 

and UV should be used for this as the βndust enhancement is two times higher in the UV 

than in the VIS (five times higher in the UV than in the IR).  

ii) The nucleated particles number concentration increases with increasing UV-irradiance.  

iii)  βndust enhancement is negatively-correlated with βdust
 during the NPF event, while no 

negative-correlation is observed before the NPF-event. 

For all these reasons, we hence are confident that NPFG event has been observed on July 9th 

2010 with our UV-polarization lidar.  

 

3.5 The Sea-salt / Dust case study 
 

Three-component particle mixtures are also encountered in the atmosphere: for example, 

during the 2011 eruption of the Eritrean Nabro volcano, volcanic ash particles encountered 

desert dust particles in the troposphere while also water soluble particles were present. In this 

section, we analyse the vertical layering in a three-component particle external mixture with 

the new OBP3-methodology to retrieve the backscattering coefficients specific to each 

particle component.  

 

3.5.1 Geophysical situation 
 

A mixture of dust (dust) with sea-salt (ss) and other particles (n12) particles occurred at Lyon 

on October 18th 2011 due to favourable meteorological conditions after more than 2,500 km 

advection from the Saharan dust source region. As shown by the back-trajectories in Figure 

3.25, in the morning of October 18th 2011, the air masses passing above the lidar station about 

1.5 km altitude were originating from a ss source region and around 3 km from a dust source 

region. In the evening, the two layers were inverted, with air masses originating from a dust 

source region around 1.5 km and from a ss region around 3 km. Hence, a possible mixing of 

ss and desert dust particles occurred during daytime in the low troposphere. Moreover, after 

more than 2,500 km advection these dust and ss particle are probably mixed with other ws 



106 
 

particles. The 1.5 and 3 km layers are delimited by temperature inversion layers, as can be 

seen in the vertical profiles of potential temperature in Figure 3.25, showing that the 

troposphere was stably stratified. As can be seen in Figure 3.25 for altitudes above 2 km, RH 

was below 40 %, which is the sodium chloride crystallization point. Hence in agreement with 

Section 2.4, the cubic shape model is applicable for sea-salt particles for altitudes above 2 km. 

The n12 particle are likely to be water-soluble (ws) particles defined accordingly to the 

classification of Hess et al. (1998), which include, sulfate (such as H2SO4, NH4HSO4, 

(NH4)2SO4) and nitrate (such as NH4NO3) particles as well as other organic water-soluble 

substances. The efflorescence of H2SO4, NH4HSO4 and NH4NO3 particles is kinetically 

inhibited (Cziczo and Abbatt, 2000; Li et al., 2001), while (NH4)2SO4 particles effloresce for 

RH below 32 % (Onasch et al., 1999). However, as published by Wise et al. (2005) and Sakai 

et al. (2010), (NH4)2SO4 crystals have a rounded shape and nearly spherical shapes. 

Consequently ws particles are assumed to be spherical (δws = 0%). The section is organized as 

follows. First βp,//, βp,  and δp are retrieved on October 18th 2011 using our UV-VIS 

polarization lidar measurements. Then βdust, βss and βws are retrieved by applying the OPB3- 

methodology, where for the first time, both sea-salt and dust particles are treated as 

nonspherical, which is justified due to the observed low relative humidity. Afterwards, the 

OBP3-inherent assumptions and the robustness of this new methodology are discussed. 

 
Figure 3.25 Upper panel: Relative humidity (RH) and potential temperature (θ) vertical profiles on October 
2011 18th at Lyon (Météo France). Lower panel: FLEXTRA 7-days air mass back-trajectories showing the 
history of air masses arriving in the Lyon atmosphere on 2011 October 18th. 



107 
 

3.5.2 Sea-salt, Dust and ws backscattering retrieval 

 
Figure 3.26 displays the time-altitude maps of βp,//, βp,  and δp measured above Lyon on 

October 18th 2010 in the UV and the VIS spectral ranges. As the mixing of dust with sea-salt 

is studied, to obtain these maps, we chose Sp (UV) = 50 ± 5 sr and Sp,(VIS) = 60 ± 5 sr in the 

free troposphere, in agreement with the literature (Murayama et al., 1999). In addition, these 

values are between the computed values for dust and sea-salt indicated in Table 2.2. Here the 

PBL content is not analyzed as it is not only composed of a dust, ss and ws mixture due to the 

local emission of particles (A. Miffre et al., 2010). Please note that since we use the Klett’s 

algorithm (1985), the Sp-value used in the PBL does not change the retrieved R//-values in the 

free troposphere and consequently it does not change the βp,π and δp-values either. 

Consequently, we can focus only on the free troposphere without any assumption on the PBL 

content, as done in the Figure 3.26. Each time-altitude map has adjusted colour scales to 

emphasize the temporal behaviour of two main atmospheric layers having different 

thicknesses, located between 1.5 and 2.5 km and between 3.0 and 3.5 km. This layering is 

clearly visible in the UV and VIS βp,  maps, which are ns-particles specific. The particle 

depolarization ratio maps exhibit maximum δp-values equal to 11 % at λ1 = 355 nm and 9 % 

at λ2 = 532 nm, well below the δns-values computed for ss or dust particles (see Table 2.2), 

due to the presence of ws particles, in agreement with  Section 2.4.3.  
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Figure 3.26 Time-altitude maps of βp,//, βp,  and δp in the UV (λ1 = 355 nm, left three vertical panels) and in the 
VIS (λ2 = 532 nm, right three vertical panels) on October 18th 2011 at Lyon. The grey band corresponds to 
clouds which prevented retrieving the βp,//, βp, , δp-coefficients. Dashed lines correspond to Figure 3.27-case 
study, at 16h15 UTC.  
 

Figure 3.27 displays the retrieved vertical profiles of βp,//, βp,  and δp on October 18th at 16h15 

UTC, obtained by applying the OBP3-methodology. At that time, as shown in Figure 3.25, for 

altitudes above 2 kilometres, the relative humidity is below the 40 % RH sea-salt 

crystallization point, allowing sea-salt particles to depolarize. The nonsphericity of both dust 

and sea-salt particles must hence be taken into account. Then the 2β + 2δ algorithm to solve 

the set of 12 Equations (Equations (2.32) to (2.38)) has been run to separately retrieve βdust, βss 

and βws as a function of the altitude plume on October 18th at 16h15 UTC. Figure 3.28 

displays the retrieved vertical profiles of βdust, βss and βws, together with the fraction of each 

component (Xdust, Xss, Xws defined in Equation 2.25) in the particles mixture.  
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Figure 3.27 Vertical profiles of βp,//, βp, , δp on October 18th 2011 at 16h15 UTC at Lyon (France), addressed in 
the UV (λ1 = 355 nm, blue squares) at and in the VIS (λ2 = 532 nm, green circles). 
 

 
Figure 3.28 Vertical profiles of βdust (triangles), βss (squares) and βws (spheres) and fraction of ns-particles (dust, 
ss) and s-particles (ws) in the three-component mixture on October 18th 2011 at 16h15 UTC at Lyon (France), 
addressed in the UV (λ1 = 355 nm, blue full lines) at and in the VIS (λ2 = 532 nm, green dotted lines).  
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3.5.3 Discussion 
 

Because the optical properties of the particle mixture are not the optical properties of each 

distinct particle component, a quantitative evaluation of the spatial distribution of each 

distinct particle component needs the (complex) methodology presented here.  Because of its 

novelty, it is yet to be validated in the atmosphere by independent co-located measurements. 

We here discuss the possible influence of computed numerical values of δns and ns, (UV, 

VIS) for dust and ss-particles (see Table 2.2 for the used numerical values) on the retrieval 

results. To test the robustness of our new methodology, we used somewhat arbitrary, test 

values for δss and ns,  (UV, VIS) :  

- As shown by Equation (2.23), the effect of a different δns-value is to shift the 

corresponding βns-profile. Therefore, the behavior of βns with altitude is still retraced for all 

δns-value considered. Quantitatively, when using δss = 33 % instead of 10 %, βss decreases 

by a factor of almost 3 (11/4 exactly), which in turn may increase the observed βws-value, 

depending on the corresponding βdust-value observed. Note that that an assumption of δss = 

0 % results in a singularity in Equation (2.23). Very close to δss = 0 %, we noted that the 

retrieved βss and βws-values were very different from those observed in Figure 3.28 and that 

negative values of βss and/or βws were observed. Hence negative values are retrieved if only 

one particle component is considered as non-spherical, which underlines the importance of 

taking into account the dust and ss-particle nonsphericity.  

- The computed cross-polarized Ångstrom exponent Åns, (UV, VIS) may also be 

questioned. In agreement with Section 2.4, Figure 3.28 shows that dust particles contribute 

more to particle backscattering at the UV spectral range than in the VIS, while sea salt-

particle backscattering is stronger in the VIS spectral range. The Ådust, (UV, VIS) and 

Åss, (UV, VIS) values can be considered as convergence criteria in our algorithm, since 

for very different values of Ådust, (UV, VIS) and Åss, (UV, VIS), negative particle 

backscattering coefficients were retrieved. Hence, to obtain accurate retrievals of dust, sea-

salt and ws-particles backscattering coefficients, care should be taken on the choice of PSD 

when applying our new OBP3-methodology.  

To be quantitative, we have run our OBP3 algorithm by including the Table 2.2 error bars on 

the cross-polarized Ångstrom exponent and the UV-VIS ns-particles depolarization ratios. 

The corresponding errors are plotted as error bars in Figure 3.28. The error bars on the 

retrieved particle backscattering coefficients are quite low, which shows the robustness of our 
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new methodology. The model variability induces an uncertainty on the retrieved βdust (UV), 

βdust (VIS), βss (UV), βss (VIS), βws (UV) and βws (VIS) which is respectively below 20 %, 

24 %, 24 %, 23 %, 21% and 12 %. These error bars are almost independent of the laser 

wavelength, except for the ws-particles. Moreover, by using UV-VIS laser light, we have 

increased our sensitivity to particles in the fine particles mode.   

 

Figure 3.28 shows the vertical profiles of dust, sea-salt and ws-particles revealing the complex 

vertical layering of the Lyon troposphere. In contrast to what is observed in the two-

component methodology, due to the presence of ws-particles, the βdust-vertical profile is not 

complementary of the βss-vertical profile. Up to 3.0 kilometres altitude, where a temperature 

inversion is observed, in the 1.5 km layer, dust (resp. sea-salt) particles contribute to nearly 

40% (resp. 10%) to the total particle backscattering coefficient. The vertical profile of ws-

particles is much more complicated to describe, except when Xss is constant such as between 

2.7 and 3.0 km altitude, in which case Xdust and Xws are in opposite phases with respect to 

altitude. Despite its complex behavior, the βws-vertical profile closely follows the βp,//-vertical 

profile, into which s-particles mainly contribute. Above 3.0 kilometres altitude, in the 3 km 

layer, the fractions of dust, ss and ws-particles in the total particle backscattering vary with 

altitude revealing a very complex vertical layering. A very interesting point is to be seen 

around the extrema observed at a 3.5 kilometres altitude where, in the UV, the βdust and βws 

vertical profiles are in opposite phases to the βss variation with respect to altitude. As recently 

shown in Dupart et al. (2012) and discussed in Section 3.4, this behavior may be related to 

new particles formation events, where ss particle may act, as well as dust, as a condensation 

sink. This observation indicates that the proposed methodology is able to reveal very complex 

particle microphysical behaviour. 

 

3.6 Conclusions  
 

In this Chapter, we have applied the optical backscattering partitioning OBP2/OBP3 to 

retrieve the backscattering coefficients specific to each particle component of externally 

mixed aerosols. The polarization-resolved particle backscattering coefficients βp,π, required to 

apply the OBP2 and OBP3 methodologies, are here measured with a UV-VIS polarization 

lidar to allow studying the vertical layering of these atmospheric particles. The statistical 

errors and systematical biases affecting the polarization lidar measurement have been 

analyzed in detail. Then, the Lyon UV-VIS polarization lidar experimental setup has been 
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detailed by focusing of the key points to reduce the systematical biases affecting the dual-

wavelength polarization lidar measurements. In particular, we efficiently separate the 

backscattered light with respect to its (λ,π)-spectral and polarization optical properties with a 

fully negligible cross-talk (less than 10-7). Then, by achieving a robust calibration (less than 2 

%-error) and by applying the Klett’s algorithm, we retrieved the polarization particles 

backscattering βp,π coefficients, then successfully applied the OBP2/OBP3-methodology to 

three case studies, namely, the Ash case (volcanic ash particles mixed with sulfates particles), 

the Dust case (desert dust particles mixed with non-dust particles), then the Sea-salt/dust case 

study (desert dust particles mixed with sea-salt and water soluble particles).  
 

For each case study, we analyzed the robustness of the OBP2 methodology by changing the 

lidar ratio Sp used in the Klett algorithm and the δns-depolarization ratio chosen as input 

parameters of these methodologies. A negligible influence on the retrieved backscattering 

coefficient βns was found, which allowed developing several applications for the Ash case as 

well as for the Dust case. We hence developed a new methodology to retrieve the range-

resolved particles number and mass concentrations specific to one particle component (ash, 

dust) (Miffre et al., 2011, 2012a, b), which include the variability in the particle size 

distribution and possible sedimentation effects (Miffre et al., 2012b). In addition, the retrieved 

βnash has a good agreement with the relative humidity (RH) vertical profile, which could be 

used to study the hygroscopic growth of the nash particles.  
 

Additionally, we also discussed the inherent assumptions and demonstrated the performance 

of the OBP3-methodology in the case study of external mixing of desert dust with sea-salt and 

water-soluble particles. Indeed the input parameters variability induces on the retrieved 

backscattering coefficient, less than 24 % uncertainty. However, to further interpret the 

retrieve backscattering coefficients, the methodology now needs to be validated in the 

atmosphere by independent co-located measurements.  
 

Finally, using the OBP2-methodology, we evaluated the ability of polarization lidar to 

measure NPF. Laboratory measurement and numerical simulation of NPF have been used to 

retrieve the feature of the βndust corresponding to NPF. Several features have been pointed out 

from laboratory measurements and numerical simulations, which have all been retrieved on 

the lidar measurement of βndust. We hence demonstrated that NPF can be observed with a UV 

polarization lidar, as the βndust enhancement due to the NPF event is higher than the βdust 

detection limit of our UV polarization lidar.   
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Chapter 4 

 

Laboratory measurements on atmospheric nanoparticles 
 

 

This fourth chapter presents the laboratory experiments performed in the frame of this thesis.  

To apply the OBP2/OBP3-methodology to study two- or three-component particle mixtures, 

accurate particles backscattering measurements performed in the exact backscattering 

direction and specific to each particles component are required as  optical inputs, namely the 

ns-particles depolarization ratio δns and the cross-polarized ns-particles Ångstrom exponent 

Åns,  (see Chapter 2). In this context, laboratory measurements are interesting as they account 

for the highly-irregularly ns-particles shapes, inhomogeneity, porosity or birefringence 

(Attwood and Greenslade, 2011). In addition, laboratory measurements are interesting to 

benchmark the numerical simulations. Hence, the first goal of this chapter is to present the 

principle, the design and the optimization of a laboratory experiment designed to measure the 

particles depolarization ratio δp of an ensemble of particles in ambient air, for the first time in 

the exact backscattering direction. A measurement of the δp-ratio for water droplets and salt 

particles suspended in air is presented, as a case study respectively for spherical and 

nonspherical particles. We believe this result may be useful for comparison with the existing 

numerical models and for remote sensing field applications in radiative transfer and 

climatology. This work has been published in (David et al., 2013b). 
 

