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Etude de l’effet de l’état de mélange d’aérosols
atmosphériques sur les propriétés optiques mesurées et
restituées : approche intégrée par analyse individuelle de
particules, télédétection et simulations numériques

Résumé
Les aérosols troposphériques influencent la composition chimique de l’atmosphère,
le bilan radiatif terrestre et le climat. Après formation, les aérosols subissent des processus
de vieillissement altérant leurs propriétés microphysiques et chimiques. L’étude de l’impact
environnemental des aérosols à différentes échelles spatio-temporelles doit donc tenir
compte des transformations physico-chimiques. Les objectifs poursuivis sont : (i) d’étudier
par microscopie électronique analytique à balayage et en transmission la composition
élémentaire et l'état de mélange des particules atmosphériques prélevées lors d'épisodes de
charge élevée en aérosol ; (ii) d’analyser les effets des propriétés microphysiques sur les
caractéristiques optiques mesurées et restituées par télédétection ; (iii) de proposer un
paramétrage ainsi qu’une représentation de la composition et de la structure des particules
dans les algorithmes de télédétection. Ces travaux portent sur des observations dans le Nord
de la France et en Afrique de l’Ouest (Sénégal) faites dans le cadre du Labex CaPPA et des
campagnes de terrain SHADOW. Sont inclues des analyses complémentaires de la
composition chimique et de la structure de particules individuelles, de mesures in situ et par
télédétection de particules urbano-industrielles, désertiques et de biomasse prélevées en
surface et à différentes altitudes. Une série de simulations numériques ont été utilisées dans
le but d'analyser la sensibilité des observations par télédétection à l’état de mélange des
aérosols. Enfin, l'intégration d'un paramétrage de la structure en "core-shell" des particules
dans les algorithmes de restitution est présentée en perspective.

Mots-Clés : Atmosphère, Aérosols, propriétés optiques, propriétés microphysiques,
composition chimique, état de mélange, microscopie électronique analytique, télédétection,
poussière désertique, pollution urbaine.
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Investigation of atmospheric aerosol mixing state effect on
measured and retrieved optical characteristics: an approach
integrating individual particle analysis, remote sensing and
numerical simulations

Abstract
Tropospheric aerosols play an important role in atmospheric chemistry, Earth’s
radiative budget and climate. After their generation, aerosol can suffer ageing processes and
altering their physicochemical properties. An accurate accounting for these processes
requires observations of the aerosol properties on different temporal and spatial scales. The
current thesis work is dedicated to: (i) study of physicochemical properties and mixing state
of individual particles by means of analytical scanning and transmission electron microscopy
for aerosols collected during episodes of elevated aerosol loading; (ii) analysis of the effect
of microphysical properties on optical characteristics as measured and retrieved by remote
sensing; and (iii) investigation of possible parameterization of aerosol composition and
structure in remote sensing algorithms. The work presents observations conducted in
northern France and western Africa (Senegal) as part of Labex CaPPA project and SHADOW
field campaigns. It includes simultaneous analyses of collected individual particles
composition and structure, remote sensing and in situ observations of urban/industrial,
Saharan dust and biomass burning particles near the surface and on different altitudes. A
series of numerical simulation devoted to an analysis of sensitivity of remote sensing
observations to aerosol mixing state is conducted. Insights on possible parameterization of
aerosol core-shell structure in retrieval algorithms are finally presented.

Keywords: Atmosphere, aerosols, optical properties, microphysical properties, chemical
composition, mixing state, analytical electron microscopy, remote sensing, desert dust,
urban pollution.
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Part I.
Preface

“The greatest part of a writer's time is spent in reading, in order to write: a man will
turn over half a library to make one book.”
Samuel Johnson
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Chapter 1. Introduction
1.1. Scientific background on atmospheric aerosol
The aerosol is defined in general as liquid or solid-state particles suspended in a gas.
In the atmospheric aerosol sciences, the host of the aerosol is the Earth’s atmosphere. In
this case, we can define the atmospheric aerosol as a complex and heterogeneous mixture
of liquid and solid-state particles, which are suspended and dispersed in the Earth’s
atmosphere [Seinfeld J.H., 2006].
Most of the atmospheric aerosol is naturally emitted, such as sea salt, terrestrial dust,
organic matter, black carbon, volcanic ash and biogenic particles. Beside naturally emitted,
we, the humans, are also responsible, through our daily activities for emissions of large
quantity of atmospheric aerosol, through the means of transportation, industrial plants and
fossil fuel combustions, e.g. [Boucher, 2015]. One of the major effects is upon climate
system, by perturbing the Earth’s radiative balance, due to aerosol ability to scatter and
absorb the shortwave and longwave solar and terrestrial radiation, but also by affecting the
reflectivity and lifetime of clouds [Intergovernmental Panel on Climate Change, 2007].
The atmospheric particles have irregular shapes and are present in different mixing
states. In addition, the microphysical and chemical properties of atmospheric aerosol are
spatially and temporally highly variable, due to the physicochemical transformation
experienced during transport through the atmosphere. However, for simplification, in the
majority of the remote sensing applications they are often considered as homogeneous
spheres or spheroids.
Evaluation of aerosol climatic effects represents a challenge due to the large
uncertainties of a series of input parameters needed by global climate and radiative transfer
models. For estimating the radiative forcing of atmospheric aerosol particles, the global
climate models include fundamental schemes of aerosol behavior (primary emissions, dry
deposition, sedimentation, scavenging, ageing, hygroscopic growth, nucleation, coagulation,
condensation and cloud processing), which simulate the microphysical and chemical
processes in the atmosphere. Studies show that the global climate models work reasonably
well at the global mean estimations, nonetheless important uncertainties appear, when
regional atmospheric aging processes have an significant impact by changing the
microphysical and chemical properties of aerosols, e.g. [Mann et al., 2010, 2014]. Thus, in
order to improve our knowledge on how much the atmospheric aerosol cool or heat the
atmosphere-surface system, it is also essential to determine the microphysical and
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microchemical properties of processed aerosols, besides the processes themselves. Much
attention has been given to the fundamental kinetics and mechanism of heterogeneous
reactions of atmospheric aerosols with trace species through laboratory studies using
synthesized particles, e.g. [Stagnation and Reactor, 2007] or using collected airborne
particles, e.g. [Falkovich et al., 2004]. The chemical speciation, morphology and mixing state
of aged atmospheric aerosol can be revealed by offline individual particle analysis with the
help of analytical microscopy, e.g. [Kandler et al., 2011], in contrast with bulk analysis
methods, which provide only the chemical composition, e.g. [Reid et al., 2003]. Furthermore,
besides the atmospheric aerosol loadings, the particle microphysical and radiative properties
can also be determined by remote sensing techniques from satellite-based (e.g. A-Train –
the Afternoon Constellation) and ground-based (e.g. sun/lunar photometers, lidars)
instruments.
Such valuable information can be provided by continuously monitoring the
atmospheric aerosols with instrumentation organized in global networks, e.g. AERONET
(Aerosol Robotic Network), continental scale networks, e.g. EARLINET (European Aerosol
Research Lidar Network) and others. Additionally, interdisciplinary field campaigns bring
new understandings on the aerosol particles’ effect on climate, e.g. ChArMEx project
(Chemistry-Aerosol Mediterranean Experiment) [Mallet et al., 2016], AMMA campaign
(African Monsoon Multidisciplinary Analyses) [Rajot et al., 2008] and SHADOW campaign
(Study of SaHAran Dust Over West Africa), the latter being discussed in this thesis.
The issue raised in this thesis is how the aerosol mixing state affect the optical
properties and how it is reflected upon retrieved microphysical and optical properties. This
study represents an interdisciplinary analysis integrating observations by remote sensing,
individual particle analysis of ambient particle matter collected in urban (Lille, northern
France, March 2014) and desert dust (Mbour, Senegal March – April 2015 and January 2016)
environments and numerical simulations of optical properties based on the observed
morphology and composition.
In order to better understand the subject addressed in this thesis, it is necessary to
recall some fundamental information on the atmospheric aerosol, which will be presented in
the following pages.
1.1.1. Sources
Atmospheric aerosol can be emitted as primary particle (direct injection) or formed as
secondary particle (gas to particle conversion).
The major sources of primary aerosols are the oceans and seas, which release the sea
spray particles, formed by ejection into the atmosphere by bursting bubbles at the air-sea
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interface. The amount of sea spray particles released is dependent on the wind speed. Sea
salt aerosol contains both inorganic salts and organic matter from plankton and
microorganisms. The most abundant inorganic salt in sea spray is the marine sodium
chloride (NaCl). Other inorganic ions such as K+, Mg2+, Ca2+, SO42− are minor constituents of
sea spray.
Earth’s crust is the second major source of directly emitted atmospheric aerosols in
the form of windblown dust. These crustal particles are lofted by the high-speed wind,
causing the terrestrial sand to lift up and enter in suspension. Main sources are the arid and
semi-arid geographical regions. Among areas with highly erodible dry soils, the principal
contributor is the Sahara desert. The soil dust is injected into the atmosphere as clay
minerals, silicon-rich (e.g. quartz, kaolinite, illite), calcium-rich (e.g. calcite, dolomite), metalrich and others, depending on the composition of soil.
Vegetation play its role in the emission of atmospheric aerosol, through biomass
burning, by releasing organics, black carbon and fly ash, but also biogenic material, such as
pollen, bacteria and plant fragments.
Another natural source are the volcanoes, which upon eruptions, release into the
atmosphere, high amount of mineral ash, such as pumice, glass shards and lithic particles,
but also gases, such as water vapor (H2O), carbon dioxide (CO2), sulfur dioxide (SO2) and
hydrogen sulfide (H2S).
Natural emission sources and typical particles released in the atmosphere are
illustrated in Figure 1.1. In panels (a) are presented the wind capes formation and release of
the sea spray into the atmosphere (courtesy to NOAA) and (b) a typical sea salt particle
collected near sea shore in Mbour, Senegal, observed with the help of a transmission
electron microscope. Panels (b) present a view from the International Space Station (ISS) of
Sarychev Volcano early stage of eruption June 12, 2009 (courtesy to NASA-Image Science
and Analysis Laboratory) and (f) a volcanic dust from Mount St. Helens, Washington,
observed with a scanning electron microscope (courtesy to A.M. Sarna-Wojcick). Panels (c)
show an image taken from the ISS (International Space Station) over Libya displaying where
a dust storm across the Sahara desert occurs and formation of isolated cumulonimbus
clouds within the dust layer (courtesy to NASA) and (g) a typical TEM electron micrograph of
a kaolinite desert dust particle sampled in Mbour, Senegal. In panels (d) are illustrated
emission of pollen (courtesy to Carsten Ambelas Skjøth) and (h) a SEM digitalized image of a
pollen particle (courtesy to Louisa Howard, Dartmouth Electron Microscope Facility).
Besides most of the naturally occurring atmospheric particulate matter, human
activities emit large quantities of anthropogenic atmospheric particles. The industrial plants,
fossil fuel combustions, the ways of transportation mainly release soot, industrial dust and
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Figure 1.3 illustrates the global mass emission data of major atmospheric particulate
matter types, according to Andreae and Rosenfeld, 2008 and Durant et al., 2010. It suggests
that majority of the airborne PM are by far mostly of natural rather than anthropogenic
origin, approximately 12.000 to 300 Tg/year, respectively [Gieré and Querol, 2010].

Figure 1.3: Illustration of primary and secondary atmospheric PM fluxes expressed in teragram per
year (Tg = 1012 g = 1 Mt). The data is presented as a fraction of the area of a rectangle, which are
differentiated according to their source (natural and anthropogenic) [Andreae and Rosenfeld, 2008;
Durant et al., 2010]. Figure from [Gieré and Querol, 2010]. POA = primary organic aerosol;
SOA = secondary organic aerosol; BC = black carbon.