In addition, to retrieve the optical properties of a particles ensemble, the optical properties of 

each individual particle have to be addressed. Numerous studies have shown the interest to 

study of a single particle to avoid the ambiguity induced by the inherent averaging present in 

particles ensemble studies (Nirmal et al., 1996; Lombardi et al., 2012), which is necessary to 

compare optical models with optical properties measurements (Miles et al., 2011). For particle 

size in the nanometer range, numerous studies exist in the literature, but only for metallic and 

semiconductor particles, which are very seldom in the atmosphere. In this chapter, for the first 

time to our knowledge, an absolute measurement of the extinction cross-section of a single 

dielectric nanoparticle has been performed, on an ammonium sulfate nanoparticle, then on a 

mineral dust nanoparticle having a r = 50 nm radius. This measurement has been achieved in 

collaboration with N. Del Fatti and F. Vallee’s group at the Institute of Light and Matter 
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(ILM). A discussion is then proposed to compare the results of this new and preliminary 

laboratory measurement with theory in regards to the environmental conditions. 
 

4.1 Polarization-resolved exact backscattering by a particles 

ensemble in air 
 

This section presents the laboratory experiment designed to measure the exact backscattering 

of light by an ensemble of particles suspended in ambient air (David et al., 2013b). This 

experiment operates in the far-field single scattering approximation (see Chapter 2), covers 

the exact backscattering direction with accuracy (θ = π ± ἕ where ἕ = 3.5 × 10-3 radian is the 

width of the scattering angle detected) and efficiently collects the particles backscattering 

radiation, while minimizing any stray light. The section is organized as follows. First, the 

state-of-the-art on exact backscattering measurements is presented. Then, the principle of our 

laboratory exact backscattering measurement is presented, followed by the corresponding 

experiment setup. Finally, the experimental signals are presented and the retrieved particles 

depolarization is discussed. 
 

4.1.1 State of the art on exact light backscattering by particles in air 
 

Besides its quite simple geometry and its handiness for in situ applications (Ghosh et al., 

2009), the backscattering direction has raised great interest as it is one of the most sensitive 

directions to the particles size and shape (Mishchenko et al., 2002; Nousiainen et al., 2009). 

Although more than a century has now elapsed since G. Mie presented his theory (1908), even 

though measurements of water clouds do not contradict the Mie theory, it is surprising that its 

experimental proof has never been achieved in the exact backscattering direction for an 

ensemble of particles in air, such as spherical water droplets, while, in the literature, a 

considerable number of papers apply the Mie theory, as for environmental purposes, such as 

in remote sensing and radiative transfer applications. Hence, there is a need for laboratory 

scattering matrix measurements in the exact backscattering direction for an ensemble of 

particles in air, for at least two reasons. Firstly, it may help validating numerical simulations 

based on T-matrix or DDA numerical codes, which are never assumption-free, especially 

when the particles exhibit complex morphologies. Secondly, it may be also useful in active 

lidar remote sensing field experiments, which operate in the backscattering geometry and 

where T-matrix computations have been coupled with polarization lidar (Veselovskii et al., 
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2010; David et al. 2013a). For instance, to efficiently partition particles backscattering in a 

two/three-component ambient air mixture with a precise UV-VIS polarization lidar, it is 

necessary to specifically address the depolarization properties of each particles component 

composing the particles mixture (see Chapter 2). It is feasible if optical inputs (laboratory 

measurements and or numerical simulations) exist for each particles ensemble in air that cover 

the exact backscattering direction. Ideally, such data should be representative of the far-field 

single scattering approximation, to ease the comparison with both the numerical simulations 

and the field experiments. 
 

When measuring the scattering of light by a particles ensemble at high scattering angles, close 

to the backscattering direction (θ = 180°), two main difficulties arise, which have been 

identified by J.W. Hovenier et al. (2003). The first intricacy is relative to the finite size of the 

detector, which may block the incident radiation in the backscattering geometry. The insertion 

of a beamsplitter, as often performed for condensed matter phases (Studinski and Vitkin, 

2000; Vitkin and Studinski, 2001; Kuga and Ishimaru, 1984; Silverman et al, 1996; Wiersma 

et al., 1995), usually limits the accuracy of the backscattering measurement because its 

specifications are generally imperfectly known and represent an important artifact, source of 

systematic error in the backscattering measurement (Wiersma et al., 1995). In addition, 

inserting a beamsplitter plate may create some stray light, affecting the particles 

backscattering signal, as for solid biological tissues (Studinski and Vitkin, 2000). The second 

intricacy is relative to the intensity of the backscattering signal itself, which might be low for 

an ensemble of particles in air, so that any stray light might overcome the particles 

backscattering signal. To overcome this difficulty, for condensed matter phases, lock-in 

detection is usually applied on continuous incident radiation (Studinski and Vitkin, 2000; 

Vitkin and Studinski, 2001; Silverman et al, 1996). Hence, the observation at the exact 

backscattering angle θ = 180° has only been overcome in experiments related to condensed 

matter phases, such as solid GaAs crystals (Wiersma et al., 1997), solid biological tissues 

(Studinski and Vitkin, 2000; Vitkin and Studinski, 2001), liquid water (Kuga and Ishimaru, 

1984), PSL spheres in liquid water (Kuga and Ishimaru, 1984; Silverman et al, 1996) or, more 

recently, for liquid animal blood (Wang et al., 2012). However, up to now to our knowledge, 

no laboratory measurement exists that covers the exact backscattering angle for an aerosol, an 

ensemble of suspended particles in air. Muñoz and Hovenier recently reviewed (2011) the 

existing light scattering laboratory experiments measuring one or more elements of the 

scattering matrix. Several light scattering matrix experiments have been built and operated at 
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high scattering angles (θ ≥ 168°), approaching the exact backscattering direction. Table 4.1 

presents their principal characteristics for an ensemble of particles in ambient air by giving 

the scattering angle range, the wavelength λ of the radiation, the nature (continuous/pulsed) of 

the laser source and the detector field of view (FOV). The closest value to the exact 

backscattering direction is θ = 179.6° (Sakai et al., 2010). To cover the exact backscattering 

direction, polynomial extrapolations or numerical algorithms have been proposed (Liu et al. 

2003). Nonetheless, their inherent assumptions must be discussed and may lead to quite 

considerable errors, as recently discussed by M. Schnaiter et al. (2012). Moreover, from a 

detailed reading of the corresponding papers, it rather seems difficult to know if the far-field 

single scattering conditions are fulfilled. 
 
Table 4.1 Existing light scattering experiments for particles in air, close to the exact backscattering direction. 
The scattering angle θ, the wavelength of the radiation λ and the field of view FOV are given, together with the 
corresponding sample and the continuous / pulsed character of the chosen laser source. Our work provides 
laboratory measurements in the exact backscattering direction, with a high signal-to-noise ratio.  
 

Authors and reference Sample θ (deg) λ (nm) Laser 
source 

FOV (mrad) 

      
A. Glen et al. (2013) Single dust 

particle 
172.0 ± 

4.0 
680 Laser 

diode 
− 

      
T. Sakaï et al. (2010) NaCl, water 179.2 ± 

0.4 
532 Pulsed 

laser 
2.8  

      

O. Muñoz and J.W. 
Hovenier (2011) 

Ash, dust, 
water, NaCl 

particles 

up to 177 483,488,520, 
568, 647 

CW laser 
with 

chopper 

35 

     1.5 
M. Schnaiter et al. 

(2012) 
Ice crystals 178.2 488  CW laser  

      
This work Water droplets, 

Salt (NaCl) 
particles 

180.0 ± 
0.2  

355 Pulsed 
laser 

1.0 

 

4.1.2 Principle of an exact backscattering measurement for nanoparticles in 

ambient air 
 

In this subsection, we present the principle of our exact backscattering measurement for 

nanoparticles in ambient air, which operates in the far-field single scattering approximation. 

These approximations are respectively discussed in Sections 4.1.4-c and 4.1.3-c. 

 

Figure 4.1 is a 3D-scheme showing the principle of our particles backscattering measurement 

(see Section 4.1.3 for a detailed description of our experimental set-up). We overcome the 
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first intricacy by inserting a polarizing beamsplitter cube (PBC) on the optical pathway from 

the laser source to the particles scattering medium. In this way, the particles backscattering 

radiation is detected after retro-reflection on a PBC, (for specifications and acceptance angle 

see Sections 3.2 and 4.1.3). Moreover, the particles backscattering radiation is discriminated 

from the background stray light by realizing time resolved measurement.  

 
Figure 4.1 Principle of an exact backscattering measurement for an ensemble of nanoparticles in ambient air: the 
particles backscattering radiation is discriminated from the background stray light by measuring the time interval 
Δt = 2d/c taken by a laser pulse to reach the detector, after retro-reflection on a polarizing beamsplitter cube 
(PBC). The polarization (p, s) of the backscattered light is related to the particle scattering medium in the 
laboratory ambient air and to the quarter-wave plate (QWP) used to modulate the incident laser linear 
polarization (p).  
 

As underlined by M.I. Mishchenko et al. (2009), any measurement of particles scattering 

consists in a two-stage procedure: the scattering signal Ƥ is first measured in the absence of 

the particles (in which case, Ƥ = Ƥ0), then, in their presence. The particles backscattering 

signal Ƥp is then basically deduced by subtracting Ƥ0 from Ƥ:  

 
Ƥp = Ƥ − Ƥ0           (4. 1) 
 

The Ƥ0 signal is due to ambient air backscattering and to the partial reflection of the incident 

laser pulse on optical components (see Section 4.1.4). When the laser pulse is emitted at a 

time ti, the particles backscattering signal Ƥp(t) is always null, except for t = ti + Δt, where Δt 

= 2d/c represents the time-of-flight of the laser pulse from the laser cavity to the detector, 

located at a distance d from the particles. When the laser pulse duration τ is taken into 

account, backscattering occurs along the z-propagation direction over a length ℓ = cτ/2, which 

defines the spatial extension of the backscattering volume in the z-direction. Accordingly, the 

particles backscattering signal Ƥp(t) extends over a time interval close to τ. In the framework 
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of the Mueller matrices, in the far-field single scattering approximation, the Stokes vector Stp 

(= [Isac,p, Qsac,p, Usac,p, Vsac,p]T) of the particles backscattering radiation at time (ti + Δt) relates 

to the Stokes vector Stinc(ti) (= [Iinc, Qinc, Uinc, Vinc]T) of the incident laser pulse emitted at 

time ti as follows: 

 
Stp (ti + Δt) = η P0/d2 Mp Stinc(ti)       (4. 2) 
 

Where d is the distance from the particles to the detector and η /d² accounts for the collection 

solid angle (η is the detection efficiency) and P0 is the laser incident power. The Mp-matrix is 

the Mueller matrix that accounts for the modification of the polarization state of the laser 

pulse during its propagation in the particles medium and in the air surrounding medium. The 

particles backscattering signal Ƥp corresponds to the first component of the Stokes vector Stp, 

since our detector only measures the total light intensity and is obtained by projecting the Stp-

vector on the [1, 0, 0, 0]T vector, as done by M. Hayman et al. (2012).  

 

(a) Mueller matrix Mp of the particle and surrounding air 

 

Using the Mueller matrix formalism allows to decompose the matrix Mp as the product of the 

successive Mueller matrices encountered by the laser pulse during its propagation from the 

laser cavity to the detector: 

 

Mp = MR × Tair, -k × Fp × Tair, k × ME      (4. 3) 

 

The Mueller matrices ME and MR correspond to emitter and receiver optical devices, and 

include the retro-reflecting PBC and a quarter-wave plate (QWP). In between ME and MR, the 

particles backscattering is taken into account through the particles scattering phase matrix Fp 

(see Section 2.1). The propagation of the incident laser pulse in the air surrounding medium is 

described by the Tair,k and Tair,-k matrices, where k = 2π/λ u is the incident laser wavevector 

represented in Figure 4.1 (u is the unit vector in the z-direction). It is important to note that, 

by combining Equations (4.1) to (4.3), the scattering matrix Fp of the particles ensemble can 

be determined by varying the ME or / and MR Mueller matrices. To modify ME and MR, we 

inserted a QWP after the retro-reflecting PBC on the optical pathway from the laser source to 

the particles. By rotating the angle ψ between the horizontal (x,z)-plane and the fast axis of 

the QWP, we modulate the incident laser linear polarization and measure the corresponding 
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Ƥp-signal as a function of ψ (ψ is counted counter clockwise when looking in the z-

propagation optical axis).  

 

Mueller matrix ME of the emitter 

The Mueller matrix ME of the emitter optics, composed of a PBC and a QWP, has been 

derived from (Shurcliff, 1962): 
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    (4. 4) 

 

The imperfections of the PBC are described by its s-transmission coefficient Ts << 1 since a 

perfect PBC would have Ts = 0 and Tp = 1 and would transmit the incident laser linear 

polarization corresponding to the Stokes vector [1, 1, 0, 0]T without any modification. 

 

Mueller matrix MR of the receiver 

In the backscattering geometry, the same optical components {PBC + QWP} are crossed after 

the particle backscattering in the opposite direction (−k). As a consequence, the receiver 

optics Mueller matrix MR can be derived from Equation (4.4) by changing the angle ψ to its 

opposite, while using the PBC as a retro-reflector (we hence replace Tp with Rs and the retro-

reflecting PBC imperfections are now addressed by its p-reflectance coefficient Rp << 1): 
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 (4. 5) 

 

The use of a second PBC in the detector (see Section 3.2.2) enables to minimize the 

polarization cross-talk, which is equal to Rp× Ts, in the range of 10-5. It follows that only the 

s-polarization of the backscattering radiation is measured on our detector. The scattering 

phase matrix Fp of the particles scattering medium has been detailed in Equation (2.2) for 

arbitrary particles in random orientation. As shown by K. Sassen (2005), extinction is not 

sensitive to the polarization state of the light. Hence, the Mueller matrices Tair, k and Tair, -k 

associated to the air surrounding medium do not modify the polarization state of the incident 
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laser pulse and be considered as transmission factor. As a consequence, backscattering from 

the air surrounding medium is not a main concern and as detailed in Equation (4.1), it can be 

subtracted to the backscattering signal to extract the particles backscattering signals Ƥp. 

 

Mueller matrix Mp  

As Tair, k and Tair, -k do not depend on the polarization, we may hence write the Mp-Mueller 

matrix (Equation (4.3)) as follows Mp = MR × Fp × ME. By neglecting any polarization cross-

talk (i.e. assuming Rp = Ts = 0) and combining Equations (2.2), (4.4) and (4.5), we get for the 

Mp-Mueller matrix: 
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(b) Particles backscattering signal Ƥp 

 

We have calculated Ƥp for a linearly polarized laser pulse, corresponding to the Stokes vector 

Stinc = [1, 1, 0, 0]T. By injecting Equation (4.6) into Equation (4.2), then projecting the 

particles backscattering radiation on the unitary vector [1, 0, 0, 0]T, after a few calculations, 

we get the following expression for Ƥp(ψ): 

 

Ƥ 0
11, 22, 11, 22,( ) ( 3 ) cos(4 )

2 ²p p p p p
P F F F F

d
    (4. 7) 

 

Ƥp(ψ)hence only depends on F11,p and F22,p so that by performing accurate particles 

backscattering signals measurements for a set of different ψ-angles, it is possible to accurately 

evaluate the F11,p and F22,p-coefficients to retrieve the particles depolarization Dp defined in 

Equation (2.5) for an ensemble of nanoparticles in ambient air, and this, for the first time in 

the exact backscattering direction.  

 

4.1.3 Experimental set-up  
 

The setup developed and built for the exact backscattering measurement is detailed in Figure 

4.2. The laser pulses are generated by a tripled-Nd:YAG laser source, delivering 25 mJ energy 
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at a 10 Hz repetition rate. The laser wavelength (λ = 355 nm) has been chosen to increase our 

sensitivity to nano-sized particles, in the range of a few cents of nanometers (see Figure 2.6). 

The laser pulse duration τ = 5 ns is below the time-of-flight Δt = 2d/c = 40 ns, and, as in lidar 

applications, the laser cavity trigger (rise time of 100 ps) is used to fix the time origin. At the 

exit of the laser cavity, a half-wavelength plate HWPE (HWP-355-100-2, MG) and a 

polarizing beamsplitter cube PBCE (PBSO-355-050, MG) are used to set the p-polarization of 

the incident laser pulse, corresponding to the Stokes vector Stinc = [1, 1, 0, 0]T. Moreover the 

HWPE and PBCE are used to adjust the laser energy without changing the laser alignment. In 

Figure 4.2, the emitter optics system is composed of the PBC and the QWP, while the three 

components QWP, PBC and PBCD figure the receiver optics system. The p-polarization of the 

laser pulse is transmitted through the PBC (PBSO-355-100, MG), also used to retro-reflect, 

towards the detector, the s-polarization of the backscattering radiation. This air-spaced PBC 

has an extinction ratio Tp/Ts greater than 250:1 at λ = 355 nm and is 355 nm-AR-coated. A 

precise alignment procedure has been followed to achieve the backscattering geometry 

described in Figure 4.1. During this procedure, the 355 nm-laser was also used as an 

alignment laser, which entered the detector by its exit, so as to precisely position the retro-

reflecting PBC on the detector x-optical axis, in exact perpendicular direction to the z-optical 

axis, materialized by the 355 nm-laser pulses. Moreover by using the Helmholtz reciprocity, 

the laser entering the detector from its exit is used to visualize the detector field of view. 

Hence the laser is aligned on the detector field of view to ensure that exact backscattering is 

observed. The use of a diffuser and the observation of diffraction rings from several irises 

along the optical paths allowed defining the detector x-axis perpendicular to the z-optical axis, 

with a maximum deviation of 1 mm.10 m-1, corresponding to 0.1 mrad. 

 

The laser specifications determine the backscattering volume, which is defined, along the z-

axis, by the length ℓ = cτ/2 = 0.75 meter, and in the (x, y) transverse plane, by the waist of the 

laser (beam-profile measurements led to 9 mm waist for z = d = 5 m). The particles flux 

enters this volume through a ¼’’-injection nozzle, chosen for injecting all the particles in the 

backscattering volume, to increase the signal-to-noise ratio. The nanoparticles, generated with 

a commercial atomizer (TSI, model 3079), are not static but move in a 4 L.min-1 particles flow 

rate. The use of a commercial compressed-clean air nebulizer prevented from particles 

coagulation. After the diffusion drier (used to remove the water liquid phase), the moving 

particles enter the scattering volume before leaving the experiment through an exhaust pump. 

We hence generated water droplets in ambient air, or, alternatively, solid salt particles in 
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ambient air. According to the manufacturer, their size was in the range of a few hundreds of 

nanometers. We controlled their number concentration with a TSI particle counter to ensure it 

is stable during the measurements. The stability of the generated particle number 

concentration and the role of the QWP are discussed along with the results in Section 4.1.4. 

Our AR-coated QWP (QWPM-355-10-4, MG) has been tilted from normal incidence by θi = 

2.5° to compensate for some of its imperfections (Poirson et al., 1995). This also helped to 

minimize the partial reflections on the QWP. The influence of the tilt angle on the retrieved 

particles depolarization is discussed in Section 4.1.4. 

 

 
Figure 4.2 Experimental set-up for measuring the exact backscattering of light pulses by an ensemble of 
particles in ambient air. The nanosecond time-resolved particles backscattering radiation is collected and 
detected after retro-reflection on a PBC. The nanoparticles were generated by atomization from a liquid water 
solution, then dried. An air-cooled 355 nm beam-dump (EKSMA optics) was placed a large distance from the 
particles to block the laser propagation. 
 

(a) Detector setup 

 

The whole detector is housed in a secured dark box to minimize stray light. It is composed of 

a second PBC (PBCD), a collecting lens (LC), two supplementary lenses (L1) and (L2), an 

interference filter (IF) and a photomultiplier tube (PMT). The secondary PBC is used to 
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minimize the polarization cross-talk Rp × Ts equal to a few 10-5, which is fully negligible. 

Accordingly, only the s-polarization of the backscattering radiation is detected. The 355 nm-

IF is used to remove the non-elastic contribution from the collected backscattering signal. As 

shown by David et al. (2012), it also helps minimizing the molecular contribution to the 

collected backscattering signal, which improves the signal-to-noise ratio of the particles 

backscattering signal Ƥp by minimizing Ƥ0. At the exit of the Licel PMT (DC-350 MHz 

electrical bandwidth), the photo-electrons are sampled with a 12 bits digital oscilloscope (Le 

Croy HDO4054, 300 MHz, 2.5 GS/s), necessary for a time-resolved precise measurement of 

the low particles backscattering signal Ƥp. Special care has been taken to efficiently collect the 

particles backscattering signal Ƥp, which might be low for particles in air, while minimizing 

the stray light contribution Ƥ0. The iris Ir (diameter Ø) is used for that purpose by limiting the 

amount of collected stray light. The converging lens (L1) is used to parallelize the 

backscattering radiation before entering PBCD whose acceptance angle is equal to 2°. The 

diverging lens (L2) is used to focus the backscattered photons on the 6 mm-diameter 

photocathode of a Licel photomultiplier tube, used as a photo-detector. 

 

(b) Collection efficiency optimization 

 

The collection efficiency of the detector has been numerically evaluated and is here presented. 

Let us consider a small scattering volume element materialized by a point PV(x, y, z) of the 

particles scattering medium, as represented in Figure 4.3. The scattering radiation induced by 

PV, is collected by the lens (LC) under the solid angle ΔΩ = 2π × (1 – cos γ), where 2γ is the 

apex angle of the cone defined by the clear aperture of lens (LC) and the distance d = OPV 

from the collecting lens (LC) to the point PV. Only a fraction χ of this collected light (Icoll) 

reaches the PMT, mostly due to the size of the iris Ir as the finite diameters of L1 and L2 have 

a negligible influence. To optimize the collection of the Ƥp-signal, we have built a numerical 

program, based on matrix geometric optics, to analyze our multi-component optical system. 

As represented in Figure 4.3, this program considers the optical rays of light scattered by PV 

toward (LC). It then computes the optical paths of these rays through the detector. The fraction 

χ is then computed from the overlap between these rays reaching LC and the optical 

components of the detector. This program evaluates χ, ΔΩ and their product ΔΩ × χ as a 

function of the position of the point PV in the scattering volume element. 
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Figure 4.3 Scheme of the numerical simulation (a). The backscattered light from a point a point PV(x, y, z) is 
collected by (LC) with a ΔΩ solid angle. On ly a fraction χ of this collected light is detected. The simulation 
compute this fraction χ = Idet/Icoll, where Icoll is the light collected by (Lc) and Idet is the light detected by the PMT. 
Idet is computed by the overlap between the collected light Icoll and the iris Ir (b). The finite diameters of the (L1) 
and (L2) lens have a negligible effect on χ. 
 

 Figure 4.4-a displays the collection efficiency χ as function of z and x coordinate of PV, by 

taking into account the set of input parameters given in Table 4.2. χ is only plotted as a 

function of x, as χ along x- or y-axis are equivalent due to the detector symmetry. As can be 

seen in Figure 4.4-a, no scattered light is collected (χ = 0 %) as soon as the absolute value of x 

(|x|) is higher than 20 mm, which in fact strongly reduces the detected stray light. While 

reducing the stray light, χ reaches 100 % for z > 3.7 meters. 

 
Table 4.2 Characteristics of the optical set-up collecting the particles backscattering radiation. The matrix optics 
numerical program computes the distances D, DØ and D1 for the following set of input values: Øc = Ø1 = Ø2 = 
25.4 mm, Ø = 1 mm, using a 100 mm distance between (L1) and (L2). 
 

 

Set-up parameter 
 

Numerical value (mm) 

Lens diameter (LC, L1, L2) Øc = Ø1 = Ø2 = 25.4 
Iris diaphragm Ø = 1 
(LC) focal lens fc = 432.7 
(L1) focal lens f1 = 38.7 
(L2) focal lens f2 = − 29.0 
Distance between the particles group and (LC) d = 5000 
Distance (LC) to iris dØ = 474 
Distance (LC) to (L1) d1 = 512 
 

Figure 4.4-c represents ΔΩ × χ-value along the optical axis, which is maximum at 

z = 3.7 meters and is strictly decreasing below and beyond this value. Hence the PBC and the 

QWP, which induce stray light, should be positioned as close to LC as possible to reduce their 

contribution to the signal. As can be seen in Figure 4.4-a, when the scattering point PV 

deviates from the z-optical axis by Δx = ± 5 mm, a 100 % χ-collection efficiency is obtained 

for Ø = 1 mm only if z = d = 5 meters. Figure 4.4-b displays the profile of χ at z = 5 meters 
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and confirms that χ reach 100 % for Δx = ± 5 mm while beyond Δx = ± 5 mm χ falls to zero. 

We then set the distance d to 5 meters. Note that this d-distance is sufficiently high for the 

retro-reflecting PBC to operate well-below its acceptance angle of 2°. We then deduced the 

distances dØ (between LC and Ir) and d1 (between LC and L1) from geometrical optics. In this 

way, our experimental set-up operates at the exact backscattering angle θ = 180.0°, with a 

maximum width of scattering angle detected  equal to (Δx + Øc/2)/d = 0.2°, if Øc is the 

diameter of the collecting lens (LC). Hence, for the first time to our knowledge, our 

experimental set-up covers the exact backscattering direction with accuracy, namely θ = π ± ἕ 

with ἕ = 3.5 × 10-3 rad. A more precise evaluation of the collected scattering angles is 

displayed in Figure 4.5-a, where χ is computed as function of θ and x for z = d. Figure 4.5-b 

displays the mean value of χ (<χ>) as function of θ, where <χ> is averaged over the 

corresponding raw in Figure 4.5-a. Figure 4.5-b hence represents the collection efficiency of 

our experimental setup as a function of the scattering angle θ. 
 

 
Figure 4.4 Numerical simulation of the fraction χ of the collected light reaching the detector. Panel (a) presents a 
color plot of χ as function z (along the optical axis direction) and x (perpendicular to optical axis direction). The 
dashed line and dotted lines in in panel (a) represent the profiles displayed in panel (b) and (c) respectively. 
Panel (b) presents the profile of χ along x axis at the particle injection where z = d = 5000 mm. Hence when 
z=d=5000 mm, the scattered light is detected only if x  [-5,+5] mm. Panel (c)  displays χ . ΔΩ along the optical 
axis (x=0) as function of z, which is proportional to the measured signal.  
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Figure 4.5 Numerical simulation of χ as function of θ and x (panel (a)). Panel (b) plot the mean value of χ (<χ>) 
as function of θ, which is average over the corresponding raw in panel (a). 
 

(c) Far-field approximation 

 

As summarized in Table 4.3, the proposed detection set-up fulfills the far-field scattering 

conditions settled in Section 2.1, corresponding to Equations (9, 10, 51, 71, 73) from 

Mishchenko et al. (2004), for the following set of numerical values: particle radius r = 1 μm, 

distance scattering volume-observation point d = 5 m, wavelength λ = 355 nm, maximum 

linear dimension of the particle volume element Lmax = 15 mm (which is voluntarily 

overestimated), wave number in ambient medium kair = 1.77 × 107 m-1, diameter of the 

collecting lens ØC = 25.4 mm and averaged distance between neighboring particles distp = 

1.87 × 10-6 m.  

 
Table 4.3 Summary of the condition to respect to performed far-field measurement. The equations are extracted 
from Mishchenko et al. (2004) and (#) indicates the number of the equation in this article. The condition is 
fulfilled if the ratio of the left term to right term of the equation is much greater than 1. Hence all the conditions 
are fulfilled with our experimental setup. 
 

Equation                     (#) left term to right term ratio 
d >> r                                (9) 5 ×106 

r >> kair r2/2                     (10) 5.65 ×106 
π/(2 kair r) >> ØC / (2d)    (51) 35.5 
r >> Lmax kair r / π            (71) 59.2 
kair r >> 1                        (73) 8.85 ×107 
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Finally, the particles can be assumed as randomly-oriented. Though not easy to check, this 

assumption can be addressed from the Kolmogorov scale, which determines the smallest scale 

for observing a vortex in a viscous air flow (Perkins, personal communication). In our 

experiment, the Kolmogorov scale, fixed by the Reynolds number of our flow and by our 

geometry, is equal to 6 × 10-5 meters, which is very low and well below the millimeter 

characteristic dimension of our scattering volume including the particle scattering medium.  

 

4.1.4 Results and discussion 
The first experimental observation of the exact backscattering of light by an ensemble of 

particles in ambient air has been achieved and is here reported. To test our experimental set-

up, we have considered two particles case studies: water droplets suspended in ambient air, as 

an example of spherical particles, then salt particles in ambient air, as an example of non-

spherical particles. As a first result, we present the raw data corresponding to the salt particles 

backscattering signal induced by UV-laser pulses. The particles UV-depolarization is then 

precisely evaluated for water droplets and salt crystals in ambient air with accuracy: the error 

is in the ‰-range. Finally, the measured depolarization ratios are discussed. 

 

(a) UV exact backscattering signals 

 

Figure 4.6-a presents the electrical detected backscattering signal Ƥ, which is proportional to 

the UV-backscattered light, as a function of the laser pulse propagation time. Observation has 

been performed for two values of the angle ψ between the horizontal plane and the QWP fast 

axis. For each ψ-angle, the background signal Ƥ0 (in dashed lines in the upper panel) has a 

time evolution showing the partial reflection of the laser pulse on the tilted QWP (to be seen 

around t = 10 ns) and the air particles backscattering signal, along the optical pathway from 

the laser source to the detector. As shown in Figure 4.6-a, the background signal Ƥ0 depends 

on the angle ψ and remained constant between the Ƥ and Ƥ0-acquisitions. In the presence of 

the particles (full lines), Ƥ differs from Ƥ0 and this difference is the particles backscattering 

signal Ƥp as shown by Equation (4.1). As plotted in Figure 4.6-b, the signal Ƥp, which results 

from the difference of two signals, exhibits no systematic bias as a function of time, which 

means that the stray light has been efficiently removed from Ƥp. Moreover, the Ƥp-amplitude 

varies from zero to a few milli-Volts, so that the PMT, connected to a 50 Ω load resistance, is 

used in linear regime. The signal has been measured for different laser powers (Figure 4.7-a) 
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by using the HWPE and PBCE polarization components, to preserve the exact backscattering 

geometry. The corresponding signal (Figure 4.7-b) remains linear with the incident laser 

power over two decades. The detected light intensity being proportional to the incident laser 

power (Equation (4.7)), the measured signal remains linear with respect to the detected 

backscattered intensity over two decades. We are hence confident that the Ƥp-signal 

corresponds to the detection of the particles backscattering. Due to the laser pulse duration (τ 

= 5 ns), this particles backscattering signal extends over a few nanoseconds.  