1.1.2. Impacts
During their lifetime in the atmosphere, the aerosol particles affect the climate
system by scattering and absorption of shortwave and longwave incoming solar and
outgoing terrestrial radiation, known in the literature as the direct effect. The scattering
causes a radiative cooling (negative) effect of the atmosphere-surface system. In contrast,
aerosol particles may cause also a radiative warming (positive) effect, by absorbing the
incoming solar radiation and emitting it as thermal radiation [Intergovernmental Panel on
Climate Change, 2007].
Atmospheric aerosol can also have an indirect effect, that is due to the interaction of
aerosol particles with clouds, causing enhancement of reflectivity, extension of lifetime and
the increase of the top height of clouds [Twomey, 1977; Albrecht, 1989; Pincus and Baker,
1994]. That leads to higher amount of incoming solar radiation to be backscattered into the
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space, producing a cooling effect. However, when the aerosol particles absorb the solar
radiation and emit as thermal radiation, it can cause the evaporation of the cloud droplets,
thus, a decrease of lifetime of clouds [Hansen et al., 1997; Ackerman et al., 2000; Jacobson,
2002; Menon, 2003; Cook and Highwood, 2004; Intergovernmental Panel on Climate Change,
2007].
Air pollution is also known to decrease significantly the visibility [Cheng and Tsai,
2000] and have a strong impact on human health due to the high amount of inhaled
particles, causing respiratory problems, lung cancer and other diseases triggered by
inhalation of high amounts of particles [Baulig et al., 2003; Ignotti et al., 2010].
1.1.3. Aging
During the lifetime of airborne particles in the atmosphere, much of them do not
remain in their initial state. After their emission, the particles are transported by air masses
on short or long distances around the globe [Mortier et al., 2013; Jeong et al., 2014; Denjean
et al., 2016] and interact with other pollutants. Due to the atmospheric processes, such as
chemical aging and heterogeneous reactions, surface adsorption, coagulation and
condensation of water and gaseous compounds, their microphysical and chemical properties
suffer modifications.
In fact, many studies report that particles are present in the atmosphere in various
mixing states. For example, in a study conducted during January – February 2006 in the
coastal city of Mbour, Senegal (Western Africa) in the framework of the African Monsoon
Multidisciplinary Analysis project (AMMA), Deboudt et al., 2010 found that particles were
externally mixed (desert dust, carbonaceous and marine) and also binary internally mixed
(desert dust/carbonaceous, marine/carbonaceous and desert dust/marine). These mixtures
reached up to 47 % of total amount of particle analyzed. Moreover, these internally mixed
particles presented a more complex morphology, such as a coating layer of marine and
carbonaceous compounds formed on mineral dust particles. In addition, [Li and Shao, 2009]
found that during a brown haze episode of pollution in urban areas of Beijing, from a total of
443 analyzed particles, 70% were internally mixed with other compounds and the majority
of mineral particles were covered with coatings rich in nitrogen, oxygen, calcium,
magnesium, sulfur and chlorine (N, O, Ca, Mg, S, Cl). Indeed, the desert dust particles during
the transport may be transformed through multiphase chemistry and result in internal
mixing with condensed-phase organic constituents [Laskin et al., 2016]. Studies showed that
nitrates and sulfates can uptake onto mineral dust by forming a layer around the particle
and transform the shape of the nonspherical mineral dust into a spherical one, e.g. [Zhang et
al., 2000; Laskin et al., 2005; Matsuki et al., 2005; Hwang and Ro, 2006; Kojima et al., 2006;
Sullivan et al., 2007; Li and Shao, 2008; Tang et al., 2016]. Sea salt particles can easily uptake
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transport and deposition of airborne particles, and can be categorized in PM10, PM2.5 and
PM1, that is the particulate matter with the aerodynamic diameter lower than 10, 2.5 and 1
µm, respectively.
The aerodynamic diameter is defined as the equivalent diameter of a spherical
particle with the same unit density of water (1 g/cm3) that would have the identical settling
velocity as a nonspherical particle. The equation that links the geometrical diameter (dg) to
aerodynamic diameter is:
�!"# = �!

!!
!! ∙!

,

(1.1)

where ρp and ρo are the densities of the particle and water, respectively and χ is the dynamic
shape factor that describes the irregularity of the particle morphology, and it is equal to 1
for perfect spherical particles [Slowik et al., 2004].
The shape of particles is of high importance as well. Studies showed that radiative
properties may strongly depend on the shape of particulates [Dubovik, 2002]. An accurate
characterization and parameterization of particle shape are however a challenging task. For
instance, it can be assessed based on sensitivity of remote sensing observations, e.g.
[Dubovik et al., 2006], or provided by electron microscopy techniques such as SEM and TEM.
These instruments have been successfully used to observe the real shape of atmospheric
particles. Specifically electron tomography using HR-TEM images can provide the threedimensional imaging of particles [Adachi et al., 2010]. Conventional images obtained by SEM
and TEM show the projected surface area (Aproj) of particles into two dimensions.
Quantification of the particle shape requires a series of image processing techniques.
Therefore, certain dimensions describing the shape of particles are defined as follows
[Olson, 2011]:
Feret’s diameters: The maximum and minimum distances between any two parallel
and tangent points from a particle outline are called the maximum Feret’s diameter (dFmax)
and minimum Feret’s diameter (dFmin).
Length and width: All particles have major and minor axes that pass through the
center of mass. The maximum distances between any two points on the perimeter of a
particle, which are parallel to the major and minor axes are defined as the length (L) and the
width (W). Compared to the Feret’s diameter, the width is always perpendicular to the
length. A schematic representation of the Feret’s maximum, minimum diameters and length
and width of a particle is illustrated in Figure 1.5.
Aspect ratio: A shape descriptor is the aspect ratio, which provides information about
the elongation of a particle. The aspect ratio is defined as the ratio between either the
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�! ��! ,

(1.8)

where Ntotal, Stotal and Vtotal represent the total number, surface and volume of particles,
respectively, per cm3 of air volume, in the interval Dp to (Dp + ΔDp). However, due to the
variety of particle sizes, it is often convenient to express the distributions of number, surface
area and volume in logarithmic scale. Therefore, the following equations may be used:
!"

!
log �! =
, ��!! ,
�!
! !"# !

(1.9)

!

�!! log �! =

!"
! !"# !!
!"

= ��!! �! log �! , ��! ��!! ,

(1.10)

!

�!! log �! = ! !"# ! = ! �!! �! log �! , ��! ��!! ,

(1.11)

!

where n’N, n’S and n’V are the number, surface area and volume distributions as functions of
log(Dp). Analogously for ln(Dp). For instance, let’s assume a population of particles, with
diameters comprised between 0.1 and 30 µm, which were freshly emitted into the
atmosphere. Their number, surface area and volume distributions are illustrated in Figure
1.6 (a, b and c), with black lines. By traveling through the atmosphere, they may suffer
different atmospheric aging processes (e.g. coagulation, water vapor condensation).
Consider a size increase of 30 % for each particle. In this case, the total number of particles
would remain the same. However, the number size distribution would be shifted to the
right, as illustrated in Figure 1.6 (a), with blue line. The surface and volume would also
increase and their maximum would also be shifted towards bigger particle sizes, as
illustrated in Figure 1.6 (b and c).
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Figure 1.6: Typical number, surface area and volume distributions. Black and blue lines represent an
example of assumed (a) number, (b) surface area and (b) volume distribution of freshly emitted and
aged population of particles, respectively.
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As far as the effects of aerosols on human health are concerned, the aerodynamic
diameter is the size parameter used.
1.1.5. Mixing state
The aerosol particles in the atmosphere are chemically different. One of the
properties, which characterize their ensemble, is the aerosol mixing state. This describes
how various chemical species are mixed at the individual-particle level.
We can define the aerosol particles’ mixing state as the distribution of chemical
compounds across the particle population. A distribution of particles is a homogeneous
mixture, if the ensemble of particles has uniform composition and properties throughout. In
the case of external mixture, the particles have different chemical composition and exist
independently in the particle distribution. An internal mixture is when different species are
present within one particle and not homogeneously distributed in the volume of each
particle [Riemer and West, 2013].
The morphological mixing state is defined as the distribution of chemical compounds
within and on the surface of each particle. A single atmospheric particle can be
homogeneous if it contains only one kind of compound, e.g. a recrystallized cubic sea salt
particle of pure NaCl. Other morphologies observed by analytical microscopy techniques are,
for example, particles embedded into a host or as aggregates of two or more species.
Several previous studies suggested specific geometries for internally mixed particles.
For example, in Mishra et al., 2012, the morphology and mixing state of polluted mineral
dust is discussed as a system of two and three aggregated individual spheres and spheroids
(Figure 1.7, left panel). Then, using T-matrix the radiative properties are calculated, with
varying size, for a measured normalized number distribution (for the largest dust
concentration during ACE-Asia), and with mixing rule of optical constants by equivalent
volume. It is assumed that dust is affected by organic, black and brown carbon in a semiexternal mixture of pure mineral dust with carbonaceous constituents.
In another study, Cheng et al., 2014 suggests that soot particles are in three mixing
states: externally mixed, semi-embedded mixed and internally mixed with sulfates and
water. In this case, the degree of mixing is described using geometrical models specific of
each component, i.e. the pure soot nanospheres tend to be coated with sulfates, and due to
the hydrophilic condition of sulfates, this compound in humid conditions tends to be coated
by water. Panels (a) and (d) in Figure 1.7 (right panel) illustrate the external mixing states of
BC with sulfate particles, (b) and (e) are the semi-embedded mixing states of BC with sulfate
particles, where BC is not uniformly coated by the sulfate particles, and (c) and (f) are the
internally mixing states of BC in a sulfate matrix, where BC is entirely coated by sulfate
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inclusions are neglected, and the dielectric constant of the aerosol matrix without inclusions
determines the local electromagnetic field that acts on the inclusions; (4) the Bruggeman
effective medium approximation, according to which the aerosol matrix and inclusions act
symmetrically on one another; and (5) extended effective medium approximations,
according to which terms of higher order than the electric dipole of the inclusions are
included, (6) and (7) represent different types of homogeneously mixed particles [Lang-Yona
et al., 2010]. Homogeneous internally mixed aerosols are formed by processes such as
evaporation of droplets containing several species with similar solubility and by
simultaneous condensation of semi-volatile species. They can be found in a variety of
combinations, including: (1) internal mixtures of several non-absorbing components (e.g.,
sodium chloride (NaCl) mixed with non-absorbing organics); (2) internal mixtures of nonabsorbing components (e.g., ammonium sulfate (AS)) mixed with weakly absorbing
components (e.g., humic-like substances (HULIS)); and (3) internal mixtures of non-absorbing
components mixed with strongly absorbing components, such as mineral elements, metals,
or brown carbon. Coated particles can be formed by processes such as condensation of
semi-volatile species on pre-existing particles, evaporation of droplets containing both
soluble and insoluble components, dehydration of droplets containing two species with
substantially different solubility, and heterogeneous chemical reactions (e.g., oxidation,
radical reactions, photochemistry, etc.) on aerosol surfaces, creating a shell with a different
character. Like homogeneously internally mixed aerosols, coated particles can be found in a
variety of combinations, including: (1) a non-absorbing core (e.g., NaCl) coated with another
non-absorbing species (e.g., non-absorbing organics); (2) a non-absorbing core coated with a
weakly absorbing species (e.g., HULIS); or (3) an absorbing core (e.g., soot or dust) coated
with a non- or weakly absorbing species (e.g., condensed organics) [Lang-Yona et al., 2010].
Takahama et al., 2008 unraveled by electron-induced microscopy techniques at the
particle scale, the mixing state of particles collected during five different field campaigns,
focusing on the internally mixed iron compounds with other particles (Figure 1.9, left).
Takahama et al., 2010 evidenced coatings on different types of particles, such as black
carbon with aqueous phase, organics on dust, carboxylic acid rich coatings and inorganic
core with organic coating (Figure 1.9, right).
Because numerical calculations for particles with complex shapes can be extremely
time consuming, a simplified representation of shapes and mixing states can be examined
first. A schematic diagram in Figure 1.10 summarizes representation of shape and mixing
state of particles that are employed in this thesis work.
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The mixing state of atmospheric aerosol is highly important for the evaluation of
spectral complex refractive index. Furthermore, the following approximations have been
applied in previous studies to express the complex refractive index of internally mixed
particles:
(a) Volume weighted approximation: The real and imaginary parts of refractive index
are dependent on the amount of volume of each amount of component mixed.
�!"# (�) =

! �! �! (�),

(1.12)

where mmix(λ) and mi(λ) are the complex refractive indices of the mixture and of the i-th
component mixed, respectively, and fi is the volume fraction of the i-th mixed component.
(b) The Maxwell-Garnett effective medium approximation: Internal mixing of
inclusions into a host medium can be modeled as a homogeneous matrix of effective
complex refractive index:
!
!!
!!!"#$ !"#$ !!"#

�!" = �!!"# 1 +

!!"#$ !!!!!"#
!
!!
!!!!"#$ !"#$ !!"#
!!"#$ !!!!!"#

,

(1.13)

where εMG, εincl and εhost, are the complex dielectric constants of the mixture, inclusions and
host material and fincl is the volume fraction of the inclusions.
(c) The Bruggeman effective medium approximation: This theory is more suitable
for mixed insoluble components:
! �!

!! !!!
!! !!!!