 
  

 
Figure 4.6 Observation of exact backscattering of light at 355 nm by an ensemble of particles suspended in air. 
Case study of salt particles. (a) Backscattering signal Ƥ as a function of laser pulse propagation time, for two ψ-
angles between the QWP fast axis and the horizontal scattering plane, in the presence (full-lines) and in the 
absence (dashed-lines, Ƥ = Ƥ0) of the particles. For  ψ = 80.5° (black curve), at times lower than 20 ns, the Ƥ and 
Ƥ0 black curves merge on a unique line.  (b) Particles backscattering signal Ƥp as a function of time obtained by 
applying Equation (1). The sign of the PMT raw data have been changed to obtain a positive voltage and the 
signals result from an average over 150 laser shots. The time dependence of the signal Ƥ has been recorded at 
each time to ensure that the PMT remained in its linear regime (output voltage below 50 mV).  
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Figure 4.7 Signals Ƥ for different laser energy (left graph) and signal Ƥτ (signal s in the left graph integrated 
between the two dash line) as function of the laser energy. Ƥτ is linear with the laser energy as shown by the 
linear fit (red line). The responsivity of the detector stays linear from less than 1 mV signal (a few mJ.pulse-1) up 
to at least 100 mV signal (50 mJ.pulse-1) and seems to decrease when more than more than 100 mV signal is 
reach (50 mJ.pulse-1). Hence to ensure signal linearity, care has been taken to never obtain signal more than 50 
mV signal Ƥτ. 

 
(b) Particles depolarization in the exact backscattering direction 

 

As shown Figure 4.6-b, the particles backscattering signal Ƥp is modified when the angle ψ of 

the QWP is varied. Following the methodology presented in Section 4.1.2, we have measured 

the particles backscattering signal Ƥp for a set of 12 ψ-values, by measuring the corresponding 

signals Ƥ and Ƥ0. To account for the amount of light backscattered during the whole laser 

pulse duration, the particles backscattering signal Ƥp = Ƥ – Ƥ0 has been integrated over the 

time τ for each laser shot. Then, to reduce the statistical error, we averaged this time integral 

over 150 laser shots and plotted the retrieved signal Ƥpτ in Figure 4.8 as a function of ψ. The 

variations of Ƥpτ have been adjusted with the cos (4ψ)-curve corresponding to Equation (4.4). 

The fit retrieves (F11 – F22) and 2F22 as they respectively correspond to the minimum and 

maximum values of the signal (see Equation (4.4)). We hence determine the particles 

depolarization Dp = 1 – F22,p /F11,p. From the fitting procedure, the water droplets 

depolarization was found equal to Dw = (0.04 ± 0.08) %, while we got Dsalt = (8.40 ± 0.30) % 

for the generated salt particles (Figure 4.9). These Dw- and Dsalt-values correspond to the 

following lidar particles depolarization ratios: δw = (0.02 ± 0.05) % for water droplets and 

δsalt = (4.38 ± 0.16) % for the generated salt particles, in the exact backscattering direction.  
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Figure 4.8 Time integral over the pulse duration of the particles backscattering signal sp averaged over 150 laser 
shots as a function of the angle ψ  between the horizontal scattering plane and the QWP fast axis. Case study of 
water droplets particles. The error bar on the reading of the ψ -angle is equal to 0.5°. The plotted error bar on Ƥpτ 
is too low to be visible (it is equal to 1σ and calculated from the statistical error obtained by averaging the time 
integral of Ƥp(t) over 150 laser shots). The full-line black curve (dashed-line blue curve) corresponds to the 
adjustment of the data by using Equation (4) (after particles number normalization). In both cases, no systematic 
bias is visible on the residue plot plotted in the lower panel.  
 

 
Figure 4.9 Salt particles signal Ƥpτ as function of ψ, for a NaCl concentration of the atomized solution equal to 3 
mol.L-1. 
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(c) Error analyses 

 

The statistical errors are mainly due to photon noise; thermal and electronic noises are not a 

major concern. This photon noise corresponds to the shot noise induced by the laser 

backscattered photons and the detected stray light (any detected light that has not been 

scattered by the generated particles). The detected stray light has been strongly reduced by 

building a detector with a narrow field of view. Moreover, by performing time-resolved 

measurements of the background signal Ƥ0 is also strongly reduced, as any stray light from 

the QWP and the beam-dump do not contribute to Ƥ0. Hence, the given statistical error bars 

on Dp are very low, as drastically reduced by the experimental set-up, laser shot averaging 

(150 laser shots), by the 12-bits acquisition and by the 12 ψ-values fitting procedure. The Dp-

measurement is also affected by systematic errors: 

 The laser intensity and particles number fluctuations are however very low: over the 

duration of the experiment, we measured a mean laser energy of (24.0 ± 0.4) mJ.pulse-1 and 

a mean particles number concentration of Np = (5.23 ± 0.15) × 106 part.cm-3. In addition, 

the acquisition has been performed by choosing the 12 ψ-values in an almost random 

order, to minimize the systematic error on Dp, due to possible experimental fluctuations, 

including Np-fluctuations. Hence, the obtained residue plot exhibits no clear structure. As 

shown in Figure 4.8 in dashed-lines, normalization of the Ƥpτ-signal by the particles 

number concentration does not noticeably affect the retrieved particles depolarization. In 

addition, pulse-to-pulse laser mode fluctuations were also minimized by using a Gaussian 

mirror in the laser cavity, to favor the TEM00 Gaussian mode.  

 The exact position of the QWP along the Gaussian beam of the laser is not a main concern 

(Poirson et al., 1995). However, the QWP is tilted from normal incidence by an angle θi = 

2.5° while Equation (4.4) assumes that the QWP operates at normal incidence. The Jones 

matrix of a QWP tilted from normal incidence by an angle θi is given in (Zhu, 1994). The 

main correction factor is equal to 1 – (sin θi/mO)² where mO is the ordinary refractive index. 

We have expressed the Mueller matrix of a tilted QWP as a function of ψ and θi. For our 

ψ-values (between 84° and 96°) and an incidence angle θi of 2.5°, we calculated that the 

Mueller matrix elements of the tilted QWP and found a fully negligible relative error of 10-

5 when compared to the Mueller matrix elements of a QWP at normal incidence. 

 Influence of a non-perfect linear polarization of the light emitted in the atmosphere: The 

incident laser has a high degree of linear polarization, above 100:1. Passing through the 



132 
 

PBC improves this degree with a factor higher than 250:1. Hence the emitted laser has 

highly linearly polarized with a degree higher than 25000:1. 

 Imperfect separation of polarization component, namely polarization crosstalk between  

and //-detection channels: The backscattered light is reflected by the PBC and and 

transmitted by the PBCD, leading a polarization cross-talk Rp × Ts equal to a few 10-5. 

 Transmitter and receiver polarization axes misalignment: As the polarization axes of the 

emitter and receiver are both defined by the PBC, they cannot be misaligned.  
 

(d) Comparison with the literature 
 

Within our error bars, the observed water droplets depolarization Dw = (0.04 ± 0.08) % is 

compatible with the expected zero-depolarization value for homogeneous spherical particles, 

which in turn favors our experimental set-up. In addition, the single-scattering approximation, 

assumed from the very beginning, now appears to be realistic, since multiple scattering would 

have led to particles depolarization, as shown by Mishchenko et al. (2007). Indeed, the right-

hand panel of Figure 5 in Mishchenko et al. (2007) provides specific quantitative evidence 

that at particle packing densities typically encountered with this laboratory setup, the 

assumption of the single-scattering regime is quite safe. Moreover, our experimental set-up 

has the ability to measure non-zero particles depolarization, corresponding to nonspherical 

particles, as are the generated salt particles. The retrieved salt particles signal Ƥpτ are plotted 

in Figure 4.9 as a function of ψ. The retrieved salt particles depolarization 

δsalt = (4.38 ± 0.16) % is in the range of what is usually observed in the atmosphere by using a 

polarization lidar close to the sea-salt particles source region (Murayama et al., 1999). 

However, sea-salt particles may differ from our generated salt particles and even close to the 

source region, comparison of our laboratory measurement with field measurements remains 

difficult, as atmospheric particles are present in the form of a particle external mixture (see 

Section 3.5). Comparing the obtained value with a laboratory reference literature is also 

difficult as no apparatus exactly operates in the exact backscattering direction. For the closest 

value to the exact backscattering direction (Sakai et al., 2010), the observed particles 

depolarization for salt particles is larger than ours (15 %). However, extrapolation up to 

180.0° may lead to quite important errors (Schnaiter et al., 2012) and in our experiment the 

relative humidity (RH) is probably too high for the particles to depolarize as in Sakaï et al.’s 

experiment (2010), despite the use of a diffusion dryer. Indeed, for a higher relative humidity, 

we retrieve δsalt = (1.09 ± 0.11) % instead of δsalt = (4.38 ± 0.16) %, which support the 

assumption that higher relative humidities lead to less depolarizing particles.  
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(e) Influence of the PSD and comparison with numerical model 
 

Moreover, we show in this paragraph that the salt PSD also influence the measured δsalt, so 

that comparing our measurements with Sakai et al. (2010) is further complicated. δsalt has 

been measured for four different PSD plotted in Figure 4.10-a. These PSD’s have been 

obtained by using a TSI differential mobility analyzer coupled with a condensation particle 

counter. Four different PSDs have been obtained by changing the NaCl concentration of the 

atomized salt solution. 
 

Figure 4.10-b displays the corresponding δsalt as a function of the mean radius <r> of the four 

PSDs ( p pr 1 N r n (r) dr ).When the mean particles radius increases from 37 to 90 nm, the 

retrieved δsalt increases by a factor five from (0.20 ± 0.05) % to (1.09 ± 0.11) %. T-matrix 

numerical simulations of δsalt have been achieved for the four generated salt PSD by using a 

m = 1.51 − 0.0004i -refractive index at 355 nm. The obtained numerical results for spheroids 

having a ε = 1.05 aspect ratio are displayed in Figure 4.10-b where the error bars on the mean 

particle radius correspond to a ± 10%-uncertainty, as done in Section 2.4.3. A quite good 

agreement is found between the measured and the simulated δsalt-values, at least for mean 

particle radii around 100 nm, which shows that, within error bars, the generated salt particles 

might be simulated with such spheroids.  
 

 
Figure 4.10 Salt PSDs generated by changing the salt (NaCl) concentration in the atomized solution (a). δsalt 
measured on the corresponding PSD (blue squares in panel (b) and δsalt simulated with the same PSD and 
spheroids with an aspect ratio ε = 1.05 (cyan circles in panel (b)). 
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4.1.5 Conclusion 
 

In this section, a new experimental set-up has been developed to precisely measure the exact 

backscattering of light by an ensemble of nanoparticles in ambient air, which may help 

validating numerical simulations which are never assumption-free and may be also useful in 

active lidar remote sensing field experiments. A pulsed laser source and a polarizing 

beamsplitter cube have been used to fulfill the needed requirements of a high angular 

resolution and a high dynamical range to cover the exact backscattering direction, for the first 

time for particles in ambient air. The exact backscattering direction is covered with accuracy: 

θ = π ± ἕ radians with ἕ = 3.5 × 10-3 radian the maximum width of detected scattering angles. 

Special care has been taken to optimize the collection of the particles backscattering signal Ƥp, 

while minimizing the background stray light signal Ƥ0, and this in the UV-spectral range, to 

increase our sensitivity to nano-sized particles. In addition, for the first time to our 

knowledge, our light-scattering experimental set-up fulfills the far-field single-scattering 

approximation, which is generally applied in both numerical simulations and field 

experiments. We also reported on the first experimental observation of backscattering of light 

by water droplets in ambient air, as an example of spherical particles, then by salt particles in 

ambient air, as an example of non-spherical particles. The particles backscattering signal Ƥp 

has been retrieved from the detected signal Ƥ by subtracting the background signal Ƥ0 

obtained in the absence of the particles, the latter being constant for several minutes. 

Moreover, by modulating the incident laser polarization, we measured the particles 

depolarization with accuracy. For polarization lidar remote sensing field applications, this 

particles depolarization Dp can be converted into the so-called particles lidar depolarization 

ratio δp. We hence have retrieved δw = (0.02 ± 0.05) % for water droplets, which is 

compatible, within our error bars, with the expected zero-depolarization value for 

homogeneous spherical particles predicted by Mie. For the generated salt particles, we found 

δsalt = (4.38 ± 0.16) % with a strong dependence on RH and on generated salt particles PSD. 

At higher RH-values, we retrieve δsalt = (1.09 ± 0.11) % instead of δsalt = (4.38 ± 0.16) %, 

which support the assumption that higher relative humidity lead to less depolarizing particles. 

By changing the NaCl PSD, the corresponding δsalt changed by more than a factor of five 

(from (0.20 ± 0.05) % to (1.09 ± 0.11) %). PSD’s measurements of the generated salt particles 

allowed to compare our laboratory measurement with numerical simulations. Using m = 1.51 

− 0.0004i for the NaCl-refractive index at 355 nm, a good agreement has been found when 

particles are simulated by spheroids having an aspect ratio ε = 1.05. 
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4.2 Single nanoparticle experiment  
 

In this section, we present the first absolute measurement of the extinction cross-section of a 

fixed single aerosol nanoparticle. The absolute extinction cross-section has been measured as 

a function of the incident light polarization and wavelength by using the spatial modulation 

spectroscopy technique (SMS), described in (Arbouet et al., 2004) in a work dedicated to 

metallic nanoparticles. The work presented in this section has been achieved in collaboration 

with the group headed by N. Del Fatti and F. Vallée at the Institute of Light and Matter 

(ILM). 
 

4.2.1 Introduction 
 

As underlined by Miles et al. (2011), the study of a single particle is necessary to avoid the 

ambiguity induced by the inherent averaging present in particles ensemble studies, which is 

necessary to compare optical models with optical properties measurements. Moreover, as 

shown by Nirmal et al. (1996), the study of single nanocrystals has raised new knowledge on 

fluorescence intermittence that were never expected from measurements performed on an 

ensemble of particles). Hence, single particles are often studied to measure their extinction 

(Butler et al., 2007; Miles et al., 2011; Lombardi et al., 2013), scattering (Person et al., 2013) 

or fluorescence (Kaye et al., 2005; Heyes et al., 2007; Pan et al., 2012). These fluorescence, 

scattering or extinction measurements on a single nanoparticle have been performed for single 

metallic nanoparticles, such as gold (Sönnichsen and Alivisatos, 2005; Lombardi et al., 2012; 

Li et al., 2013; Kuhlicke et al., 2013), silver (Billaud et al., 2010; Tanabe and Tatsuma, 2012; 

Lee et al., 2013), or for single semiconducting nanoparticles such as quantum dots (Chung 

and Bawendi, 2004; Heyes et al., 2005). However, to my knowledge, such measurements 

have never been performed on a single dielectric nanoparticle, probably due to their lower 

refractive index, inducing lower scattering or extinction cross-sections (Yurt et al., 2012). In 

addition, in contrary to metallic nanoparticles, a dielectric nanoparticle, such as a polystyrene 

latex (PSL) sphere, an ammonium sulphate ((NH4)2SO4) nanoparticle or a mineral dust 

nanoparticle exhibits a refractive index whose imaginary part is generally weak so that their 

extinction is dominated by scattering. 
 