= 0,

(1.14)

where fi denotes the volume fraction of each component, εi is the dielectric constant of each
mixed component and εB is the Bruggeman effective dielectric constant. The complex
refractive index is linked to the complex dielectric constants by:
�! = �! − � ! ,

(1.15)

�! = 2��,

(1.16)

where εr and εi denote the real and imaginary parts of the dielectric constant, respectively.
In addition to microphysics, the complex refractive index of aerosols determines the
optical and radiative characteristics that are the major interest for the climatic impacts
(Earth’s climate cooling or heating), which is not yet fully understandable and remains the
bigger uncertainty [Intergovernmental Panel on Climate Change, 2007]. Thus, in order to
quantify the role of particles in radiative transfer in surface-atmosphere system, it is useful
to recall their radiative properties, as describe hereafter.
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1.1.6. Optical properties
Each particle type will scatter more and absorb less, or vice-versa, depending on its
chemical composition that defines the complex refractive index. The spectral complex
refractive index, m(λ), is represented by the following equation:
(1.17)

�(�) = � � − ��(�),

where n(λ) and k(λ) are the spectral real and imaginary parts of the complex refractive index.
The real part and imaginary parts are generally responsible for scattering and absorption of
electromagnetic radiation, respectively.
When the incoming solar radiation encounters the atmospheric aerosol, the incident
electromagnetic radiation is attenuated. A common term for the attenuation of incoming
solar radiation is the extinction, that is the sum of all scattered and absorbed radiation by
the airborne particles. Considering an infinitesimal thickness dz of particles and that the
intensity of the incoming solar radiation [W.m-2] is perpendicular to dz, the intensity at the
exit surface is therefore I + dI. The following equation describes the dI that is proportional to
the product of incident intensity I and dz:
(1.18)

�� = −σ!"# �! ��,

where I is the incident electromagnetic radiation energy and σext is the extinction coefficient.
The σext is generally used for a population of particles, therefore it is obtained by
multiplication between the number of particles per unit volume with the extinction cross
section (Cext, [m2]). Furthermore, Cext is defined as the extinction efficiency (Qext) multiplied
by the geometrical cross-section (G) of the particle. Considering that all particles are perfect
spheres, the geometrical cross section is then πr2. As mentioned before, the extinction is the
sum of scattering and absorption. Analogously, the extinction efficiency is Qext = Qscat + Qabs,
where Qscat and Qabs are the scattering and absorption efficiencies. Therefore, the scattering
and absorption efficiencies of a spherical particle depend also on the geometrical cross
section:

�!"# =

!!"#
!" !

; �!"#$ =

!!"!"
!" !

; �!"# =

!!"#
!" !

.

(1.19)

As the present thesis concept is the study of the atmospheric particles, it is proper to
describe the Mie scattering regime when the size of particles is in the same order as the
incident wavelength. The size parameter (x), which is the ratio between the sizes of particles
to the incident wavelength (λ), is around 1 in this case. The Mie size parameter equation is:

�=

!! !
!

,

(1.20)

where r is the radius of a particle.
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It is important to recall these parameters, because one effect of coatings is the
enhancement of the geometrical cross-section of the particle. However, it cannot be directly
inferred how the Cscat, abs will be influenced only by increasing the surface area of a particle,
since Qscat and Qabs depend also on the complex refractive index of the particle and on the
incident electromagnetic radiation wavelength.
For an ensemble of particles with spherical geometry, the extinction coefficient can
be rewritten as:

�!"# � =

!
�� ! �!"#
!

�, �, � � � ��,

(1.21)

where n(r)dr is the number size distribution of particles.
By integrating the above equation over a finite thickness comprised between z1 and z2, we
obtain the expression of Bouguer-Beer’s extinction law, from which we can extract the
optical thickness (τ):

�=

!!
�
!! !"#

� ��.

(1.22)

Furthermore, the Ångström exponent (α) defines the extinction spectral dependency
and can be calculated by the following equation:
!!
!!!

! !!

=
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; �=−
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!" !
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.

(1.23)

The single scattering albedo is the aerosol scattering effectiveness to total extinction,
and is one of the key parameters in aerosol radiative forcing calculations:

�! = !

!!"#$

!"#$ !!!"#

,

(1.24)

where σscat and σabs are the scattering and absorption coefficients. ω0 is dimensionless and
takes values between 0 and 1. If the aerosol particles are purely scattering, ω0 is unity, and
starts to decrease when some absorption appears.
Scattering matrix
In order to quantify the scattering atmospheric processes, we must take into account
all the scattering matrix elements covered between the input and output Stokes elements.
However, some elements can be neglected in certain conditions, such as when an ensemble
of randomly oriented particles have a symmetry plane, as it is the case of spheres or
spheroids, or an ensemble of randomly oriented particles having an equal number of mirror
particles. Thus, the scattering matrix will simplify as in the equation following equations:
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where indices S and 0 denote the scattered and incident radiation. Moreover, in the case of
spherical particles, more simplifications can be made, as following:

�!! �, � = �!! �, � ,

(1.27)

�!! �, � = �!! �, � .

(1.28)

Phase function is defined as the energy scattered per unit solid angle in a given
direction to the average energy in all directions (directional dependence of the scattered
radiation). For an ensemble of particles, the phase function can be written as follows:

p(cos Θ) =

!
n(r)Q !"# πr ! p(cos Θ; r)dr,
!!"# !
!

(1.29)

which, also involves the aerosol asymmetry parameter (g):

g=

!
!!"#

n r Q !"# r πr ! g r dr.

(1.30)

Aerosol Asymmetry Parameter is a measure of the preferred scattering direction
(forward or backward) for the light encountering the aerosol particles.
The asymmetry factor approaches +1 for scattering strongly peaked in the forward
direction and -1 for scattering strongly peaked in the backward direction. In general, g = 0
indicates scattering directions evenly distributed between forward and backward directions,
i.e. isotropic scattering (e.g. scattering from small particles), g < 0 scattering in the backward
direction (i.e. scattering angle > 90 degrees), often backscattering is referred to scattering at
180 degrees, g > 0 scattering in the forward direction (i.e. scattering angle < 90), often
forward-scattering is referred to scattering at 0 degree. For larger sizes or Mie particles, g is
close to +1.
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1.2. Motivation and objectives
Complex aerosol structures can produce unique characteristics of directional
scattering and polarization that can be non-reproducible using homogeneous aerosol
particles model. Due to this reason, the aerosol microphysical properties retrieved from the
measured radiation field can be affected if a simplified homogeneous aerosol particles
model is used in order to fit the radiation. One has to realize, however, that because not all
the measurements can be sensitive to characteristics of the complex aerosol morphology,
the introduction of a more detailed aerosol model can be useful only in some measurement
configurations. Introduction of randomly oriented spheroids for modeling of aerosol nonsphericity can be mentioned as an example of particles morphology effect on the retrievals
of aerosol characteristics. Indeed, in the results of early AERONET algorithm retrievals, which
use the sky almucantar measurements that are sensitive to aerosol phase function, the fine
mode aerosol volume concentration was sometimes overestimated [Dubovik et al., 2000]. It
was found that the reason of this artifact was the spherical aerosol model used to fit the
observations in case of irregular dust particles. Introduction of a randomly oriented
spheroids model and its parameterization by a fixed aspect ratio distribution enabled
operational use and significant improvement of the retrieved microphysical parameters.
The current study is motivated by the ambiguity of the role of complex aerosol
structures in the retrievals of aerosol microphysical characteristics. With the goal of
clarification of this particular question and aiming at understanding of relationships between
aerosol composition and optical properties in general, we conducted a series of
comprehensive observations and numerical simulations. Our interest is, therefore, in
investigation of possible impact of the complex mixtures on the retrievals by remote
sensing. In the case of sensitivity of a measurement configuration to the particles
morphology, the question of parameterization and representation of aerosol structure in the
inversion algorithms by a reasonable number of parameters can raise. Therefore, an
additional motivation of this work is also to find possible solutions for the aerosol structure
parameterization.
The main objectives of the thesis work are: (i) to study the physicochemical
properties and mixing state of particles by means of analytical scanning and transmission
electron microscopy for aerosols collected during specific episodes of elevated aerosol
loading; (ii) to analyze effect of these microphysical properties on optical characteristics
simultaneously measured and retrieved by remote sensing during the events of interest; and
(iii) to investigate possible parameterization and representation of aerosol composition and
structure in remote sensing retrieval algorithms. Another general objective of this work is a
better understanding of the effect of aerosol physicochemical transformations (ageing
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processes) and the relationship between real atmospheric particle microphysical, chemical
and mixing state characteristics and the variability of the measured optical properties.

1.3. Thesis structure
After the above-presented introduction in the First Chapter, the thesis is structured
as following:
Second chapter describes the methodology and instrumentation used to achieve the goals
of this thesis. Continuous measurements of remote sensing and in situ optical properties are
discussed, both at ground level and on altitude. The aerosol microphysical and chemical
composition is achieved by sampling of atmospheric particles by cascade impaction
techniques. The offline laboratory analysis of the samples is described through use of
scanning and transmission electron microscopes coupled to energy dispersive X-ray
detector. Third chapter opens the part about observations and presents atmospheric
aerosol in typical urban pollution episodes in northern France. It includes a general statistical
analysis and then a detailed description of some specific events. Fourth chapter provides a
general view on SHADOW 2 phase 1 (SHADOW 2.1) field campaign in western Africa,
Senegal. This campaign covers the months of March, April 2015, which were typically
influenced by desert dust. It then presents a detailed analysis of the aerosol microphysical,
chemical and optical properties during a dust event. Fifth chapter provides detailed analysis
of the second phase of SHADOW 2 campaign (SHADOW 2.2), in the same geographical
region and using the same methodology as SHADOW 2.1. However, the period of interest is
winter 2015/2016, the season when intrusions of biomass burning aerosol can be mixed
with the mineral dust. Sixth chapter presents an intercomparison between desert dust
influenced by marine aerosol in the coastal area of Senegal and in the Negev desert of Israel.
The sea breeze conditions are used in both sites as a natural laboratory of varying humidity
conditions to study interactions of mineral dust with pollutants and sea salt aerosol
particles. Following the analysis of the observations, the Seventh chapter is dedicated to
numerical simulations. It presents a series of forward calculations of the aerosol optical
characteristics and inversions that illustrate sensitivity of different measurable
characteristics to the particles structure and mixing state. Based on the conclusions of the
seventh chapter, the eighth chapter presents an analysis of the sampled individual particles
with an attempt to provide a possible parameterization of “core-shell” particles structure.
Finally, we draw conclusions and perspectives of the thesis work.
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Part II.
Materials

“If you do what you’ve always done, you’ll get what you’ve always gotten.”
Tony Robbins
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Airborne aerosol particles present complex microphysical and chemical properties
due to their ability to continuously evolve during their lifetime in the atmosphere. In order
to elucidate the impact of processed atmospheric aerosol on the radiative properties, a
comprehensive characterization through a variety of interdisciplinary analysis of their
microphysical and microchemical characteristics is needed. Such analysis can be performed
via specific instrumentation, by combining the ground passive and active remote sensing
techniques, with in-situ measurements of aerosol particles loadings, particle size distribution
and offline laboratory analysis by analytical microscopy-based techniques of the morphology
and elemental composition. The effect of the aged aerosol on the optical properties is
achieved by performing numerical simulations and calculations of Mie solution, which solves
Maxwell’s equations of scattered electromagnetic radiation at the interaction with
homogeneous spheres or concentric core-shell structure [Yang et al., 2002; Dubovik et al.,
2006]. The assumptions used here is for polydispered particle ensemble, thus, not for one
particle, of both assumed microphysics and chemical composition or, to be more realistic as
observed in the real atmosphere. Thus, the conjoint analysis will be performed in the
locations that comprise an urban environment, in Northern France during a typical regional
particulate pollution event and during intrusions of long range transported desert dust over
the region, and extend to desert dust environments in Western Africa, Senegal, during
episodes of mineral dust outbreaks and biomass burning intrusions. Furthermore,
comparison with another desert dust region, the Negev remote site, will be presented.
These regions are illustrated in Figure 2.1.
The methodology used in this thesis to monitor episodes of elevated pollution, either
natural or anthropogenic, is based on both continuous analysis of column integrated direct
and retrieved parameters of AERONET photometers and LOA/EARLINET lidars for observing
changes in optical properties of aerosols in different atmospheric conditions. Moreover,
measurements of mass concentration at ground level by either TEOM instrument (operated
by LISA laboratory - Laboratoire Interuniversitaire des Systèmes Atmosphériques, described
in the thesis of [Mortier, 2014]), and ATMO-Hauts-de-France air quality monitoring stations,
have been taken into account. Thus, products of AERONET direct measurements, for
example, aerosol optical thickness, Ångström exponent and retrieved parameters (e.g.
column integrated size distribution, spectral single scattering albedo, and complex refractive
index), together with near surface measurements of particles mass concentrations are used
to evidence and characterize the elevated loadings of aerosol particles.
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collected at approx. 90° by a mirror and transferred to a recipient diode. Each signal of the
diode is fed, after a corresponding reinforcement, to a pulse height analyzer, then classified
in size and transmitted to each size channel. These counts are converted every 6 seconds to
a mass distribution from which the different PM values derive.
Table 2.1: Specifications of GRIMM EDM 107 and miniWRAS 1.379

Measurement
principle:
Light Source:
Mass ranges:
Power supply:
Size channels:
Measurement
range:

Light Scattering

Mass results:

Laser Diode
PM10, PM2.5, PM1
18 VDC, but for 220V/110V
EDM: 31 bins
MiniWRAS: 41 bins
EDM: 0.25 - 32 µm
MiniWRAS: 0.01 - 35 µm

Reproducibility:
Sample flow:
Volume control:
Concentration
range:
Temperature
range:

Simultaneous and in real
time
3% in maximum range
1.2 liter/min
Automatic
EDM: 1 - 2 x 106 #/liter
MiniWRAS: 1 - 2 x 107 #/liter
EDM: + 4°C to + 40°C
MiniWRAS: + 0°C to + 40°C

2.3. Weather station
Since particle counters and sampling heads are installed at ground level or on top of
buildings, some meteorological parameters (wind speed - WS and direction - WD,
atmospheric pressure - P, temperature - T and relative humidity - RH) are taken into account
in order to correlate them with the information received from particle counters. At each site,
a Davis Vantage Pro meteorological station is operating.