Miles et al. (2011) recently reviewed the existing measurements of light extinction, scattering 

and absorption by single aerosols particle and underlined that “this review is necessarily 



136 
 

limited to measurement on coarse particles and it is crucially important that the new 

techniques under development aim to push the lower size limit down to the sub-micron 

range”. Hence, for the first time to my knowledge, we here report the preliminary 

measurements of the absolute extinction cross-section of a single aerosol or dielectric 

nanoparticle as a function of the incident light polarization and wavelength, by using the 

spatial modulation spectroscopy (SMS). The extinction measurement are performed with the 

SMS technique, which allows measuring the absolute cross-section extinction (Lombardi et 

al., 2013) in contrary to other measurements, such as dark-field microscopy (Mock et al., 

2002; Fan et al., 2012). The extinction cross-sections have been measured for a single 

polystyrene latex (PSL) sphere having a calibrated size (NIST traceable), for three single 

(NH4)2SO4 nanoparticles and two single mineral dust nanoparticles. PSL spheres (Duke 

scientific) are NIST traceable, which means that the particles radius is calibrated 

(r = (40.5 ± 1.5) nm), exhibit a spherical shape and have a known refractive index (m = 1.59 

at 559 nm). Hence, the measured extinction cross-section of a single PSL can be considered as 

a reference measurement. Indeed, absolute extinction measurements are commonly validated 

by using PSL’s spheres (Pettersson et al., 2004; Stawa et al., 2006; Khalizov et al., 2009; 

Butler et al., 2009; Lang-Yona et al., 2009). The single (NH4)2SO4 and dust nanoparticles 

have been studied for environmental and climate purposes as they both are among the 

predominant atmospheric aerosols (Pöschl et al., 2005). This section is organized as follows. 

First, we present the experimental methodology. Then, the experimental measurements of the 

absolute extinction cross-section are presented and discussed.  
 

4.2.2 Experimental methodology 
 

This subsection aims at describing the methodology used to measure the absolute extinction 

cross-section Cext,np of a single dielectric nanoparticle as a function of the incident laser 

polarization and wavelength. In addition, the Cext,np-measurement is coupled with the 

observation of the fixed nanoparticle by Transmission Electron Microscopy (TEM) to 

correlate the optical measurements with the size and shape of the nanoparticle, as done by 

(Billaud et al., 2008). Hence, this subsection is organized as follows. The single dielectric 

nanoparticle sampling necessary to operate the SMS and the TEM observation is first 

presented. Then the size and shape observation of the single nanoparticles is detailed. Finally, 

the SMS setup and the Cext,np-retrieval are presented. 
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(a) Nanoparticle sampling 
 

Here, we aim to sample nanoparticles having a chosen size and chemical composition (dust, 

PSL and (NH4)2SO4) on a substrate allowing both the TEM observation and the SMS 

measurements. Absorbing and fluorescing substrate must hence be avoided. Consequently, the 

nanoparticles are sampled on a TEM-grid having a 40 nanometers thick SiO2 substrate 

(Davletshin et al., 2012). Figure 4.11 presents the scheme of the nanoparticle sampling for 

dust, PSL and (NH4)2SO4 nanoparticles. The dust nanoparticles are generated in a dry 

nitrogen flux with the dust generator described in (Dupart et al., 2012). Hence, Arizona test 

dust nanoparticles (ATD) are generated by mechanically mixing them with a magnetic stirrer 

in a glass bottle continuously purged with a dry nitrogen flow. The PSL and the (NH4)2SO4 

nanoparticles are generated with the commercial atomizer (TSI, model 3079) from their 

aqueous solution. These aqueous solutions are obtained by diluting the PSL solution (Duke 

Scientific, r = (40.5 ± 1.5) nm) or dissolving pure (NH4)2SO4 solid crystals in milliQ-water. A 

diffusion dryer is used to reduce RH, except for dust nanoparticles which are already in dry 

conditions. Mono-sized nanoparticles are obtained by using a commercial differential 

mobility analyzer (except for PSL, which are already mono-sized), which drift the 

nanoparticles according to their electrical mobility by using an electric field. These mono-

sized (mono-aerodynamic radius) nanoparticles are then deposit on the TEM-grids by using a 

commercial nano aerosol sampler (NAS), which use an electric field to attract the 

nanoparticles onto the grid. 

 

 
Figure 4.11 Nanoparticle sampling. The dust nanoparticles are generated in a dry nitrogen flow with the dust 
generator described in (Dupart et al., 2012). PSL and (NH4)2SO4 nanoparticles are generated with an atomizer 
from an aqueous solution. A diffusion dryer is used to reduce RH (except for dust nanoparticles which are 
already in dry conditions). Mono-sized nanoparticles are obtained and then deposit on a TEM-grid by using 
respectively a differential mobility analyzer (exept for PSL, which are already mono-sized) and a nano aerosol 
sampler (NAS). The particle counter is used to ensure deposing the appropriate concentration of nanoparticles on 
the TEM-grid. 
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A 1μm-distance between the nanoparticles is necessary to perform SMS measurements on a 

single nanoparticle (Lombardi et al., 2012). Hence, a particle counter is used to ensure 

deposing less than 1 part.μm-2 on the TEM-grid. To fix ideas, when the 100 L.h-1 inlet flow of 

the NAS contains approximately 1000 part.cm-3, a 1 minute deposition generally provides the 

appropriate nanoparticles concentration on the TEM-grid. 
 

(b) Nanoparticle size and shape observation 
 

We here present the single nanoparticle localization and their size and shape observation with 

TEM-pictures, which are further used to perform and interpret the SMS optical 

measurements. As shown in Figure 4.12-a, the individual nanoparticles are first selected and 

localized with TEM with the criterion that the nearest neighbour nanoparticle be located at  

least at the 1 μm-distance necessary to perform the SMS measurements. This selection is 

performed under low magnification (approximately ×2000) TEM-observation and moderate 

electron beam illumination, to avoid altering the optical properties of the nanoparticles 

(Lombardi et al., 2012). As shown in Figure 4.12-b, thanks to the preliminary TEM-

observation, the selected nanoparticle can also be localized when applying the SMS-

technique. Then, the optical measurements are performed with SMS on the selected 

nanoparticle. Finally, the nanoparticle is observed with TEM again, this time with a high 

magnification (approximately ×200 000) to precisely characterize its size and its shape 

(Lombardi et al., 2013).  
 

 
Figure 4.12 Transmission electron microscope (TEM) observation of the nanoparticle ((a) and (c)) and 
localization of the corresponding nanoparticle with spatial modulation spectroscopy (b). A low magnitude TEM 
observation ensures no neighboring nanoparticles are closer than 1 μm to the selected single nanoparticle (a). 
Low magnitude observation and moderate electron illumination are used to preserve the optical properties of the 
observed nanoparticles. Then the selected nanoparticles is localized with the SMS technique by scanning the 
TEM grid (b). The distance measured with low magnitude TEM are used to ensure localizing the selected 
nanoparticle. 
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(c) SMS experimental setup 
 

The SMS technique measures the normalized transmission change ΔT/T induced by the 

spatial modulation of a single nanoparticle in the incident light beam (Arbouet et al., 2004), 

where ΔT/T is proportional to Cext,np (Lombardi et al., 2012). Here, we present the SMS 

experimental setup used to measure ΔT/T, followed by the ΔT/T measurement as a function 

of the incident light polarization and then as a function of the incident wavelength λ. As 

shown in Figure 4.13 from Juvé (2011), a 100× microscope objective having a 0.75 numerical 

aperture, focuses the light beam close to the diffraction limit (full width half maximum 

≈ 0.7 λ in the focal plane) to improve the measured ΔT/T signal (Arbouet et al., 2004). The 

nanoparticle’s position is modulated by a piezoelectric translation stage at the frequency 

f ≈ 1.5 kHz along the y-axis. The modulation amplitude Δy = 380 nm has been chosen to 

maximize ΔT/T (Arbouet et al., 2004). In addition, by using this piezoelectric translation 

stage, a (x,y) map of ΔT/T is measured to localize the selected single dielectric nanoparticle 

(see Figure 4.12-b). To measure ΔT/T, the modulated transmitted light is then collected by a 

second identical 100× microscope objective, before its detection by a photodiode and its 

demodulation by a lock-in amplifier at the 2f-frequency. Here, the 2f-demodulation frequency 

is used to measure the maximum value of ΔT/T when the particle is located at the center of 

the light beam, which adds precision on the localization of the dielectric nanoparticle 

compared with the f-demodulation (Davletshin et al., 2012).  

Moreover, to account for polarization effects induced by the fixed particle, ΔT/T has been 

measured as a function of the orientation of the incident laser linear polarization, which is 

modulated by coupling a fixed quarter-waveplate (QWP) with a rotatable Glan-Thompson 

polarizer. As for the experiment performed in Section 4.1, the QWP changes the incident light 

polarization, here from linear to circular, and the polarizer selects a linear polarization. 
 

In addition, ΔT/T has been measured as a function of the laser wavelength with a 10 nm 

resolution from 440 to 840 nm (the later value may be lower depending on the signal-to-noise 

ratio of ΔT/T). The spectral range from 690 up to 840 nm is measured by using a tunable 

Ti:Sa oscillator. A BBO crystal doubled the frequency of the Ti:Sapphire oscillator to cover 

the spectral range from 440 to 520 nm, while, between 520 and 690 nm, laser pulses are 

generated by an optical parametric oscillator, pumped by the Ti:Sapphire oscillator.  
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Figure 4.13 Principle of the spatial modulation spectroscopy (figure from Juvé (2011)). A 100× microscope 
objective focalize the light on a single nanoparticle, which position is modulated at the frequency f ≈ 1.5 kHz. 
The transmitted light is collected by a second identical 100× microscope objective before being demodulated 
with a lock-in amplifier at 2f-frequency 
 

(d) Retrieval of the absolute extinction cross-section Cext,np of a single nanoparticle 
 

Here, we present the retrieval of Cext,np from the ΔT/T-measurement. As ΔT/T and Cext,np are 

proportional, Cext,np can be derived from ΔT/T, if the intensity spatial profile Il(x,y) of the light 

beam is precisely determined (Billaud et al., 2010). As shown in Figure 4.14, we determine 

Il(x,y) from the ΔT/T measurement around the single nanoparticle. Along the y-axis, the ΔT/T 

profile observed is broader than the light beam due to the spatial modulation along this axis 

(Arbouet et al., 2004). Along the x-axis however, due to the absence of spatial modulation, 

the ΔT/T-profile follows the light beam intensity. Hence the intensity spatial profile Il(x,y) is 

determined by the Gaussian profile of ΔT/T along the x-axis, as explained in Figure 4.14. 

Consequently, and as further explained by Billaud et al. (2010), Cext,np can be derived from 

ΔT/T. 

 
Figure 4.14 ΔT/T measured around a single nanoparticle with 2f-demodulation. Three peak are retrieved as 
expected from Erreur ! Source du renvoi introuvable. The intensity spatial profile Il(x,y) of the light beam is 
determine with the Gaussian profile of ΔT/T along the dashed line and a 0.66λ full width half maximum is 
retrieved, corresponding to the diffraction limit of the experimental setup. 

gle nano
x 

y 
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4.2.3 Results and discussion 
 

Here, we present the absolute extinction cross-section measurement for six single aerosol 

nanoparticles. These measurements have been performed by applying the SMS technique as a 

function of the wavelength and the polarization of the incident light beam. Then, these 

preliminary results are compared with numerical simulations and discussed. Three case 

studies have been carried out on single dielectric nanoparticles having different chemical 

compositions, namely: 

(a) PSL sphere with calibrated size (NIST traceable) to obtain a reference measurement  

(b) (NH4)2SO4 as an example of common atmospheric aerosols 

(c) Dust nanoparticle as an example of common atmospheric aerosols 
 

(a) TEM observation and SMS measurements on a single nanoparticle 
 

Figure 4.15 presents the TEM-observations of six single nanoparticles together with the 

corresponding SMS-measurements. The six single nanoparticles correspond to one PSL (a), 

three (NH4)2SO4 nanoparticles (b1, b2, b3) and two desert dust nanoparticles (c1, c2). The 

corresponding TEM-observations show that the (a) and (b1) nanoparticles are spherical, with 

a respective radius, measured on the TEM-picture, around r = 35 nm and r = 38 nm. The four 

other nanoparticles (b2, b3, c1, c2) are nonspherical with a respective radius around 

r = 48 nm, r = 65 nm, r = 75 nm and r = 50 nm. Nonetheless, it is very difficult to measure the 

volume-equivalent radius of a nonspherical particle on a TEM picture, especially for dust 

nanoparticles which show internal inhomogeneities. . ΔT/T has been measured as a function 

of the orientation of the incident light linear polarization at λ = 480 nm for PSL, at λ = 460 nm 

for (NH4)2SO4 and at λ = 490 nm for dust nanoparticles. For the two spherical nanoparticles, 

ΔT/T is almost independent of the incident linear polarization (less than 2 %-variation). 

Meanwhile, for the five nonspherical nanoparticles, ΔT/T depends on the incident linear 

polarization with variations of 11.8 %, 13.5 %, 16.5 % and 10.1 % respectively for the (b2, 

b3, c1, c2)-nanoparticles. Since Cext,np and ΔT/T are proportional, the same variation with the 

incident linear polarization is obtained for Cext,np and ΔT/T. We hence verify that the variation 

of Cext,np and ΔT/T as a function of the incident linear polarization indicates the deviation 

from isotropy of the fixed nanoparticle. In addition for the (NH4)2SO4 nanoparticle (b2), the 

polarization dependence of ΔT/T has been studied at λ = 460 nm, λ = 560 nm and λ = 700 nm, 
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where it varies by respectively 13.5 %, 5.9 % and 11.1 %. Hence, the incident wavelength can 

have a strong influence on the polarization dependence of ΔT/T and Cext,np.  

 

 
Figure 4.15 TEM photos and SMS measurements on one PSL (a), three (NH4)2SO4 ((b1), (b2) and (b3)) and two 
dust ((c1) and (c2)) single nanoparticles. The first column corresponds to the TEM observation of the single 
nanoparticles. ΔT/T measured as function of the linear polarization of the incident light (with λ = 480 nm for 
PSL, λ = 460 nm for (NH4)2SO4 and λ = 490 nm for dust nanoparticles) is presented in the second column. ΔT/T 
has been measured as function the linear polarization of the incident light for three different wavelength on 
particle (b3), namely λ = 460 nm (black squares), λ = 560 nm (green squares) and λ = 700 nm (red squares). 
ΔT/T measured as function of the incident wavelength (with the linear polarization corresponding to the higher 
ΔT/T-value) is presented in the third column. Finally the extinction cross section Cext,np deduced from the ΔT/T 
measurement is plotted in the fourth column.  
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In addition as plotted in Figure 4.15, ΔT/T has been measured as function of the wavelength 

by using the SMS-technique and the corresponding Cext,np is retrieved by following the 

Section 4.2.2-d-methodology. When ΔT/T is measured as function of the wavelength, the 

incident linear polarization is set to correspond to the highest ΔT/T-value. The measured 

ΔT/T and Cext,np generally decrease when increasing the wavelength. Nonetheless, for a few 

wavelengths, ΔT/T and Cext,np are almost constant or even increase with the wavelength, as 

around 530 and 700 nm for (NH4)2SO4 single nanoparticles or around 550 nm and 670 nm for 

dust nanoparticles. Nonetheless, as can be seen in Figure 4.15, the increase of Cext,np around 

these wavelength is stronger than the ΔT/T increase. In addition, for the PSL and (NH4)2SO4 

nanoparticles, the higher ΔT/T and Cext,np are the bigger the nanoparticle is. For the dust 

nanoparticle, the correlation between extinction and size is difficult as they are highly 

nonspherical and have internal inhomogeneities. 

 
(b) Comparison of SMS experimental measurements with numerical simulations 

 
Figure 4.1 presents the comparison of Cext,np measured by SMS with its numerical 

simulations. As Cext,np is not measured on random but static nanoparticles, the numerical 

simulations are not to be averaged over the different nanoparticle orientations, as are the T-

matrix simulations performed in Chapter 2. Hence, the numerical simulations have been 

performed with Mie theory. For this, the following refractive indices have been used: 

m = 1.59 – 0i for the PSL sphere (Duke scientific), m = 1.52 – 10-7i for (NH4)2SO4 

nanoparticles (Lang-Yona et al., 2009) and m = 1.57 – 0.007i for the dust nanoparticles 

(Kandler et al., 2011). By adjusting the radius of the simulated nanoparticle, a good 

agreement is found between the simulated and measured Cext,np-values, as can be seen in 

Figure 4.16. However, the Cext,np enhancement around 530 and 700 nm for (NH4)2SO4 

nanoparticles or around 550 nm and 670 nm for dust nanoparticles, is not retraced by the 

numerical simulation. These enhancements might be due to change in the refractive index of 

the nanoparticles or to the coupling between the nanoparticle and the substrate, as the SiO2 

substrate and the nanoparticle refraction indices are very close.  
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Figure 4.16 Comparison of Cext,np measured with SMS and numerical simulation. The SMS measurements of 
Cext,np are identical to those plotted in to the Figure 4.15. Numerical simulations are performed with the Mie 
theory and the refractive index and nanoparticle radius are indicated in each subplot.  
 

Table 4.4 summarized the radii measured by TEM and the size retrieved from the Mie 

numerical simulation. We also note a difference between the PSL radius measured on the 

TEM picture (r = (35 ± 3.5) nm as the TEM calibration has approximately 10 % error) and the 

PSL NIST traceable radius (r = (40.5 ± 1.5) nm), from which we may deduce that the TEM 

pictures underestimate the size of the nanoparticles. This deduction is further reinforced as the 

same effect has been observed on several PSL nanoparticles. Hence, we can correct the 

calibration of the TEM-observation by using the factor 40.5/35. Table 4.4 also presents the 

measured  radius corrected from TEM-calibration by this factor 40.5/35. For the PSL (a) and 

the (NH4)2SO4 nanoparticles (b1) and (b2), the radius retrieved by the numerical simulation is  

higher than the radius that measured by the TEM-observations. Several hypotheses may 

explain this discrepancy: i) as these nanoparticles are hygroscopic, water uptake is possible 

and would enhance the measured extinction cross section for such small nanoparticles. ii) The 

SiO2 substrate and the nanoparticle refraction indices being  very close, light scattering may 

be enhanced by the coupling of the nanoparticle with the SiO2-grid. Such a coupling might be 

higher for dielectric nanoparticles than for metallic nanoparticles, the extinction of aerosol 
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nanoparticle such as a PSL, a (NH4)2SO4 or a dust nanoparticle being dominated by 

scattering. iii) The electron beam illumination  may have changed the optical properties of the 

selected nanoparticles, although moderate illumination has been used. iv) Finally, Cext,np 

might be enhanced due to non-linear processes. However the very low power density used 

(≈1μW) makes this hypothesis rather unlikely. For (NH4)2SO4 nanoparticle (b3) and dust 

nanoparticles (c1) and (c2), the radius retrieved by numerical simulation is smaller than the 

one retrieved by TEM-observation. However, as can be seen in Figure 4.15, these three 

nanoparticles are highly nonspherical, hence their radius can obviously not be retrieved with 

Mie theory. As an outlook, these experimental results should then be further compared with 

numerical simulations performed on a fixed non-spherical nanoparticle (Mishchenko et al., 

2000). 

  
Table 4.4 Summary of the particle radius retrieved from the TEM picture, the radius measured by TEM 
corrected from its calibration and from numerical simulation assuming spherical nanoparticles. The radius 
measured by TEM can be corrected as the PSL have a calibrated radius r = 40.5 ± 1.5 nm, hence with a correctly 
calibrated TEM should indicate the same size. The size measured by TEM is then corrected by a factor 40.5/35. 

single 
nanoparticle 

TEM measured 
radius (nm) 

radius corrected from 
TEM calibration (nm) 

radius retrieved from 
numerical simulation (nm) 

PSL (a) 35 40.5 52 
(NH4)2SO4 (b1) 38 44 55 
(NH4)2SO4 (b2) 48 55.5 66 
(NH4)2SO4 (b3) 65 75 72 

Dust (c1) 75 87 52 
Dust (c2) 50 58 55 

 

4.3 Conclusion 
 

In this chapter, the polarization and spectral properties of common atmospheric aerosols have 

been studied by using two laboratory experiments. The absolute depolarization of an 

ensemble of nanoparticles in ambient air has been measured for the first time in the exact 

backscattering direction (θ = 180° ± 0.2°) in a new laboratory measurement performed at the 

ILM (David et al., 2013b). In addition, the absolute extinction cross-section of a single 

aerosol dielectric nanoparticle has been measured as a function of the incident light linear 

polarization and wavelength by using the spatial modulation spectroscopy (SMS). This last 

experiment has been performed in collaboration with N. Del Fatti and F. Vallee’s group at the 

ILM. 
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Exact backscattering measurements may help validating numerical simulations based on T-

matrix or DDA-numerical codes and may also be useful in active lidar remote sensing field 

experiments. Hence an experiment has been developed to measure the exact backscattering of 

light (θ = π ± 3.5 × 10-3 radian) by an ensemble of nanoparticles in ambient air. Special care 

has been taken to optimize the collection of the particles backscattering signal Ƥp, while 

minimizing the background stray light signal Ƥ0, and this in the UV spectral range, to increase 

our sensitivity to nano-sized particles. In addition, for the first time to our knowledge, our 

light-scattering experimental set-up fulfills the far-field single-scattering approximation, 

which is generally applied in both numerical simulations and field experiments. Moreover, by 

modulating the incident laser polarization, we measured the particles depolarization ratio δp 

with accuracy. We hence retrieved δw = (0.02 ± 0.05) % for water droplets: within our error 

bars, this value matches the expected zero-depolarization value for homogeneous spherical 

particles predicted by Mie. For the generated non-spherical salt (NaCl) nanoparticles, 

δsalt = (4.38 ± 0.16) % has been retrieved. The measured δsalt-value strongly depends on the 

relative humidity RH as well as on the salt particles PSD, respectively by a factor of four and 

five. Several outlooks are possible: i) The same experiment could be built for another spectral 

range to address the spectral dependence of δp, ii) δsalt could be measured for more RH-values 

and PSD, iii) The depolarization of other nanoparticles, such as volcanic ash or desert dust 

particles, could be measured and finally, iv) angles around θ = π, may be used to measure the 

particles backscattering enhancement. To conclude with, this first experimental achievement 

of a polarimetric measurement in the exact backscattering direction opens new outlooks in 

coupling laboratory light scattering matrix measurements with both numerical simulations and 

field observations. 

 

As underlined by Miles et al. (2011), the study of a single aerosol particle is necessary and 

optical measurements, such as extinction, on single dielectric aerosol nanoparticle are 

essential. Hence, in Section 4.2, for the first time to my knowledge, as a preliminary result, 

the absolute extinction cross-section Cext,np of six aerosol nanoparticles has been measured as 

a function of the incident light linear polarization and wavelength by using the SMS  (Arbouet 

et al., 2004). One PSL sphere has been used to obtain a reference measurement, as its size 

(r = (40.5 ± 1.5) nm, NIST traceable), spherical shape and refractive index are known. Then, 

three (NH4)2SO4 and two dust nanoparticles have been studied as one of the predominant 

atmospheric aerosols (Pöschl et al., 2005). The incident wavelength influences the 

polarization dependence of ΔT/T and Cext,np. The spectral dependence of ΔT/T and Cext,np has 
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been measured, from 440 to 840 nm. Both ΔT/T and Cext,np decrease when increasing the 

wavelength, except around 530 and 700 nm for the (NH4)2SO4 nanoparticles or around 550 

and 670 nm for the dust nanoparticles, in which case ΔT/T and Cext,np sometimes increases 

with the wavelength. This increase might be due to changes in the refractive index of the 

nanoparticles or to the optical coupling between the nanoparticle and the substrate. For PSL 

and (NH4)2SO4 nanoparticles, the higher ΔT/T and Cext,np are, the bigger the dielectric 

nanoparticle is. For dust nanoparticles, the correlation between extinction and size is more 

difficult to achieve as they are highly nonspherical and have internal inhomogeneities. In 

addition, the measured Cext,np have been compared with numerical simulations, by applying 

the Mie theory, to adjust the radius of the simulated nanoparticle at a given refractive index. A 

good agreement is found between the simulated and the SMS-measured Cext,np-value (Figure 

4.16). However, the Cext,np enhancement around 530 and 700 nm for (NH4)2SO4 nanoparticles 

or around 550 nm and 670 nm for dust nanoparticles, is not retrieved by the numerical 

simulation. In addition, a radius larger than that expected from TEM pictures has been needed 

for the SMS-measurement to agree with numerical simulations. Several hypotheses have been 

raised to explain this discrepancy, including particle hygroscopic growth, optical coupling 

between the nanoparticle and the SiO2-substrate, modifications induced by the electron beam 

illumination on the nanoparticle optical properties. Meanwhile, for highly nonspherical 

nanoparticles, the agreement is found for optical simulation performed with smaller radius 

than the radius observed with TEM pictures. This discrepancy can be explained by the 

nonspherical shape of these nanoparticles, which cannot be accurately simulated with the Mie 

theory. Hence, more realistic numerical simulations, performed on a nonspherical fixed 

dielectric nanoparticle, might be useful. Ideally, these numerical simulations should also 

account for the potential role of the substrate.  
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Chapter 5 

 

Conclusion and outlooks 
 

As a conclusion, this thesis addresses the optical backscattering properties of an ensemble of 

dielectric atmospheric nanoparticles, up to three-component particle external mixtures and the 

extinction of a single dielectric nanoparticle. Backscattering and extinction of light by 

atmospheric particles is evaluated through numerical simulations (Chapter 2), sensitive and 

accurate UV-VIS polarization lidar experiments (Chapter 3), as well as laboratory 

experiments (Chapter 4). Each chapter addresses the spectral and polarization properties of 

atmospheric aerosols by emphasizing on the potential applications, as for the observation of 

new particle formation events in Chapter 3. 

 

Hence, in Chapter 1, the scientific context of this thesis has been introduced and especially the 

remaining high uncertainties on atmospheric particles radiative forcing due to their wide 

range of size, shape and chemical composition (IPCC report, 2007). In this context, Chapter 1 

also explains that the work is dedicated to optical methodologies related to particles having an 

atmospheric and climate interest.  

 

In Chapter 2, the formalism of this thesis has been presented into details. It includes the 

particle light extinction, scattering and especially the polarization-resolved backscattering. 

Then, the optical backscattering of a two-component particle mixture has been analyzed, to 

address either a {spherical (s), nonspherical (ns)} or a {ns1,ns2} particle external mixture. It 

has been shown that the depolarization ratio δp of the particles mixture differs from the 

nonspherical (ns) particles depolarization ratio δns, due to the presence of spherical or less 

depolarizing particles in the mixture. The depolarization ratio of the particles mixture being 

sensitive to both s and ns-particles, we then identified a tracer for ns-particles, based on the 

cross-polarized backscattering coefficient βp, . By using this tracer, the optical backscattering 

partitioning in a two-component particle mixture (OBP2) has been developed to 

simultaneously retrieve the backscattering coefficients specific to each of the two particle 

components. In more details, the OBP2-methodology is based on coupling a single 

wavelength (1λ) polarization-resolved backscattering measurement (1β+1δ) with the δns of 

each component. 
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Moreover, the OBP2-methodology has been extended to the case of a three-component 

particle external mixture (OBP3), which has been developed to retrieve the backscattering 

coefficient specific to each of the three particle components (David et al., 2013a). Dual-

wavelength (2λ) polarization-resolved backscattering measurements (2β+2δ) are needed, 

together with optical inputs, specific to each ns-particle component, namely the δns-ratio and 

the cross-polarized backscattering Ångstrom exponent Åns, . Hence, OBP3 allows taking into 

account the nonsphericity of each of the three particle components, by addressing both the 

particles spectral and polarization backscattering properties. The chapter ended with the 

retrieval of the δns and Åns, -coefficients, obtained by using laboratory measurements for 

volcanic ash particles (Muñoz et al., 2004), but also by applying the T-matrix numerical code 

(Mishchenko et al., 1998) for dust particles, or an extension of this code for particles having a 

cubic shape, such as sea-salt particles (Kahnert, 2013).  

 

In Chapter 3, the atmospheric particle vertical layering has been studied by using the Lyon 

UV-VIS polarization lidar (David et al., 2012) to apply the OBP2/OBP3 methodologies, to 

retrieve particles backscattering coefficients specific to each of the two/three particle 

components. After analyzing the statistical errors and systematic biases affecting the 2λ-

polarization lidar, the Lyon UV-VIS polarization lidar performances have been analyzed:  the 

backscattered radiation is efficiently separated with respect to its (λ, π)-spectral and 

polarization optical properties with negligible wavelength and polarization cross-talks, as 

published in (David et al., 2012). βp, , as low as (2.4 ± 0.5)×10−8 m−1.sr−1, have been 

measured, corresponding to a δp-detection limit of 0.6 %, close to the molecular 

depolarization. Then, the OBP2/OBP3 methodologies have been applied to three case studies, 

which provided several new outputs: 

 

● The Ash case, as an example of a two-component particle mixture, corresponding to the 

mixing of volcanic ash particles with non-ash particles (nash) (likely to be sulfate) which 

occurred during the April 2010 Eyjafjallajökull eruption and has been observed above Lyon 

after more than 2 600 km advection. By applying the OBP2-methodology, we retrieved the 

ash and nash-particles backscattering coefficients βash and βnash. Changing the Lidar ratio Sp 

and the nash-particles depolarization δnash negligibly influenced the retrieved ash particles 

backscattering coefficient βash (Miffre et al., 2011). Moreover, three outputs have been 

highlighted: i) The retrieved βash and βnash-variations with altitude were negatively correlated, 
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as detailed in Section 3.3, which opens new insights on NPF-events ii) The βnash-vertical 

profile followed the relative humidity vertical profile, which is interesting as an optical 

signature of the nash particles hygroscopic growth. iii) Finally, a new methodology has been 

developed to retrieve range-resolved particles number concentrations specific to one ns-

particle component (ash, dust) (Miffre et al., 2011, 2012b). This methodology is robust as it 

includes the variability in the ns-particles size distribution, sensitivity to water uptake as well 

as possible sedimentation effects (Miffre et al., 2012b). In addition, from the ash number 

concentration, the ash mass concentration has been retrieved and found in nice agreement 

with FLEXPART ash particles numerical dispersion model (Miffre et al., 2012a). 