2.4. Airborne photometer (PLASMA)
It is a 15-channel airborne sun-tracking photometer that provides aerosol optical
depth over a wide spectral range (0.34 – 2.25 μm) with an accuracy of approximately 0.01.
This instrument can take measurements at different altitudes and allows the user to derive
the aerosol vertical extinction profile and aerosol size distribution [Karol et al., 2013]. This
instrument has two collimators both with approximately a 1.5° full angle of field of view
(FOV) and a four-quadrant detector with a 6° angle of FOV. The first detector (Si) covers
visible and near infrared ranges (0.343 µm, 0.380 µm, 0.441 µm, 0.499 µm, 0.553 µm, 0.677
µm, 0.869 µm, 0.940 µm, 1.023 µm) and the second detector (InGaAs) covers middle
infrared (1.14 µm, 1.24 µm, 1.60 µm, 1.646 µm, 2.25 µm). PLASMA interference filters are
similar to AERONET CIMEL sun photometer filters [Holben et al., 1998]. The head can move
in elevation (0 – 90°) and azimuth (0 – 360°), and rotation in azimuth can be continuous
thanks to a ring power connector (Figure 2.4).
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Chapter 2. Instruments and methodology

The word “transmission” means “to pass through”. On the way through the sample,
some parts of the material stop or deflect electrons more than other parts. The electrons are
collected from below the sample onto a phosphorescent screen or through a camera. In the
regions where electrons do not pass through the sample the image is dark. Where electrons
are not scattered, the image is brighter, and there is a range of greys in between depending
on the way the electrons interact with and are scattered by the sample. Magnifications of up
to 1,000,000x and resolution below 1 nm are achieved routinely.
The samples were also investigated using a Transmission Electron Microscope (TEM)
coupled to an X-ray energy dispersive spectrometer (EDS detector) from FEI company, model
TEM FEI Tecnai G2-20 twin operating at 200 KV accelerating voltage with a LaB6 filament.
The camera used for acquisition of electron micrographs of the samples is Gatan ORIUS
SC1000 CCD. TEM was proved a suitable technique for structural, morphological information
and chemical composition of individual airborne particles [Adachi et al., 2010; Li et al.,
2011a, 2011b; Adachi and Buseck, 2013; Pósfai et al., 2013; Verleysen et al., 2014]. The
morphology of each the sampled particles is achieved by digitalizing the projected images of
particles, thus darker pixels will reconstruct the two-dimension projection (2-D). In the case
of coated particles, the volatile or aqueous surrounding material became a residual halo,
which is well observed in electron micrographs. During the EDX analysis, the beam raster the
core only, since the spectra of the residual halo cannot be acquired, due to the low material
remained after evaporation in the vacuum of microscope chamber.

2.7. Measurements, site description and strategy
2.7.1. Urban environment
Atmospheric particulate matter was collected for laboratory analysis onto 3.0 mm
electron microscope copper mesh TEM grids coated with carbon films by using cascade
impaction technique. The instrument used is a four stages personal cascade impaction
sampler, SIOUTAS (PCIS - SKC, Inc., catalog number 225-370) operated at a flow-rate of 9
L/min with a Leland Legacy pump [Singh et al., 2003]. Samples were collected on four stages,
with 50% cut-points at 2.5, 1.0, 0.50, and 0.25 µm, respectively. The size segregation of
particles is according to the following aerodynamic diameter ranges: Stage A: daer > 2.5 µm;
Stage B: 1.0 < daer < 2.5 µm; Stage C: 0.50 < daer < 1.0 µm; Stage D: 0.25 < daer < 0.50 µm. The
sampling in an urban pollution area was performed on 13 and 29 March 2014, on rooftop of
a five-stories building in the campus of University Lille 1 (50.61167°N, 3.14167°E), at
elevation of 60 MASL (meters above sea level) and around 20 meters above ground. A total
of 0.53 m3 of air volume was collected for one hour, during first elevated pollution event (13
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size fraction with an Aerosol Chemical Speciation Aerosol (ACSM) an AE33 (Magee Scientific
Inc.) aethalometer for aerosol absorption measurements, a nephelometer for aerosol
scattering properties (AURORA 3000) [Rivellini et al., 2017], a miniWRAS (Mini Wide Range
Aerosol Spectrometer) optical particle counter model 1.371 (GRIMM company) for size
distribution measurements in the aerodynamic diameter range of 0.01 µm to 35 µm, a
multiwavelength Mie-Raman LILAS Lidar [Bovchaliuk et al., 2016a; Veselovskii et al., 2016]
for vertical resolved aerosol optical properties, a Doppler wind lidar for meteorological
observations and size-segregated sampling of airborne particles for off-line analysis with a 3stage DEKATI PM10 cascade impactor; and (ii) scientific flights with instrumentation
mounted on board of an ultra light aircraft (ULM), such as airborne photometer PLASMA
[Karol et al., 2013], temperature and relative humidity sensors on the wings and inside a well
ventilated cabin. The optical particle counter miniWRAS and the SIOUTAS 4-stage personal
cascade impactor were installed also in the ventilated cabin. These flights usually took form
of a spiral and performed up to 4000 meters above the ground. The data are also available
online at http://www-loa.univ-lille1.fr/index.php/observation/sites/mbour.html (not
including mass concentration measured by TEOM instrument).
In desert dust region, we select as representative days the 10 April 2015 and 20
January 2016. On 10 April 2015, three scientific flights were performed using a light aircraft,
in order to collect particles at 3000, 2000 and 1000 meters altitude. Simultaneous, sampling
near surface was also conducted. On 20 January 2016, a scientific flight was executed for
collection of particles at constant altitude of 3700 meters above the ground, for 20 minutes.
In the following chapters, a detail analysis of the above mentioned campaigns will be
presented. The focus is on the pollution identification, atmospheric aerosol loadings, their
optical and chemical properties and mixing state.
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Part III.
Observations

“What can be asserted without evidence can also be dismissed without evidence.”
Christopher Hitchens
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Chapter 3. Observations in urban pollution environment
(northern France)
The urban pollution particles were observed in Lille metropolis agglomeration, which
is a central and most populated (1,130.000 inhabitants in 2013) city of northern France. In
the past years in Lille, France, studies by remote sensing have included statistical trends and
variability of optical properties by using a synergistic approach between lidar and
sunphotometer for evidencing the arrival of volcanic plumes from Eyjafjallajökull eruption
[Mortier et al., 2013; Mortier, 2014]. In-situ observations have been conducted in northern
France in studies such as source apportionment of PM10, during 1 year from March 2011 to
March 2012 in the city Lens (Lille site is located approximately 35 km northeast). According
to this study, the main emission sources found were secondary inorganic aerosols (28 %),
aged marine emissions (19%), biomass burning (13%), mineral dust (13%), primary biogenic
emissions (9%), fresh sea salts (8%), primary traffic emissions (6%) and heavy oil combustion
(4%), from the total mass of PM10 [Waked et al., 2014]. The Dunkerque city is mentioned
here as an important industrial emission source. In the agglomeration of Dunkerque (approx.
210,000 inhabitants), located near sea shore of the North Sea, 80 km northwest of Lille site,
extensive studies by single particle analysis have been performed, with the focus on mixing
state of aerosols collected upwind and downwind of steel works. Dunkerque conurbation is
hosting the second largest steel manufacturing plant in France. In the present work,
approximately 12,000 ambient particles have been classified into five categories: Na-rich
(70%), Ca–S-rich (17%), Al–Si-rich (8%), Fe-rich (4%) and Si-rich (1%), providing the dominant
species of aerosol types.
In this chapter, the main focus is on the single particle analysis of particles collected
in 13 and 29 March 2014 in Lille, northern France and simultaneous observations by remote
sensing instruments. The observations were conducted on a roof level of a building in
campus of University Lille1, by different remote sensing instruments, such as AERONET sun
photometers and lidars. In addition, in situ measurements by optical particle counter and
aerosol sampling were conducted. Supplementary details were introduced in Chapter 2. The
sampling of atmospheric particles was performed at elevation of 60 mASL (meters above sea
level) and around 20 meters above ground, on 13 and 29 March 2014. Here, we expect that
the dominant composition of atmospheric particles is different compared to Dunkerque
area, since the agglomeration of Lille is distant from the major industrial centers.
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3.1. Statistical analysis
Statistically, last three years starting from 2014 to 2016, measurements of PM10
suggest that March month of every year is one of the highest polluted time-period. In Figure
3.1 are illustrated the temporal variation of the monthly mean and the daily mean of
highest/smallest values recorded during each month at Lille Fives air quality monitoring
station (ATMO-Hauts de France). It is noticeable, that the highest daily means of PM10
occurred every year during the month of March, which were 93, 97 and 62 µg/m3 for 2014,
2015 and 2016, respectively. The temporal variation of the monthly means of aerosol optical
thickness at 440 nm, as well as the minimum and maximum of the daily mean is illustrated in
Figure 3.2. The data is from Level 2 AERONET product, which is pre- and post-field calibrated,
cloud screened and manually inspected, except June – December 2016, which are Level 1.5
and version 3 AERONET products due to the unavailability of Level 2. In Figure 3.2, we can
observe that the March monthly means do not differ much from the three years average,
which is τ at 440 nm ≈ 0.2. However, the daily means can be well above the global average.
For example, the highest value of τ at 440 nm is ≈ 0.6, 0.53 and 0.52 recorded in March
2014, 2015 and 2016, respectively. Thus, not only high concentrations of particle matter
measured near the surface occurred, but also measurements of the total column τ at 440
nm showed increased aerosol loadings.
The European Commission and French Government, together with environmental
protection institutions established 50 µg/m3 as the limit value of PM10 for 24-hour average
to notify the population about safety measures. Furthermore, such daily limit should not to
be exceeded more than 35 days in a calendar year in any European country. Moreover, there
is also an alert limit of 80 µg/m3 over 3-day average, where the procedures for reducing the
pollution level start, e.g. reducing the speed limit of vehicles by 20 km per hour. Regarding
PM2.5, the regulations state that it should not exceed the annual average of 25 µg/m3. In
Table 3.1 are reported the number of days with threshold exceedance and annual means of
PM10 and PM2.5, along with the total days of valid measurements from each considered year.
As we can observe, at this air-quality monitoring station the annual mean of the PM10 is
under the regulation limit and less than 35 days exceeding the information limit. However, in
2014 at Fives-Lille station were recorded three consecutive days, starting from 12 March
2014 with PM10 values exceeding the alert limit of 80 µg/m3. That triggered a detailed
investigation on ambient particles collected on 13 March 2014 by analytical microscopy
techniques, which will be discussed later in this chapter. PM2.5 values do not exceed the
regulation limit, however, given the high standard deviation, the annual means are
questionable. The annual mean of PM2.5 represents 77% of the annual mean of PM10 in the
year 2014, thus, we can conclude that on overall, the dominating particles by mass are the
particles equal and lower than 2.5 µm in diameter.
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Figure 3.1: PM10 [µg/m3] monthly means based on data of 2014, 2015 and 2016 illustrated with blue,
red and green, respectively. The standard deviation and mean monthly values are represented with
open rectangles and inside lines. The lower and higher whiskers represent the minimum and
maximum daily average values of each month. Horizontal dotted line denotes the daily information
limit value of PM10 = 50 µg/m3.
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Figure 3.2: Same as in Figure 3.1, but for τ at 440 nm (Level 2.0). Horizontal dotted line denotes the
mean of all three years (global average) of τ at 440 nm ≈ 0.2.

In Table 3.1 are also summarized the total number of measurements days, as well as
the number of days exceeding the limit previously mentioned of PM10/PM2.5 and the τ at 440
nm that exceed the global average (established as the mean of 2014, 2015 and 2016) and τ
at 440 > 0.4, as well as the annual mean of τ at 440. The number of days with τ at 440 > 0.2
can be quite high, nonetheless, a part of them can be considered as severe pollution events.
For example in 2014, from a total of 67 days with τ at 440 > 0.2, only 15 have τ at 440 > 0.4,
with 7 days occurred during the month of March.
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Table 3.1: Statistical table showing the number of measurement days and annual means of PM10,
PM2.5 and τ at 440 nm. The number of days exceeding 50 µg/m3 and 25 µg/m3 in the case of PM10,
PM2.5, respectively and number of days exceeding the global average (0.2) of τ at 440 nm and
extreme pollution (τ at 440 > 0.4) are also shown. Standard deviations are also provided.

PM10, µg/m3
Year
2014
2015
2016

Days of
meas.
349
355
348

>50
14
10
9

PM2.5, µg/m3

Annual
mean
22±13
22±11
21±11

Days of
meas.
336
336
331

>25
59
43
80

Annual
mean
17±12
16± 10
18±12

AOT at 440 nm
Days of
meas.
173
170
163

>0.2
67
48
51

>0.4
15
8
14

Annual
mean
0.21±0.1
0.17±0.1
0.18±0.2

Figure 3.3 illustrates the temporal variation of the PM10 daily means with standard
deviation and aerosol optical thickness at 440 nm for March 2014, 2015 and 2016. PM10
daily averages at ground level exceed the information limit of 50 µg/m3 for 7, 4 and 2 days
during March of 2014, 2015 and 2016, respectively. If τ at 440 nm is sufficiently low and
PM10 values do not exceed 50 µg/m3, then we can consider a clean day. However, when τ at
440 nm is increased (higher than the global average), and PM10 concentration is low, we can
say that the pollution is long range transported and on altitude, for example in the period of
26-31 March 2014. Moreover, when τ at 440 nm is high (> 0.2) and PM10 concentrations
exceed 50 µg/m3, the event of pollution can occur in different ways, both in altitude and in
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Figure 3.3: τ at 440 nm (Level 2.0) and PM10 daily means of March 2014, 2015 and 2016. The red and
mauve dotted horizontal lines represent the PM10 information limit of 50 µg/m3 and the global
average of τ at 440 nm = 0.2.
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To elucidate this, additional information is required, such as lidar backscatter profiles.
For example, on 29-30 March 2014, an intrusion of desert dust originated from Sahara
region over northern France was evidenced [Bovchaliuk et al., 2016b]. To support this, the
HYSPLIT back trajectories were analyzed, which show air masses originating from Sahara and
along with retrieved microphysical properties of aerosols, which show the dominance of
coarse particles in the ambient atmosphere. Although the PM10 concentrations measured
near surface on 27-30 March 2014 are sufficiently low (< 50 µg/m3), we can observe an
increase relative to previous seven days.
On 12th to 14th March 2014 occurred also a widespread pollution episode that
affected much of northwest Europe, including England, northern France (including Paris),
Belgium, Luxemburg and the Netherlands (http://www.londonair.org.uk, 2016). To have an
insight on the pollution sources, we use statistical HYSPLIT back trajectories. Air mass back
trajectories, which arrive at the observation site of Lille in March 2014, are represented at
altitude of 500, 2500 and 4000 meters in Figure 3.4. Each point represents a number of
trajectories that pass through a grid of 0.5 x 0.5 (latitude x longitude). A total of 72-hour
backward starting at each 6-hour interval per day, thus, 4 trajectories per day were
performed for March 2014. Previous studies concerning seasonal statistical air masses
arrival at Lille were conducted by [Mortier, 2014] for 2008, evidencing that Lille back
trajectories are in good agreement with the global air masses circulation (temperate
maritime paths). Statistically, the air masses back trajectories during March 2014 show no
clearly preferable direction of the air masses arrival. However, eastern and northern Europe
can still be identified as regions from where the air masses arrive to the northern France,
especially at the 500 m altitude. Noteworthy, transatlantic paths are noticeable on all three
considered altitudes. The data also show that northern and northwestern Africa air masses
origin can reach northern France. This study on the statistical back trajectories from March
2014 also indicates that the air masses in Lille area can have origin in northwestern coast of
France (i.e. the area of industrial center of Dunkerque).
After presenting a general variability of column integrated aerosol optical thickness
and particle matter concentrations measured near surface for the period 2014-2016, the
following subchapters are dedicated towards a detailed analysis during specific pollution
events identified in March 2014. Here are employed remote sensing, meteorological factors,
ground PM concentrations, as well as the individual particle analysis of ambient particles
during the days with enhanced aerosol loadings.
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Both forecasts and PM10 concentrations presented until now show that the events of
pollution on 13 and 29 March 2014 occurred at regional scale. Our thorough investigation
during these days includes collection of ambient particles. For simplification, L1 and L2
denote the sampling time on 13 and 29 March 2014, respectively. L1 sampling was
performed for 60 minutes, starting at 15h00 UTC. The L2 started at 11h30 UTC, for 30
minutes. Furthermore, it is also necessary to take into account the meteorological factors,
which may help in understanding the morphology and chemical composition of sampled
particles. For example, the wind directions from a nearby highway will explain the presence
aerosols from fossil fuel combustion from vehicles and resuspended road dust. High relative
humidity will affect the morphology, e.g. favoring the hygroscopic growth [Khalizov et al.,
2009].
The temporal variations of temperature and relative humidity at the sampling
location on 13 and 29 March 2014 are presented in Figure 3.9. During L1 sampling the mean
temperature and relative humidity were 17.8 ± 0.1 degree Celsius and 58.6 ± 2.4 %. The L2
sampling presents difference only in relative humidity, which was lower with approximately
11 %. The T and RH on L2 were 17.6 ± 0.01 degree Celsius and 47.6 ± 1 %. Overall, the POI 1
and POI 2 show similar variability, differences being only in magnitude.
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Figure 3.9: Temporal variations of the temperature (T) [degree, Celsius] and relative humidity (RH) [%]
on 13 and 29 March 2014 at the sampling location. Blue and red colors represent T and RH, on 13
March 2014, and light blue and magenta colors represent T and RH, on 29 March 2014, respectively.
The black arrows, L1 and L2, indicate the values of T and RH during sampling on 13 and 29 March
2014, respectively.

The wind speed and direction on 13 March 2014 are presented in the wind rose from
Figure 3.10 (a). The mean wind speed during sampling was 2.5 ± 1 m.s-1 and the majority of
wind directions were from Northwest, North and Northeast.
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and decreases during the daytime. Moreover, mass concentrations of large particles with
the diameter higher than 10 µm is slightly increasing starting from 08h00 UTC. This may be
due to the presence of coarse transported particles from northwestern Africa.
Mass concentration, µg/m3
0.0

2.0 4.0 6.0 8.0 10 12 14 16 18 20 22 24 26 28 30
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Figure 3.13: Temporal variation of mass concentration distributions [µg/m3] on 29 March 2014, data
from GRIMM OPC at the sampling location on 29 March 2014. The color code represents the mass
concentration per bin size, as illustrated in the legend bar.

The temporal variation τ at 440 nm and α between 440-870 nm, in March 2014 were
presented in Figure 3.7. To detail, on POI 1, the daily mean aerosol optical thickness at 440
nm was 0.44 ± 0.06 and the Ångström exponent between 440 and 870 nm was 1.42 ± 0.05.
The mean average during 1 hour of sampling of τ at 440 nm was 0.53 ± 0.02, which is more
than two times higher than the “normal” aerosol optical thickness at 440 in Lille region. An
indication of fine particles dominating is provided by the α between 440-870 nm, which was
1.5 ± 0.01 during sampling.
Due to the presence of clouds, as observed in Figure 3.17, on POI 2 we consider the
closer measurement to the sampling time of aerosol optical thickness at 440 nm and
Ångström exponent between 440 and 870 nm, which are with approximately 30 minutes
before the start of sampling of airborne particles and show values of 0.28 and 1.23,
respectively. However, during POI 2, a layer of aerosol is present on the backscatter profiles,
illustrated in Figure 3.17, around 3 km altitude. The layer is visible in Figure 3.17 around
16h00 UTC. To recall, backward trajectories ending at that time show arrivals of air masses
from Northwestern Africa (Figure 3.11 (b)).
Furthermore, in Table 3.3 are reported the atmospheric conditions during the
collection of airborne particles. Such conditions are important to describe, since the use of
meteorological data and mass concentration of atmospheric particles help with the
characterization of collected particles.
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Table 3.3: Summary table of atmospheric conditions during samplings at Lille site on 13 and 29 March
2014:

T
°C
L1: 17.8±0.1

RH
%
58.6±2.4

L2: 17.6±0.01

47.6±1

WD
NW-N-NE

WS
m.s-1
2.5±1

PM10
µg/m3
112.6

E-S

8.7±1

33.2

PM2.5 τ at 440
α
3
µg/m
nm
440-870 nm
97.3
0.53
1.5
28.6

0.28

1.23

The volume size ditribution, SSA and complex refractive index, retrieved by AERONET
algorithm at the sampling location are illustrated in Figure 3.14. The data represent the daily
means for the sampling days. The volume size distribution is normalized so that the shape of
the distributions can be easily compared. The fine mode is dominating during the POI 1, but
coarse mode is also present. Moreover, the retrieved sphericity parameter indicates that 99
% of particles are closer to spheres. A typical mixture of fine and coarse particles with the
retrieved sphericity factor of 37 % characterizes POI 2. This indicates an important presence
of nonspherical large particles. The retrievals on POI 2 were performed for the hours
between 16h00 and 17h00 where no clouds are present, as observed in the lidar backscatter
profile from Figure 3.17. Here, we observe a presence of aerosol loadings between 2 and 6
km. The maximum of the fine mode on 13 and 29 March 2014 is at 0.25 µm and 0.11 µm
radius, respectively, thus, the particles in the fine mode during POI 1 are larger than during
POI 2. The SSA on POI 1 shows lower values than on POI 2, thus the atmospheric particles
are less effective in scattering on 13 March 2014. This can be observed also in retrieved
imaginary part of refractive index, where k is much higher during POI 1, indicating a
presence of absorbing particles. The real part of refractive index indicates a stronger spectral
dependence on POI 2.
The mean mass concentration during L2 sampling is shown in Figure 3.15. It shows
that the distribution of mass is high in the size fraction lower 1 µm and in the size fraction
between 7 - 10 µm. For the observed coarse peak, we can form two hypotheses: 1) either
large resuspended road dust particles are lofted by wind speed and sampled by the OPC, or
2) the measurements indicate presence of large transported desert dust.
In Figure 3.16 and Figure 3.17 are illustrated the lidar backscatter profiles on 13 and
29 March 2014, respectively. Using the algorithm of boundary layer estimation developed by
[Mortier, 2014], the lidar backscatter profiles on POI show that the boundary layer does not
exceed 0.6 km, thus the aerosol loading is well concentrated in the lower part of the
troposphere. On POI 2 in the second part of the day an intrusion layer of aerosol around
3000 meters altitude is observed. As previously mentioned, this layer is associated with
incoming air masses from northwestern Africa.
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Figure 3.14: Retrieved microphysical and optical parameters from AERONET sun photometer at the
sampling location, Lille site. The orange and blue lines with symbols represent the daily means from
13 and 29 March 2014, respectively, of (a) normalized volume size distribution, (b) spectral single
scattering albedo, (c) spectral real part of refractive index and (d) spectral imaginary part of
refractive index. The corresponding standard deviation is also provided.
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Figure 3.15: Mean mass concentration distribution (dM) and number size distribution (dN) of particles
represented by black bars and orange line, respectively, during sampling on 29 March 2014 at the
Lille site. The grey and orange vertical lines with whiskers represent the standard deviation.
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3.4. Individual particles analysis
The collection of ambient particles was performed by cascade impaction using a 4stage SIOUTAS sampler. Samples were investigated using a Transmission Electron
Microscope (TEM) coupled to an X-ray energy dispersive spectrometer (EDX detector). To
remind, the size segregation of particles is according to the following aerodynamic diameter
ranges: Stage A: daer > 2.5 µm; Stage B: 1.0 < daer < 2.5 µm; Stage C: 0.50 < daer < 1.0 µm;
Stage D: 0.25 < daer < 0.50 µm. Visually, it can be observed that particles present different
shapes and structures. Furthermore, as it is observed in Figure 3.18 and Figure 3.19, certain
particles present a surrounding layer, which represents a residual halo, due to evaporation
of volatile and aqueous compounds under high vacuum conditions.
Coated particles were found on all stages and here we present only some
representatives electron micrographs from the two samplings days. Major constituent
elements found in the collected particles were Al, Si, Ca, Mg, S, P, K, Cr, Mn, Ni, Fe, Na, O, Zn
and Cl. The particles were classified by their increasing order of elements concentration.
Carbonaceous particles were mostly recognized by their shape of small spherules of chain
aggregates. We consider a particle in “core shell” structure when it exists a clear difference
in contrast between the pixels that form the core particle and the surrounding residual,
denoted as “halo”. The halo is defined as the transparent residual or traces, which surrounds
a particle core, e.g. particles pointed with green arrow. The red arrows indicate the particles
that do not present a halo, as can be seen in Figure 3.18 and Figure 3.19.
During this episode of pollution, particles were sorted into three major groups: 1)
Carbonaceous, 2) Urban dust, and 3) Metallic. Moreover, most of the particles were present
in binary internal mixtures such as urban dust/metallic, carbonaceous/urban dust and
carbonaceous/ammonium sulfate.
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diesel exhaust, industrial emissions and domestic fires. Since the period of sampling was
conducted in the March month and the temperature during the nighttime decreased to
around 5 degrees Celsius, as observed in Figure 3.9, one of the emission sources of
carbonaceous particles may be due to wood burning for residential heating. Soot particle
attached to sulfate compounds, which are abundant in the atmosphere, were also found,
e.g. Figure 3.20 (c). Processed C-rich particle, which presents a residual halo are represented
in Figure 3.21.
2) Urban dust
This category includes mainly inorganic particles with sources likely to be the soil or
building construction materials. The major types of particles are aluminum silicate, calcium
carbonate, or silicon and manganese rich particles. However, these types of particles are not
in the pure form and traces of K, P, Na, S and K were found. Ca-rich particles may be present
as limestone, used as building material.
Beside homogeneous particles as observed above, many particles present a material
surrounding it that is seen as a halo on electron micrographs from TEM. The coatings were
present on particles from all size ranges as observed in Figure 3.18. Individual particle
analysis by TEM/EDX could only provide the chemical composition of core material, since the
halo does not have sufficient material to obtain its spectrum. However, traces elements can
be found. For example, in Figure 3.23, the core may be a calcium sulfate (CaSO4) with Al and
Si impurities or a calcium carbonate CaCO3 with impurities of Al and Si and the sulfate peak
may indicate a coating of aqueous compound formed by sulfuric acid in high humidity
conditions.
3) Metallic particles
Metal-rich particles with iron, manganese, chromium, nickel and zinc were found,
that may result from transport emissions, such as tailpipe exhaust, brake and tire abrasions,
roadway dust, and also as residual of heating fuels. Figure 3.24 (c) represents a metal rich
particle with major elements of Cr and Ni, but also minor Fe. The arrows 1 and 2 denote the
areas of EDX analysis and their corresponding spectra are represented in the right of Figure
3.24 (c). Thus, Cr dominates the upper part of the particle, while Ni the middle area. Particle
in Figure 3.24 (a) represent electron micrographs of metal rich in Zn, Fe and Mn with traces
of Al, Si, Ca and O, which may indicate that this particle is a result of roadway dust. Iron
oxides were also present in the collected particles, which appears as spheres, as observed in
the Figure 3.24 (b), typical of steelworks emissions. Coated airborne particles were found on
metal rich, urban dust, carbonaceous and also volatile compounds. Certain particles are
internally mixed, such as soot attached to a volatile compound, most probably ammonium
sulfate.
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Chapter 4. Observations in desert dust environment during
dust outbreaks (Senegal)
The first part of the SHADOW field campaign was dedicated to the study of desert
dust outbreaks in the western Africa in the Mbour city, Senegal. This campaign took place in
March – April 2015 involving several research laboratories included in the Labex CaPPA
project. In this work we now dedicate a special attention to sampling of aerosol particles for
further analysis of their mixing state. The samplings are conducted simultaneously with the
important variability in aerosol optical characteristics aiming to understand possible effects
of morphology on retrievals from remote sensing.
Several field campaigns have already been conducted in this remote site, such as
AMMA (African monsoon multidisciplinary analysis) and reported in several papers, e.g.
[Chou et al., 2008; Rajot et al., 2008; Matsuki et al., 2010; Deboudt et al., 2012] on the
characterization of desert dust physicochemical properties. Other studies have been
performed in the thesis of [Mortier, 2014] by means of ground active and passive remotesensing techniques and near surface measurements of mass concentration.

4.1. General conditions during spring 2015 SHADOW-2 field campaign
General conditions during the first part of the SHADOW campaign and identification
of the major dust outbreaks are presented in the followings.
An insight on the sources of aerosol particles is presented in Figure 4.1. It shows the
frequency of 72-hour back trajectories during March – April 2015, which passes trough a grid
of 0.5 x 0.5, latitude per longitude. The data shows consistency with previous studies
conducted in the thesis of [Mortier, 2014]. In his thesis, the author presents monthly and
seasonal trends of incoming air masses for 2006.
The back trajectories at 500 m altitude indicate that the predominant air masses
circulations arrive from the North. However, the air masses from West and East are not
negligible, suggesting oceanic and continental influences, respectively. At 2500 m and
3500 m altitude, incoming air masses from West directions are also observed, implying the
oceanic influences. Moreover, East air mass directions, from the central Africa (middle of
Sahara desert) are encountered. Trajectories, which follow the course of western African
coast and originating in Sahel region, are also observed at the higher altitudes.
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Figure 4.5 compare the temporal variation of PM10 mass concentrations calculated
from the size distribution measured by miniWRAS instrument, using a density for the
mineral dust of 2.6 g/cm3, with PM10 mass concentrations measured by TEOM (note that
with the default density utilized by miniWRAS of 1.7 g/cm3, the difference with TEOM was
higher). The data are presented as one-hour averages. Overall, measured and calculated
PM10 values are in good agreement. However, some technical problems with TEOM
measurements occurred on 7, 11-18 April 2015, since PM10 mass concentrations measured
during the second desert dust event are sometimes less than 10 µg/m3.
TEOM PM10 (µg/m3)

1000

miniWRAS PM10(ρ=2.6 g.cm-3) (µg/m3)

PM10, µg/m3

1200
800
600
400
200

0
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Date and Time, UTC

Figure 4.5: Time series comparison of hourly means of PM10 mass concentrations calculated from the
size distribution measured by miniWRAS (with a particle density of 2.6 g/cm3) and PM10 mass
concentrations measured by TEOM, illustrated with black and green lines, respectively. The data are
shown for the period of 13 March to 24 April 2015 at the IRD-Mbour observation site.

Samplings of atmospheric particles were performed almost every day, from 23 March
to 23 April 2015 using DEKATI PM10 at near surface and a SIOUTAS sampler for collection of
particles at different altitudes on specific days.

4.2. Detailed analysis of dust event on 10 April 2015
Special attention was paid on the specific event occurred on 10 April 2015, when the
aerosol optical thickness at 440 nm was approximately 1.5 and PM10 mass concentrations
reached values up to 600 to 800 µg/m3. During this particular day, three scientific flights
were performed and the collection of atmospheric particles was conducted at around 1000,
2000 and 3000 m altitudes.
4.2.1. Meteorological, in situ and remote sensing observations
The LIDAR backscatter profiles illustrated Figure 4.6 (a and b) show the development
of the boundary layer up to around 4 km, suggesting, in conjunction with the increasing of
aerosol optical thickness at 440 nm on 10 April 2015 from Figure 4.7 (a), a strong desert dust
event.
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Figure 4.7: Diurnal variability on 10 April 2015 at the sampling location, IRD Mbour site of: (a) column
integrated τ at 440 nm and α between 440-870 nm; (b) total column water vapor; (c) sky brightness
temperature measured by thermal infrared radiometer at three spectral channels; (d) temperature
and relative humidity near the surface and (e) wind direction and speed near the surface. The black,
green, blue and red arrows from panel (b) illustrate the collection of airborne particles near the
surface and at 1, 2, 3 km altitudes, respectively.
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This can be also seen in the decrease of relative humidity near surface to around 10% until
16h00 UTC. Then, a late sea breeze starts cause an increase of the RH and lasted till 19h00
UTC (Figure 4.7d). A decrease of integrated water vapor is observed with the onset of the
sea breeze, where near surface relative humidity reaches 40%. The sea breeze is
characterized by changes in the wind direction and by an increase of the wind speed from
about 2 m.s-1 to 4.5 m.s-1 at the beginning of the sea breeze (Figure 4.7e). The increase in
brightness temperature during the time period 02h00 to 09h00 is due to the presence of
clouds, located around 5.5 km altitude (Figure 4.6a Then, the brightness temperature also
increases during the occurrence of strong dust event (Figure 4.7c). This may be due to arrival
of large mineral dust particles, since, in conjunction with the brightness temperature, the
aerosol optical thickness also increases, while the Ångström exponent decreases.
The temperature and relative humidity during the samplings are presented in Table
4.1. The samplings on altitude were performed for 10 minutes at each altitude. Furthermore,
for simplification, the notation for the samplings at near surface and on altitude at 1, 2, 3 km
are denoted with MbDGr0, MbDAlt1, MbDAlt2 and MbDAlt3, respectively.
Table 4.1: Temperature and relative humidity during samplings:

Sampling

Time, UTC

T, ° C

RH, %

MbDAlt3, 3000 m

16h00

17

25

MbDAlt2, 2000 m

17h35

24

15

MbDAlt1, 1000 m

18h40

31

20

MbDGr0, 20 m

16h30

35

40

The 120-hour air mass back trajectories starting at 2000 and 3000 meters altitude,
arriving at the observation point show incoming paths from Central Africa, while at 1000
meters from North, as can be observed in Figure 4.8. The RH along the air mass paths
provided by the Hysplit model shows variability between 10 and 40%. This is consistent with
vertical measurements of RH during the scientific flight presented Figure 4.10 and Figure
4.11.
Figure 4.9 shows the retrieved volume size distribution, spectral single scattering
albedo, and spectral complex refractive index from AERONET sun photometer. The coarse
mode is dominating the distribution with radii at 2.24 µm and no fine mode is present. The
spectral signature of SSA and complex refractive index are typical for desert dust, according
to other studies, e.g. [Dubovik and King, 2000].
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These figures show the variation with altitude. The sampling time was for 10 minutes,
when the mean temperature and mean relative humidity were 17, 24 and 31 degrees
Celsius, and 25, 15 and 20 %, on altitude of 3, 2 and 1 km, respectively. In agreement with
the column integrated retrieved volume size distribution that shows coarse mode only, most
of the mass of particles belongs to the PM10 size fraction. The extinction coefficient is
integrated with the vertical resolution of 100 m and shows layers of desert dust intrusion at
altitude. We should specify here that, the flight trajectory is a vertical spiral, thus it may
explain variations in the integrated extinction profile from PLASMA, since the flight was
conducted near seashore.
4.2.2. Aerosol composition near surface
The elemental composition of atmospheric particles was determined by SEM/EDX
and TEM/EDX. The collection of particles was carried out at different altitudes: near surface
(at 20 meters), at 1000, 2000 and 3000 meters altitude, respectively. Samplings were
performed at higher altitudes by installing the SIOUTAS cascade impaction device in an ultra
light aircraft, along with other instruments, such as miniWRAs, PLASMA and
temperature/relative humidity sensors. A GPS has been also installed, to keep tracking the
geographical coordinates and the altitude.
Near surface elemental composition of airborne particles
The collection of particles was conducted for 30 minutes, starting at 16h30, UTC,
using DEKATI PM10. Particles were collected onto 2 grids, which correspond to the size
fractions of 2.5 < daer < 10 µm (PM2.5-10) and 1.0 <daer < 2.5 µm (PM1-2.5), respectively.
The TEM/EDX analysis allows the observation of the microphysical properties and
chemical composition of collected particles. The individual particle analysis shows presence
of sea salt (NaCl-rich), mineral dust and internally mixed particles between sea salt and
mineral dust. This was observed on both size fractions. Furthermore, particles with complex
morphology, such as core-shell, were also present. The EDX analysis was performed on
different particles. In the followings, examples of TEM electron micrographs with collected
particles are presented.
Figure 4.13 shows electron micrographs with typical mineral dust particles and their
corresponding EDX spectra. These particles were present in both size fractions and mainly
aluminosilicates, Ca-rich and Fe-rich particles were found as mineral dust types.
Sea salt particles were present in the sample in both size fractions. Mostly fresh NaClrich particles were found. However, sea salt particles with traces of S, Mg and K were
identified amongst particles. An example of sea salt particles is provided in Figure 4.14.
Na, Cl particles originating from ocean spray typically occur in coastal cites as cubic NaCl.
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4.2.3. Aerosol composition as a function of altitude
Aforementioned, three scientific flights were performed on 10 April 2015. The
collection was performed during each flight at different altitudes. The collected airborne
particles were examined with the use of SEM/EDX and TEM/EDX. Here we present how the
composition of ambient particles is changing with altitude.
The elemental compositions of 432, 539 and 880 inorganic aerosol particles collected
on the stage with aerodynamic diameter range between 1 – 2.5 µm at 1, 2 and 3 km altitude,
respectively, were evidenced by automated SEM/EDX analysis. Mainly, four categories of
particles were identified: aluminosilicate particles, sea salt, other types of mineral dust and
carbon-rich particles. Other types of mineral dust include Fe-rich, Ca-rich, Ti-rich and Si-rich
particles, respectively. The relative abundance of collected particles at each altitude is
shown in the pie charts from Figure 4.16 (right). Overall, the mineral dust is the dominating
particle type in the aerodynamic diameter range between 1 – 2.5 µm.
Elemental composition of particles is reported as normalized atomic percent. The
particle classification according to [Deboudt et al., 2010; Derimian et al., 2017]. Based on this
classification, the analyzed particles were sorted into three different groups: Dust, Sea salt
and Carbonaceous. Particles sorted into the ‘Dust’ particle type were composed of
aluminosilicate (Al- and Si-rich), aluminosilicate + Carbon (Al-, Si- and C-rich), Ca-rich, Fe-rich
and Ti-rich particles. The ‘Sea salt’ particle type comprises fresh (Na- and Cl-rich) and aged
(Cl-depleted) sea-salts. The relative proportions of each group of particles are summarized in
Table 4.2.
Table 4.2: Descriptive table of Figure 4.16 indicating the relative abundance (%) of airborne particles
collected on the stage with aerodynamic diameter range between 1 – 2.5 µm in Mbour, Senegal, on
10 April 2015:

Altitude, km

Al/Si-rich

Al/Si+C-rich

Fe-rich

Ca-rich

Ti-rich

Sea salt

C-rich

3

87%

-

6.4%

2.2%

2%

1%

1.3%

2

79.2%

8%

6.3%

1.3%

1.7%

1.9%

1.7%

1

58.3%

5.1%

5.6%

6%

2.8%

17.4%

4.9%

On these specific collected particles it was found a higher relative abundance of
aluminosilicates particles at higher altitude that is 79.2% and 87% at 2 and 3 km,
respectively. At 1 km altitude it was found only 58.2 % of examined particles to be
aluminosilicate-rich particles. Thus, the relative proportion of aluminosilicates is increasing
with altitude in this specific day. However, dust is composed also by Fe-rich, Ca-rich, Ti-rich,
thereby, the relative ratio of dust particles are 71.8, 96.5 and 97.6 %, respectively. Therefore
inorganic dust abundance is increasing with altitude. The proportion of sea salt particles is
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Figure 4.17 shows the variation of sea salt particles composition with altitude. Here
the presence sea salt particles aged by nitrates and sulfates is observed, especially on the
sea salt particles collected at 2 and 3 km, thus these particles appear more atmospherically
processed at higher altitude.
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Figure 4.17: Ternary diagram of airborne sea salt particles collected at 1, 2 and 3 km heights
represented by open blue triangles, open red diamonds and closed green circles, respectively. The
data represent the normalized atomic % of sea salt particles sampled on 10 April 2015 over the
Mbour site, Senegal.

Figure 4.18 shows the variation of ‘Aluminosilicates’ and Fe-rich groups with altitude.
The purpose of these ternary plots is to show the Fe content in composition of desert dust,
which is the key light-absorbing specie within their mixture with other non-absorbing
minerals [Lafon et al., 2006]. However, here we can only state that the iron content exists
within the aluminosilicates particles and also as form of iron oxides.
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Figure 4.18: Ternary diagram of mineral dust particles mainly constituted by Al/Si-rich, Fe-rich and Sirich. (a) (b) and (c) represent the normalized atomic % of airborne mineral dust particles collected at
1, 2 and 3 km heights on 10 April 2015, over the Mbour site, Senegal.
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Surprisingly, only a few internally mixed sea salt and desert dust were found in the
observed particles (not shown here), although these kind of mixed particle are present on
the sampling performed near surface. The explanation is in the effect of the sea breeze
(shown in Figure 4.7 (d)), which due to the air masses recirculation it can influence the
mixing state of aerosol particles. For example, during the sea breeze the relative abundance
of dust/sea salt mixture is increasing compared to the period before the sea breeze when
continental winds are occurring. This effect has been observed in both coastal site of Mbour
and in the desert of Negev, Israel and will be later discussed in the Chapter 6. However, we
found evidence of cubic sea salt (Figure 4.19 (c)) and mineral dust with halo (Figure 4.19 (b)).
Evidence of coatings on particles was found at all three altitudes. Mineral dust plays a role in
global biogeochemical processes since trace metals such as iron present in dust are essential
nutrients to some marine biological processes. The desert dust particles can suffer
alterations of its structure and can transport organic pollutants in the atmosphere. Thus,
processed mineral dust particles can further undergo modifications that change their
chemical and optical properties. Dust particles coated by layers of hygroscopic sulfate have
been collected in various locations. Such coating was attributed to in-cloud processing and
to aqueous phase chemistry occurring in the source region. Dust particles coated by such
hygroscopic layers may become efficient cloud condensation nuclei (CCN) or even giant CCN,
possibly leading to opposing effects on cloud properties [Mahowald, 2003]. Adsorption of
organic compounds by mineral dust following interaction with local pollution can also occur
[Falkovich et al., 2004; Laskin et al., 2005]. Some studies suggest that desert dust could
modify the oxidative capacity of the atmosphere because of ozone uptake, sulfur and
nitrogen oxides on the surface of mineral dust particles, e.g. Falkovich et al., 2004 and
references therein. Such particles were identified in the samples and are illustrated in Figure
4.19.
TEM studies of individual mineral-dust particles aim at identifying major mineral
species in the aerosol and determining whether they are aggregated with other aerosol
species. Such information is useful for obtaining improved refractive indices and size and
shape data for model calculations of the radiative forcing of dust and for improvements of
remote sensing retrievals. The observation of internal or external mixtures is important for
determining which chemical reactions take place on mineral surfaces and how the original
particles change during atmospheric transport [Buseck et al., 1999].
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Coatings on particles were observed at ground level and at the three levels of altitudes, with
the help of SEM/EDX and TEM/EDX.
In this chapter we evidence the mixing state of particles and presence of coatings on
desert dust during strong events of desert dust intrusions. The following chapter is devoted
to the study of the physicochemical properties and mixing state of atmospheric aerosols in
the desert environment of Mbour, but under the biomass burning influences.
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Figure 5.7: Diurnal variability on 20 January 2016 at the sampling location, IRD Mbour site of: (a)
column integrated τ at 440 nm and α between 440-870 nm; (b) total column water vapor; (c) sky
brightness temperature measured by thermal infrared radiometer at three spectral channels; (d)
temperature and relative humidity near the surface and (e) wind direction and speed near the
surface. The red arrow from panel (b) illustrates the collection of airborne particles 3.7 km altitudes.
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The characteristics of the sea breeze can be observed by an abrupt increase in RH
from 10 before the sea breeze to 80% at the end of the sea breeze, and a decrease in
temperature from 35 to 25 degree Celsius (Figure 5.7d). Although low wind speed was
recorded during the sea breeze, less than 2 m.s-1, the wind direction is changing to inland
direction (Figure 5.7e).
Figure 5.8 shows the variation of the retrieved volume size distribution, spectral
single scattering albedo and spectral complex refractive index. The data are presented for
three distinct periods: a time period when two layers are established before the sea breeze;
a time period corresponding to the entrance of the third layer before the sea breeze; and a
time period when three layers are established with sea breeze occurrence (see Figure 5.5).
Note that the volume size distribution shows presence of mixture of fine/coarse particles
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Figure 5.8: Retrieved column integrated microphysical and optical properties at IRD-Mbour site,
Senegal on 20 January 2016. (a), (b), (c), (d) and (e) represent the means of volume size distribution,
normalized volume concentrations, spectral single scattering albedo, spectral real part of refractive
index and spectral imaginary part of refractive index. The colors blue, green and orange illustrate the
data before the sea breeze during the presence of 2 layers of aerosol, at the entrance of the third
layer of aerosol and during the sea breeze in the presence of three established layers of aerosol,
respectively.
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The temperatures, relative humidity, PM10, 2.5, 1 calculation from the measurements of
miniWRAS instrument and extinction coefficient from airborne photometer PLASMA are
presented in Figure 5.9 during the scientific flight. Note that the temperature and relative
humidity during sampling was less than 10 degrees Celsius and 45 %, respectively. The
relative humidity shows an abrupt change at the entrance of the aircraft within the
transported layer, from 25 % to 35 %, while the temperature decreases constantly.

Figure 5.9: Profiles of (a) temperature and relative humidity, (b) PM10, PM2.5 and PM1 estimations
from miniWRAS optical particle counter and (c) integrated per 100 m heights of extinction coefficient
from PLASMA instrument, during the scientific flight descend on 20 January 2016.

5.2.2. Aerosol composition in mixed layer of biomass burning and dust
The collection of airborne particles within the layer of aerosol at 3700 m altitude was
performed using a SIUOTAS cascade impaction sampler and copper mesh TEM films. The size
range of collection was according to the aerodynamic diameter as following:
StageA: daer > 2.5 µm; Stage B: 1.0 < daer < 2.5 µm; Stage C: 0.50 < daer < 1.0 µm;
Stage D: 0.25 < daer < 0.50 µm. The particles were analyzed with the help of TEM/EDX.
Elemental compositions of particles were determined using energy-dispersive X-ray
spectrometry (EDX). We analyzed both coated and not coated particles from every
aerodynamic size range as previously mentioned. Due tot the substrate used, the elements
C, O and Cu are not considered for the analysis. The carbonaceous aerosol particles were
identified mostly by their shape or by the lack of other dominant elements in the EDX
spectrum. Biomass burning particles have been found on the lower size fractions, especially
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Chapter 6. Intercomparison of desert dust aerosol under
humid conditions in Senegal and Israel
The Mbour site, which is extensively analyzed in this thesis work, is located on the
seashore and is regularly affected by the sea breeze. These conditions can be considered as
a natural laboratory for the studies of the desert dust properties under effect of marine air
masses and varying humidity. In addition, a previous study from our group [Derimian et al.,
2017, in review] is related to the thesis work. The work deals with another desert site (Sede
Boker) that is also regularly affected by the sea breeze, but located in the Negev desert of
Israel. Actually, it should be noted that the intensive observations during the sea breeze in
Mbour were motivated by results obtained in the Negev desert. In the current thesis work
we therefore focus now on the intercomparison of the two coherent data sets, with an
objective to find similarities or differences that can enable to draw generalized conclusion
about the effect of marine and humid air masses on the desert dust aerosol. The analysis
below present two typical days selected for the intercomparison - 6 April 2013 in the Mbour
site, Senegal and 16 August 2012 in the Sde Boker site, the Negev desert of Israel.