 

● The Dust case (two-component particle mixture), in which desert dust particles mixed with 

non-dust particles, as observed above Lyon during a Saharan dust outbreak that occurred on 

July, 09th 2010. Applying the OBP2-metholodogy provided the time-altitude maps of the dust 

and non-dust (ndust) particles backscattering coefficient βdust and βndust. Ndust particles have 

been observed close to the dust layer. To interpret this observation, numerical simulations of 

βndust corresponding to an NPF event have been performed based on Dupart et al.’s laboratory 

measurements (2012). Several NPF features have been pointed out from these numerical 

simulations, which have all been retrieved on the lidar βndust measurement: i) NPF leads to a 

βndust-enhancement and UV should be preferably used to observe NPF since the enhancement 

is two (resp. five) times higher than in the VIS (resp. in the IR). Ii) We demonstrated that NPF 

can be observed within the βndust-detection limit of the UV polarization lidar presented in 

Section 3.2.  Iii) The number concentration of the formed particles increases with increasing 

UV-irradiance, as observed by a βndust-enhancement with solar UV-irradiance. Iv) Dust 

particles are necessary to initiate this NPF mechanism where they act as a condensation sink: 

hence, βndust is negatively-correlated with βdust
 during the NPF event, while no negative-

correlation is observed before. For all these reasons, we are confident that NPF has been 

observed with our UV-polarization lidar (Dupart et al., 2012). 

 

● The Sea-salt/dust case, as an example of a three-component particle external mixture, 

occurring in the presence of Saharan dust particles mixed with sea-salt (ss) and water-soluble 

(ws) particles, as observed above Lyon due to favorable metrological conditions on October, 

18th 2011. The OBP3-methodology has been applied to simultaneously retrieve the vertical 

profile of the backscattering coefficient of each distinct particle component (David et al., 

2013a), namely βdust, βss and βws. The observed backscattering coefficients clearly indicate that 



151 
 

the newly proposed methodology is able to reveal very complex particle microphysical 

behaviour.The inherent assumptions of the OBP3-methodology have then been discussed, 

which demonstrated the performance of this methodology, as variability in the optical inputs 

induced a less than 24 % uncertainty on the retrieved βdust, βss and βws.  

 

In Chapter 4, a new laboratory experiment is presented, aimed at measuring, with a high 

precision, the depolarization of an ensemble of randomly-oriented nanoparticles suspended in 

ambient air for the first time in the exact backscattering direction (θ = 180° ± 0.2°) (David et 

al., 2013b). This light-scattering experiment fulfills the far-field single-scattering 

approximation, which is generally applied in both numerical simulation and field experiments. 

Special care has been taken to optimize the collection of the particle backscattering signal Ƥp, 

while minimizing the background stray light signal Ƥ0, and this in the UV spectral range, to 

increase our sensitivity to nano-sized particles. Moreover, by modulating the incident laser 

polarization, we measured the particles depolarization ratio δp with accuracy. We hence have 

retrieved δw = (0.02 ± 0.05) % for water droplets, in agreement with Mie theory, within our 

error bars. For the generated nonspherical salt (NaCl) particles, we retrieved 

δsalt = (4.38 ± 0.16) %. Moreover, we showed that the measured δsalt strongly depends on RH 

and on the salt PSD, respectively by a factor of four and five. 

 

In addition, in collaboration with N. Del Fatti and F. Vallee’s group, the absolute extinction 

cross-section Cext,np of six single dielectric aerosol nanoparticles has been measured as a 

function of the incident light linear polarization and wavelength by using the spatial 

modulation spectroscopy (SMS). PSL sphere has been used as a reference measurement, as its 

size (r = (40.5 ± 1.5) nm, NIST traceable), shape and refractive index are known. Three 

(NH4)2SO4 and two dust nanoparticles have also been studied as examples of common 

atmospheric particles. The normalized transmission change ΔT/T and the absolute extinction 

cross section Cext,np of each single nanoparticle have been measured by using the SMS-

technique. We hence experimentally verify that the variation of Cext,np and ΔT/T as a function 

of the incident linear polarization indicates the deviation from isotropy of the fixed dielectric 

nanoparticle (less than 2 % variation for the spherical nanoparticles and more than 10 % 

variation for the non-spherical nanoparticles). We also showed that the incident wavelength 

can have a strong influence on this polarization dependent variation of Cext,np and ΔT/T. In 

addition, ΔT/T and Cext,np have been measured as a function of the wavelength from 440 to 

840 nm, depending on the ΔT/T signal-to-noise ratio. A good agreement has been found 
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between the Cext,np experimental measurement and its numerical simulation using Mie theory. 

However, the Cext,np-enhancement around 530 and 700 nm for (NH4)2SO4 nanoparticles or 

around 550 and 670 nm for dust nanoparticles, is not retrieved by the numerical simulation. 

These enhancements might be due to changes in the nanoparticles refractive index, or to the 

optical coupling between the nanoparticle and the substrate. Moreover, a radius larger than 

that expected from TEM pictures has been needed for the SMS-measurement to agree with 

numerical simulations. Several hypotheses have been raised to explain this discrepancy, 

including particle hygroscopic growth, optical coupling between the SiO2-substrate of the 

TEM grids or modifications in the nanoparticle optical properties induced by the electron 

beam illumination. Meanwhile, the extinction of a highly nonspherical particle Cext,np cannot 

be accurately simulated with Mie theory.  

 

The work performed on the interaction of light with atmospheric dielectric particulate matter 

has allowed increasing the knowledge on the particles content of the atmosphere and its 

scattering properties in the UV and visible spectral ranges, by including the polarization in the 

analysis. Because the work was guided by high precision and accurate experimental 

achievements, the discussion on the results could open several outlooks on novel experiments, 

as well as closure experiments. Several of them are given below as possible outlooks of this 

thesis:  

(a) Validation of the OBP3-methodology 

(b) Extension of the OBP2/OBP3 methodology 

(c) Extension to the OBP4 methodology 

(d) Extension of the δp-measurement in the exact backscattering direction 

(e) Measurement of the angular dependence of δp and backscattering enhancement  

(f) Numerical simulation on a fixed non-spherical dielectric nanoparticle 

(g) Measuring the same observable on a single and an ensemble of nanoparticles 

(h) Observation of new particle formation during the Eyjafjallajökull volcanic eruption 

 

(a) Validation of the OBP3-methodology 

The retrieved backscattering coefficients obtained by applying the OBP2/OBP3-methodology 

now need to be validated in the atmosphere by independent co-located measurements. For 

instance, an airborne aerosol mass spectrometer (AMS) would be a very interesting 

independent measurement as it provides the PSD and the chemical composition of 

atmospheric particles (Muller et al. 2011; Favez et al. 2010). AMS enables to retrieve the PSD 
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as a function of the chemical composition of the particles. However, this apparatus is not 

range-resolved so that an airborne measurement is required to retrieve the vertical profile of 

the particles chemical composition and the PSD. Hence the OBP2/OBP3-methodology could 

be validated by performing co-located AMS measurements, despite a few difficulties which 

would rise from the difference of the time resolution to retrieve the vertical profile of 

atmospheric particles that is much longer for airborne measurement than for Lidar remote 

sensing. 

 

(b) Extension of the OBP2/OBP3-methodology 

By applying the T-matrix numerical code from Mishchenko et al. (1998) and Kahnert for 

cubes (2013), numerical simulation of δns and Åns,  have been performed to apply the 

OBP2/OBP3 methodologies. However, the numerical simulation of δash with spheroids led to 

a δash-underestimation. Hence a DDA-approach (Darine and Flatau, 1994) might be a fruitful 

complementary approach to account for some more complex and realistic shapes or / and 

including porosity effects (Lindqvist et al., 2011).  

Moreover, optical properties of internally-mixed particles can be simulated with DDA, such 

as soot mixed with sulfate (Kahnert et al., 2013). Hence the OBP2/OBP3 methodologies 

could address internally-mixed particles in the atmosphere. 

 

(c) Extension to the OBP-methodology to N-particle external mixtures 

The optical backscattering partitioning in a four-component particle mixture (OBP4) could be 

developed and applied by performing triple-wavelength polarization backscattering 

measurements (3β+3δ). Indeed, the 6 retrieved backscattering coefficients [βp,// (λ), βp,  (λ) 

with λ = {λ1, λ2, λ3}], could be used in combination with 18 retrieved quantities [δns1 (λ), 

δns2 (λ), δns3 (λ), δn12 (λ), Åns1,  (λ1, λ2), Åns2,  (λ1, λ2), Åns3,  (λ1, λ2), Åns1,  (λ1, λ3), Åns2,  (λ1, 

λ3), Åns3,  (λ1, λ3)], to determine the 24 ns-particles backscattering coefficients βp,π(λ), with (p) 

= {ns1, ns2, ns3 n12}, π = {//, } and λ = {λ1, λ2, λ3}. In this case, the optical inputs are very 

numerous (18), hence their determination has to be very accurate. 

In summary, by using Nβ+Nδ-measurements, a (N+1)-component particle mixture can be 

addressed to simultaneously retrieve the backscattering coefficient specific to each particle 

component (the 2N-βp,π (λ) measured coefficients are coupled with N(N+1) δns-values and 

N(N–1) to retrieve 2N(N+1) backscattering coefficient). 
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(d) Extension of the δp-measurement in the exact backscattering direction 

An experiment measuring the absolute depolarization of an ensemble of nanoparticles in 

ambient air (θ = 180° ± 0.2°) in the exact backscattering direction has been built in the UV 

spectral range and measurements have been performed on salt (NaCl) for different PSD and 

RH. δsalt could be measured for more RH-values and PSDs to determine the appropriate 

numerical model to simulate them as function of RH and the PSD. 

In addition, this measurement could be used to determine δash in the exact backscattering 

direction, which appears interesting as volcanic ash particles are difficult to simulate 

(Lindqvist et al., 2011) and the state-of-the-art measurement on ash particles (Muñoz et al., 

2004) do not operate in the exact backscattering direction. Hence, we may cooperate with O. 

Muñoz to perform measurement on ash particles in the exact backscattering direction. We 

may also cooperate with C. George’s group to measure δdust in the exact backscattering 

direction. 

 

The same experiment could also be built in another spectral range to address the spectral 

dependence of δp required to apply the OBP3. 

 

(e) Measurement of the angular dependence of δp and backscattering enhancement 

The measurement could also be performed for scattering angles around the exact 

backscattering direction (θ = 180°), which may be used to measure the angular dependence of 

δp or the backscattering enhancement. In this context, this experimental set-up has been used 

to simultaneously measure the backscattering ratio at θ = 180° and around it (preliminary 

results have been performed at θ = 179.5°). As shown in Figure 5.1, a second incident laser 

has been created by splitting the incident laser with the emission polarization beamsplitter 

cube (PBCE), which, by using a delay line, can be used to measure the backscattering at θ = 

180° and (180 – Δθ)° on the same detector within a few tens of nanoseconds. By applying the 

same methodology as that described in Section 4.1.2, the signal Λ is obtained for θ = (180 –

 Δθ)°: 
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Figure 5.1 Principle of the measurement close to the backscattering direction. The detected scattered light has a 
scattering angle θ = ((180° – Δθ) ± . 
 

A preliminary result at θ = 179.5° has been obtained on water droplets, as presented in Figure 

5.2. By fitting Equation (5.2) in Figure 5.2, we retrieve F11,p – F22,p and F11,p + F12,p from 

which δp (179.5°) = (F11,p – F22,p)/ (F11,p + 2F12,p + F22,p) (Schnaiter and al., 2012) can be 

deduced. We hence retrieved δw (179.5°) = (0.16 ± 0.05) %, which, within error bars, do not 

agree with Mie theory, in contrary to the corresponding simultaneous measurement in the 

exact backscattering direction (δw (180°) = (0.02 ± 0.05) %). Such a small discrepancy may be 

explained by a systematical error, such as a non-perfect linear polarization of the emitted light 

or a misalignment between the emitted polarization and receiver polarization axes.  
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Figure 5.2 Time integral over the pulse duration of the particles backscattering signal sp averaged over 150 laser 
shots as a function of the angle ψ of the QWP used to modulate the incident laser linear polarization. Case study 
of water droplets particles. 
 

(f) Numerical simulation on fixed non-spherical dielectric nanoparticle 

Numerical simulations of the extinction of a nonspherical fixed nanoparticle may be useful to 

interpret the SMS Cext,np measurements when the single nanoparticle is highly irregularly 

shaped. 

 

(g) Measuring the same observable on a single and an ensemble of nanoparticles 

Finally, higher knowledge could be gathered if the same physical value (extinction or 

backscattering) could be observed on a single and on an ensemble of particles of the same 

shape and size. For this, a novel experiment should be proposed like cavity ring-down 

spectroscopy (CRDS) on an ensemble of particles or SMS on optical backscattering. In this 

context, preliminary measurements have been performed with CRDS as shown in Figure 5.3, 

however due to the laser cavity mismatch, the achieved sensitivity does not allow the 

comparison with the SMS measurement. 
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Figure 5.3 Preliminary signal of CRDS at λ = 355 nm. 
 

(h) Observation of new particle formation during the Eyjafjallajökull volcanic eruption 

We are confident that NPF event has been observed during a dust outbreak with the Lyon 

UV-polarization lidar. During this NPF event, βndust and βdust were negatively correlated. A 

negative correlation between βash and βnash has also been observed during the Eyjafjallajökull 

eruption, as shown in Figure 3.12, which is recall here for the sake of clarity. In addition, NPF 

has already been observed during this eruption (Boulon et al., 2011). Hence this negative 

correlation might be due to NPF. This hypothesis requires further investigation, such as 

coupling our observation with numerical simulations and/or laboratory experiments during 

such events, as it has been done for desert dust in Section 3.4. 
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Figure 5.4 (recall of Figure 3.29) Vertical profiles of βash (black triangles), βnash (red circles) and RH (blue 
squares) on April 17th at 12 h UTC (left panel) and April 19th at 0 h UTC (right panel). 
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Appendix A 

 

Atmospheric gases 
 

 

In this appendix, we present the methodology developed to measure the spatial and temporal 

distribution of atmospheric trace gases, which is extensively described in (Thomas et al., 

2012, 2013a, b). This methodology is based on coupling lidar with optical correlation 

spectroscopy (OCS) (for the principle of the lidar technique see Section 1.3). 

 

Atmospheric gases, such as ozone, carbon dioxide, methane and sulfur dioxide, play a key 

role in the global warming process (Lashof and Ahuja, 1990; IPCC, 2007), health hazard 

(Tsen et al., 2012; Fann and Risley, 2013). The most important gases in these processes are 

not the most concentrated ones, for instance the three most effective warming gases are the 

water vapor (mixing ratio around 1-2% volume), the carbon dioxide (mixing ratio around 380 

part per million volume (ppmv)) and the methane (approximately 1.8 ppmv). In addition, new 

particle formation (NPF) may be initiated by gas-to-particle conversion as observed for 

volatile organic compound (VOC) (O’Dowd et al., 2002) or SO2 (Dupart et al., 2012). 

 

In this appendix, the lidar technique and its inherent methodologies (Raman, DIAL) are first 

recalled. 

 

A.1 Optical remote sensing methods to monitor atmospheric gases 
 

Lidar is used to study the atmospheric gases, such as water vapor (Bösenberg et al., 1998; 

Whiteman et al., 2011; Di Girolamo et al., 2012), ozone (Browell et al., 1998; Gheusi et al., 

2011), CO2 (Gibert et al., 2008; Ishii et al., 2010) or methane (Ikuta et al., 1999; Ehret et al., 

2008). Raman scattering lidar (RSL) (Whiteman et al., 2011; Di Girolamo et al., 2012) and 

differential absorption lidar (DIAL) (Bösenberg et al., 1998; Ehret et al., 2008) are 

appropriate for range-resolved remote sensing of atmospheric trace gases and water vapor. 

RSL uses the Raman frequency shift of the scattered light due to inelastic interaction of the 

photon with the gas. However, due to the weakness of Raman scattering cross sections 
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(Measures, 1992), the RSL methodology is often limited to the remote sensing detection of 

highly concentrated gases such as water vapor (Whiteman et al., 2011). DIAL is based on the 

differential absorption of two closed wavelengths by the target gas. These two wavelengths 

are chosen as only one is strongly absorb by the target gas. Hence to achieve accurate DIAL 

measurements, a tunable laser, having a narrow spectral line width, is required, even for high-

energy pulses (in the millijoule range) and with a high spectral resolution detector. 

Consequently when applying the DIAL methodology, limitations may occur when the spectral 

width of the emission laser does not match the target gas absorption line (Burlakov, 2010). 

Finally other methodologies measure the atmospheric gases with a broadband differential 

absorption lidar of a few nanometers width instead of a few picometers (Minato et al. 1999; 

Georgieva et al. 2011 Penchey et al. 2012). 

 

A.2 Methodology 
 

Here, to measure the spatial and temporal distribution of atmospheric gases, a methodology 

has been developed (Thomas et al., 2012, 2013a, b) and is based on coupling lidar with 

optical correlation spectroscopy (OCS) (hereafter called OCS-lidar). OCS is a robust 

methodology for in-situ gas sample concentration measurements (Dakin et al. 2003; Lou et al. 

2010, 2012a, b). Pioneering work in this field has been done by Ward and Zwick (1975), who 

developed the so-called GASPEC instrument. In a few words, the OCS instrument involves 

two broadband light sources with identical spectral distributions: one beam passes through a 

reference cell (non-correlated beam) containing the target gas (TG) of interest, before entering 

the cell where the measurement is achieved, while the second light beam (correlated beam) 

only passes through the measurement cell. Then, the difference of optical extinction induced 

on the two beams by the measurement cell is used to measure the TG concentration in the 

measurement cell. The coupling of GASPEC with a lidar has been first proposed by Edner et 

al. (1984), who performed a laboratory experiment in a remote open-ended chamber, 

simulating a Hg-containing atmosphere. Laser pulses, emitted at the 253.7-nm wavelength 

Hg-absorption line, were retro-reflected by a solid target back to the lidar telescope, hence 

simulating backscattering from the simulated Hg atmosphere. The spectral correlation was 

then achieved by inserting a highly concentrated Hg-reference gas cell in the light pathway. 

However, no field measurements were performed and no other species, such as greenhouse 

gases, were considered.  
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A.2.1 OCS-Lidar principle 
 

The OCS-lidar principle, presented in Figure A.1, consists in retrieving range-resolved trace 

gas concentrations from the difference in optical absorption experienced by two lidar signals. 

More precisely, at a wavelength λ, the power spectral density P0(λ) of a broadband laser pulse 

is spectrally shaped to correlate with the trace gas extinction cross section Cext, giving rise to 

the correlated OCS-signal PC (subscript C for correlated), while a second broadband laser 

pulse is spectrally shaped to be non-correlated PNC (subscript NC for non-correlated). This 

spectral shaping of a broadband laser pulse is achieved by amplitude modulation functions, 

hereafter noted MC(λ) and MNC(λ) for the correlated and the non-correlated functions, 

respectively. The presence of the atmospheric gas is then retrieved using the two OCS-lidar 

signals. 

 
Figure A.1 Scheme of the OCS-lidar principle: a broadband laser pulse P0, centered on an absorption line of the 
TG gas (wavelength λ0) is shaped by applying the amplitude modulation MC(λ) (correlated with the TG 
absorption) or MNC(λ) (non-correlated with the TG absorption). By applying the lidar technique, two range-
resolved OCS-lidar signals are generated on the lidar detector DL, one for the correlated signal (PC), one for the 
non-correlated signal (PNC). The TG concentration is retrieved at altitude r from the observed difference in 
absorption between the two OCS-lidar signals. 
 

At a distance d from the lidar receiver station, the measured optical power Pi(d) is given by 

the OCS-lidar equation, based on the lidar equation (Equation (1.1)) 

 

2
i 0 i F2

O d
P (d) ( ) P ( ) M ( ) ( ,d) T ( ,d) d P ( )

d
  (1.10) 
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where the subscript i refers to either correlated (C) or non-correlated (NC). The signal is 

integrated over an effective wavelength spectral range Δλ, defined from the effective width of 

the amplitude modulation function; therefore, the OCS-lidar methodology does not require a 

spectrally resolved detector , which would make either the laser source or the detector (or 

even both of them) much more complex. From the two OCS-lidar signals PC and PNC, a 

calculus detailed in Thomas et al. (2012) is then performed to retrieve absolute range-resolved 

atmospheric gas concentrations, with statistical and systematical error assessment. It is 

important to note that this OCS-lidar methodology does not require a permanent gas 

calibration as in regular optical correlation spectroscopy (Dakin et al., 2003).  

 

A.2.2 Experimental and numerical assessment of OCS-Lidar  
 

The OCS-lidar methodology has been assessed both numerically and experimentally. This 

methodology has four main inputs: the water vapor absorption cross-section spectrum plotted 

in Figure A.2, based on the HITRAN database (Rothman et al., 2009), the two amplitude 

modulation functions MC(λ) and MNC(λ), also presented in Figure A.2, and the laser power 

density P0(λ). The right panel of Figure A.2 plots the experimental results of P0(λ) × MC(λ) 

and P0(λ) × MNC(λ). 

 

 
Figure A.2 Simulation (left panel) and experimental measurement (right panel) of the amplitude modulation 
function MC(λ) (red dash line) and MNC(λ) (blue line) together with the water vapor extinction cross-section 
spectrum derived from the HITRAN database (Rothman et al., 2009). 
 

Before the OCS-lidar measurement itself, a bias control experiment has been performed by 

setting MC(λ) = MNC(λ) to ensure that the two OCS-lidar signals probe the same atmospheric 

volume and do not undergo any range-dependent bias. Hence, during this control experiment, 

the ratio PC/PNC remains constant within error bars. While by setting MC(λ) and MNC(λ) as in 

Figure A.2, the simulated and measured ratio PC/PNC decreases with d due to the water vapor 
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content of the atmosphere, as can be seen in Figure A.3. Such a behavior reveals the range-

dependent water vapor mixing-ratio to be seen in Figure A.3-c. Error bars on the retrieved 

water vapor mixing-ratios are evaluated thanks to a Monte Carlo simulation on the OCS-lidar 

numerical simulation based on the signal-to-noise ratio of experimental OCS-lidar signals 

(Thomas et al., 2012). The mixing-ratio detection limit is evaluated from this error bar taken 

at 2σ. This approach leads to a range-dependent sensitivity equal to 3×105 ppm.m at a 2-km 

distance, corresponding to a detection limit of 3,000 ppm with a 200-m spatial resolution. 

 

 
Figure A.3 Simulation (left column) and experimental (right column) results for correlated and non-correlated 
range-corrected OCS-lidar signals Pi(d) × d2 (a), ratio of both OCS-lidar signals (b) and retrieved water vapor 
mixing-ratio (black dots) and model input mixing-ratio (green squares) (c) 
 

Hence for the first time, we experimentally demonstrate the ability of OCS-lidar methodology 

to measure the water vapor content in the lower atmosphere. In addition, numerical simulation 

have been performed to show that other atmospheric trace gases remote sensing is feasible 

with OCS-lidar, especially for methane greenhouse gas (Thomas et al., 2012). Finally, as 

shown in (Thomas et al., 2013b), the OCS-lidar signal is moderately affected by pressure and 

temperature broadening of an individual absorption line, since OCS relies on signals 

spectrally integrated over a broadband light. Hence we believe that the OCS-lidar 

methodology offers great possibilities for atmospheric trace gases remote sensing.  
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Appendix B 

 

Sky background contribution to the polarized Lidar signal 
 

In this appendix, the sky background contribution to the Lyon polarization lidar signal is 

analyzed. Scattering of sunlight by atmospheric molecules and particles is detected with the 

Lidar as a sky background intensity, noted Isb in Equation (B.1). Geophysical factors 

contribute to Isb such as the local meteorological conditions or the relative positioning 

between the Sun and the Earth. Sun sky scattering can drastically limit the range accessible to 

the perpendicular backscattering coefficient βp,  and induce photon noise.  

 

We here studied the polarization components of the sky background intensity vector Isb. 

These p and s-sunlight polarization components are defined with respect to the solar scattering 

plane, represented in Figure B.1-a, together with the Lidar station (source and detector). The 

scattering angle is the solar zenith angle θs, whose cosine is equal to cos(θs) = sin(L)sin(δs) + 

cos(L)cos(Δs)cos(h), where L is Lidar station latitude, Δs is the solar declination angle and h is 

the local hour angle of the Sun. The p and s-polarization components of the sky intensity have 

been calculated by assuming a standard molecular atmosphere. In the presence of aerosols, the 

ratio of p-polarized component to s-polarized component will increase (if these aerosols are 

spherical) or both polarized components will increase (if some aerosols are non-spherical). In 

the presence of cirrus clouds, the perpendicular sky background intensity will increase, due to 

cirrus clouds depolarization (in the range of 30-40 % at mid-latitudes, according to Del 

Guasta and Vallar (2003)), which may limit the range of the polarization Lidar measurements. 

However, as recently shown by B. Barja and J.C. Antuña (2011), who quantified the cirrus 

clouds radiative forcing, the UV-VIS sky background intensity will be lower than under clear 

sky conditions so that the range of the polarization Lidar measurements should not be 

drastically affected, even in the presence of cirrus clouds. By assuming an unpolarized 

sunlight, the ratio between p and s-polarization components of Isb can be expressed by using 

the molecular differential scattering cross-sections dependence on the scattering angle θs 

(Miles et al., 2001): 

 

      (B.1) 
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where ρ0 is the depolarization factor of the standard molecular atmosphere (Bucholtz, 1995). 

Hence, the p-polarized component Isb,p is always smaller than the s-component Isb,s. We then 

projected these polarization components on the {//, }-polarization Lidar axes by using Figure 

B.1-a to obtain: Isb,// = sin²(h)Isb,s + cos²(h)Isb,p and Isb,  = cos²(h)Isb,s + sin²(h)Isb,p. Hence, from 

sunrise to sunset, the two polarization sky background components cross twice during 

daytime. 

 
Figure B.1 Sky background contribution to the Lidar intensity. (a) Sun scattering plane geometry and orientation 
with respect to the Lidar laser source and the detector polarization {//, }-axes. The emission laser is oriented to 
the East, and the angle between the solar scattering plane and the East is π/2 – h. (b) Measured sky background 
intensity Isb on each polarization {//, }-axis as a function of the solar local angle on July 3rd 2011 at Lyon.  
 

To achieve sensitive and accurate Lidar particle depolarization measurements in the percent 

range, the perpendicular Lidar signal, which is approximately 100 times lower than the 

parallel Lidar signal, must be accurately measured. This task is difficult to achieve during 

daytime as the sky background intensity Isb reaches its maximum. From sunrise to sunset, 

figure 2b displays the sky background intensity Isb measured on July 3rd in the UV-

polarization channels with our vertically pointing Lidar. These observations agree with the 

above Isb,// and Isb, -expressions and between 9h and 15h, Isb,  is lower than Isb,//.As shown in 

Figure B.1-b, the laser linear polarization has been chosen to match the perpendicular Lidar 

signal with the sky background intensity Isb,  at noon (h = 0), in agreement with the above 

projections equations. Hence, thanks to our geometry and to this polarization matching, the 

sky background contribution to the perpendicular Lidar signal has been lowered during 



166 
 

daytime, which preserves the range of the polarization Lidar measurement and the signal-to-

noise ratio.   
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Appendix C 

 

Depolarization ratio δ* in the presence of a dichroic beamsplitter 

misalignment 
 

 

In this appendix, we investigate the effect of a misalignment of the dichroic beamsplitter on 

the measured depolarization ratio δ*. To parameterize the magnitude and the direction of this 

misalignment, we introduce an offset angle θ0 as the angle between the parallel laser linear 

polarization and the p-axis of the dichroic beamsplitter (defined with respect to the dichroic 

beamsplitter plane of incidence) (see Figure (3.1-d)). The aim of this appendix is to derive the 

relationship between the measured depolarization δ* and the atmosphere depolarization δ as a 

function of the θ0 offset angle and the Rp, Rs-reflectivity coefficients of the dichroic 

beamsplitter, hence justifying Equation (3.5).  

 

The incident electric field Ei on the dichroic beamsplitter can be written in the two involved 

mathematical bases, namely the (//, )-Lidar polarization basis and the (p,s)-dichroic 

beamsplitter basis. As shown by Figure 3.1-d, a θ0-rotation angle enables to change from one 

basis to the other. We projected the incident electric field vector Ei of backscattered photons 

on the (p, s)-polarization basis to express the electric field vector Er of the reflected wave:    

 

 = 
θ θ

θ θ
       (C.1) 

 

where = Er,p/Ei,p and  = Er,s / Ei,s with Ei,p and Ei,s are the components of Ei in the 

(p,s)-dichroic beamsplitter basis (the same notations are used for the reflected field Er). Then, 

by projecting the incident electric field in the ( , )-polarization basis, Equation (C.1) 

becomes:  

 

Er = mDB  Ei           with      mDB= ²    (C.2) 
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where the mDB-matrix relates the incident and reflected electric fields in the ( , )-polarization 

basis and the two coefficients A =   −  and B   are determined by the dichroic 

beamsplitter Rp, Rs-reflectivity coefficients.  Hence, reflection (or symmetrically 

transmission) on the dichroic beamsplitter induces a rotation of the linear polarization state of 

the light. In the ideal case, the dichroic beamsplitter is vertical, so that the p-axis is horizontal 

and θ0 is zero. If we exchange the // and -polarization channels, θ0 is then π/2. In both cases 

(θ0 = 0 or π/2), the mDB-matrix is diagonal so that no cross-talk is induced. To derive the 

measured depolarization ratio δ* as a function of δ, we now introduce intensities, proportional 

to the square of the electric field. Hence, Equation (C.2) can be written for laser intensities 

vectors Ir and Ii. By removing proportionality constants (which disappear in the δ*-

calculation), we get:  

 

Ir = [MDB] Ii     with     MDB= ² ² ² ²
² ² ² ² ²   (C.3) 

 

by noting that the ( , )-polarization basis is orthogonal. As expected, the MDB-matrix is 

diagonal in the absence of offset angle θ0 (i.e. if θ0 = 0 or π/2). By noting that δ* = Ir, /Ir,// 

while δ = Ii, /Ii,//, we get the following relationship between δ, δ0 and θ0, which is identical to 

equation (9):  

  

δ* = 
²

       (C.4) 

 

where the two coefficients A = pR  – sR and B = pR  are determined by the dichroic 

beamsplitter Rp, Rs-reflectivity coefficients.  
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