6.1. Meteorological and remote sensing observations
In Figure 6.1 are presented the lidar backscatter profiles for the days of 6 April 2013
and 16 August 2012 in Mbour and Negev, respectively. We can observe in both profiles that
with the arrival of the sea breeze at 14h00 UTC, the backscatter signal is increasing. Here, we
have to mention that the remote site Negev desert is located 80 km southeast of the
Mediterranean Sea. Thus, even at such important distance, the sea breeze effect is
observable in the measurements.
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Chapter 6. Intercomparison of desert dust aerosol under humid conditions in Senegal and Israel

of Mbour, and changes abruptly in the case of Negev. The temperature decreases with the
onset of the sea breeze and the relative humidity increases in both cases. Considerable
increase in wind speed is observable in the case of Negev, where during the sea breeze the
wind speed can reach a maximum of 8 m.s-1, while in the case of Mbour, the wind speed
varies between 2 and 4 m.s-1. The wind direction is changing in agreement with the sea
breeze and shows direction from the sea.
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Figure 6.2: Diurnal variability on 6 April 2013 at the sampling location, IRD Mbour site, Senegal in left
panel and on 16 August 2012 at Negev desert site, Israel in right panel, of: (a) and (f) column
integrated τ at 440 nm and α between 440-870 nm; (b) and (g) total column water vapor; (c) and (h)
sky brightness temperature measured by thermal infrared radiometer at three spectral channels; (d)
and (i) temperature and relative humidity near the surface; (e) and (j) wind direction and speed near
the surface.
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In Figure 6.3 we present the intercomparison of the retrieved volume size
distribution, spectral single scattering albedo and spectral complex refractive index. The data
represent the mean retrieved properties before and during the sea breeze for 6 April 2013 in
Mbour, Senegal and for 16 August 2012 in Sede Boker, Israel. The left panels present the
figures for the specific days, and the right panels present figures with the statistic of the
retrieved properties for spring 2013 in Mbour for the days when the sea breeze occurred.
First of all, it can be observed that the tendencies in the considered specific day of 6 April
are similar to those in the statistical data, which supports representativeness of the selected
day. The same is also true for the Negev case, as shown in [Derimian et al., 2017, in review].
The sea breeze event on 6 April 2013 in Mbour is characterized by a slight increase of SSA,
which is related to decrease of imaginary part of refractive index; the real part of refractive
index is slightly increases. The volume size distribution does not present much difference
compared to the one before the sea breeze. In contrast, on 16 August 2012 in the Negev
desert, we observe a shift of the aerosol volume size distribution towards larger particles in
both fine and coarse modes. The SSA and real part of refractive index present a decrease
with the onset of the sea breeze, while the imaginary part of the refractive index during the
sea breeze only slightly increases compared to the one retrieved before the sea breeze. It is
notable that the tendencies in the change of optical characteristics in both sites are
opposite, however, the common is that the aerosol characteristic respond to the sea breeze
arrival, both in a specific day and in the statistical analysis. For a better understanding of the
presented variability in the aerosol optical characteristics, we now focus on their
composition and morphology analysis. Note that the lidar data show one aerosol layer, thus
the near surface sampling is expected to be representative and related to the aerosol
properties in the column.
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Figure 6.3: Retrieved column integrated microphysical and optical properties from AERONET sun
photometer. (a), (b), (c) and (d) represent the means of normalized volume concentrations, spectral
single scattering albedo, spectral real part of refractive index and spectral imaginary part of
refractive index before and during the sea breeze at IRD-Mbour site, Senegal on 6 April 2013 and at
Negev desert site, Israel on 16 August 2012. (e), (f), (g) and (h), same as in left panel, but represents
statistics for the days with sea breeze in Spring 2013 at IRD-Mbour site.
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Chapter 6. Intercomparison of desert dust aerosol under humid conditions in Senegal and Israel

Particles that contain sea-salts internally mixed with mineral dust were attributed to the
‘Mixed Dust/Marine’ particle type. Particles not assigned to the previous categories were
sorted into the ‘Other’ particle type comprising Mg-, S-, K-, and KCl-rich particles.
‘Carbonaceous’ particle types consist in particles most probably originating from cooking
and residual waste burning, which are composed mainly of carbon (C-rich) and potassium (Krich). ‘Metallic’ group particles include particles containing heavy elements (Cr-rich, Ni-rich,
and Fe-rich).
Inorganic aerosol relative abundance in Mbour:
During the continental winds, before the sea breeze, dust is dominant only in the
coarse fraction (64%), whereas sea salt particles are dominant in the fine fraction (49%). This
can be explained by the vicinity of the sampling site to the seashore. Abundance of
dust/marine mixture is higher in the fine fraction (7%) compared with coarse fraction (2%).
Contribution from local pollution is evidenced by 6 and 11 % of carbonaceous particles in
fine and coarse fraction, respectively. During the sea breeze the sea salt particles are
dominant with 42 and 63 % in fine and coarse modes, respectively, confirming the transport
of sea salt particles. An important observation is that the fraction of the internally mixed
dust/marine particles increases from 7 to 14 % in fine fraction and from 2 to 5 % in coarse
fraction.
Inorganic aerosol relative abundance in Negev:
Before the sea breeze arrival, marine particles predominate in fine fraction (54%) and
dust particles predominate in coarse fraction (64%). The sea breeze arrival is well evidenced
by an increase in the marine relative abundance from 54 to 61 % in fine fraction and from 38
to 44% in coarse fraction. Furthermore, the internal mixture of marine/dust particles
increased from 9 to 27% in fine fraction and from 5 to 18% in coarse fraction. Interestingly,
this tendency is similar to what is observed in Mbour. Note also that during the sea breeze, a
new particle type was observed and sorted into ‘others’ group, which presented 2 and 7%
relative proportions in fine and coarse fractions, respectively, from total particle analyzed.
The ‘others’ group consisted in particles smaller than 1 µm in projected diameter and were
mainly composed of K-rich and KCl-rich particles. A reasonable explanation is that such
particles were brought by the sea breeze, which passed over anthropogenic sources from
the vicinity and densely populated area. Further details on the chemical composition in
Negev are presented in the work by [Derimian et al., 2017, in review].
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Overall, it can be noted that the relative proportions of particle collected in Mbour
and Negev present similarities, e.g. the fractions of marine particles are predominant and
the internal mixture of dust/marine particles increases during the sea breeze. In rather
contrast, the mixture of marine/dust in the case of Mbour increases approximately by two
times during the sea breeze from 7% to 14 % and from 2% to 5 % in fine and coarse
fractions, respectively, while in the case of Negev, it increases approximately by three times,
from 9% to 27% and from 5% to 18 % in fine and coarse modes, respectively. This is coheren
with the residential time, which is higher for the Negev site than for the coastal site of
Mbour, thus the probabilistic to have coagulation between particles of sea salt and desert
dust is higher.
In addition, we can estimate the fraction of hygroscopic particles from the abovementioned relative proportions of particle types, by adding the fractions of marine and
mixed dust/marine particle types. Thereby, in the case of Mbour, the fraction of hygroscopic
particles remains similar (56%) in fine fraction and increases mostly in the coarse fraction
from 21 to 68 %. In the case of Negev, the fractions of hygroscopic particles increase from 63
to 88% in fine fraction and from 43 to 62 % in coarse fraction. The fact is in line with the
remote sensing observations that indicate a shift of the aerosol volume size distribution
towards large particle sizes. Noteworthy that the total fraction of hygroscopic particles is
even underestimated, since, for example, the mineral dust (especially processed calcite),
carbonaceous and Mg-, S-, K-, and KCl-rich particles can also be hygroscopic. In fact, previous
studies on particles collected in the Negev Desert reported the formation of water-soluble
dust, e.g. [Laskin et al., 2005]. Beside, carbonaceous particles from wildfires or
anthropogenic may suffer surface oxidation and become hydrophilic aged soot [Mikhailov et
al., 2001; Zuberi et al., 2005]. Thus, during the sea breeze, not only the fraction of marine
particles is increasing, but also the total relative proportion of hygroscopic particles.
Furthermore, we will focus on the composition of particles collected in Mbour. Figure
6.6 shows the ternary diagrams of major dust categories (Al-, Si- and Ca-rich), nitrogen
containing (N-rich) and sea salt (Na- and Cl-rich) particles. Here, we should mention that,
before the sea breeze occurrence, in fine fraction we identified only 5 particles with Ca-rich,
however the presence of Ca-rich particles under the form of calcite and gypsum, were
identified in both fine and coarse fraction during the sea breeze event. Moreover, during the
sea breeze, particles classified in the group dust/marine mix, were Ca-rich particles
containing also aluminosilicate compounds.
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Figure 6.6: Ternary diagram of sea salt, dust and dust marine mixture groups of particles collected
near the surface at IRD-Mbour site, Senegal on 6 April 2013. (a), (b), (c) and (d) represent the data
from particles collected in the fine fraction (PM1-2.5) and coarse fraction (PM2.5-10), respectively. The
red and blue dots illustrate the particles collected before and during the sea breeze, respectively.

Figure 6.7 shows the aging of sea salt particles with N and S. Given the sampling
location (couple of hundred meters of the seashore), it is not unusual to observe the
presence of fresh sea salt particles before the sea breeze. Furthermore, aged sea salt
particles are found before and during the sea breeze. Nonetheless, the totally converted
particles (Cl-depleted) appear during the sea breeze, compared to the sea salt particles
collected before the sea breeze.
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The ternary diagrams from Figure 6.6 and Figure 6.7 show that particles are present
both fresh and aged and in internally mixed state. This is important to know, since the
optical properties of particles depend besides on the size, shape, also on the mixing state.
Figure 6.8 and Figure 6.9 show the number size distribution of each group of sorted
particles, from the SEM/EDX, for Mbour and Negev, respectively. In the case of Mbour,
before the sea breeze the total number size distribution is governed by marine and dust
particles. However, the distribution of dust particles is wider (Figure 6.8a). During the sea
breeze, the total number size distribution is shifted towards larger particles. The same is
observed for the marine size distribution and may be explained by the aging of sea salt
during the sea breeze (Figure 6.8b). The normalized number size distribution during the sea
breeze does not show a shift towards larger particles, however it is wider. A plausible
explanation is that the composition and morphology of particles is changing during the sea
breeze (Figure 6.8c).
In the case of Negev, the total size distribution before the arrival of the sea breeze is
mainly defined by dust and marine particles with concentration maxima at radii of about
0.25 µm and 0.75 µm, respectively Figure 6.9 (a). During the sea breeze, the total number
size distribution is split into two modes with maxima centered at radii of about 0.4 µm and
1.75 µm (Figure 6.9b). This may be explained by the presence of both aged and fresh marine
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particles. The mean size of coarse marine particles observed during the sea breeze is shifted
towards larger sizes, i.e., an increase of radius from about 0.75 µm to 1.75 µm. This can be
due to hygroscopic growth of more aged and larger particles exposed to the higher RH
during the sea breeze. The number size distributions of dust and mixed dust/marine particle
types are also changing during the sea breeze, with both size distributions broadening. The
normalized volume size distribution presented before and during the sea breeze (Figure
6.9c) clearly illustrates the shift toward larger particle sizes during sea breeze, which is in line
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In this chapter, we evidence the changes in composition and morphology of collected
ambient particles in two locations affected by the sea breeze. This effect is also observed in
remote sensing observations. This part of the thesis was focused on the analysis of the field
campaigns where it was shown the presence of internal mixing state in complex structure of
“core-shell” particles. In the following part, we will present implications of internally mixed
particles for remote sensing applications under various considerations.
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Part IV.
Implications for remote sensing

“Theory provides the maps that turn an uncoordinated set of experiments or
computer simulations into a cumulative exploration.”
David E. Goldberg
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Chapter 7. Sensitivity of remote sensing to core-shell
structure
The individual particle analysis presented in this thesis work shows that, specifically
during some urban particulate pollution events, majority of observed particles had a liquid
coating. In addition, single particle analysis of desert dust aerosol presented in chapters 4, 5,
and 6, and in a study by [Derimian et al., 2017, in review] related to this thesis work, show
that a liquid coating can also occur on ambient desert dust particles. This is in agreement
with a number of previous laboratory and field works [Dentener et al., 1996; Krueger, 2003;
Falkovich et al., 2004; Krueger et al., 2004; Laskin et al., 2005; Zuberi et al., 2005] and in
contrast to a generalized assumption that the desert dust is hydrophobic.
Motivated by these observations, we examine how the core-shell structure of
particles can affect retrievals of the aerosol microphysical characteristics using remote
sensing measurements, which rely on the assumption a conventional homogeneous particle
model. We also compare between the effect of the core-shell structure and possible effect
of internal mixture in form of inclusions, or in form of external mixture. In addition, a series
of tests is conducted with an attempt to answer the question if some type of measurements
can be sensitive to parameters of the core-shell structure? To achieve these goals, a
strategy, which is schematically presented in Figure 7.1, is applied. That is, optical
characteristic, such as spectral aerosol extinction, phase function and degree of linear
polarization, are first calculated for scenarios of core-shell, inclusions and external mixtures
for a given aerosol size distribution and complex refractive index (see left panel of Figure
7.1). The spherical particle model is assumed here for two main reasons: firstly, a wellestablished and fast code for stratified spheres [Stamnes et al., 1988] is available; secondly,
it is expected that the particles tend to be spherical when embedded in a liquid coating. The
former hypothesis is verified and supported by results presented in section 8, hereinafter.
Then, the calculated spectral extinction, phase function and degree of linear polarization are
inverted in order to derive the aerosol size distribution and complex refractive index (see
right panel of Figure 7.1). At this step, however, a model of homogeneous randomly
oriented spheroids with fixed aspect ratio distribution is used. This model is used in widely
known AERONET operational code [Dubovik et al., 2006] and is also applied in other
numerous remote sensing inversion algorithms. In order to consider the different
measurement configurations, three scenarios of inversion are considered. First one is
availability of the aerosol spectral extinction and spectral phase function in range of
scattering angles from 0 to 120 degree (without backward scattering). This configuration
mimics the sun/sky photometric measurements from the ground (“Photometer like”
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refractive index of the particle shell is similar to one of ammonium sulfate 1.38+1e-6*i, since
presence of pure water (real part equal 1.33) is unlikely in the atmosphere. The assumed
complex refractive index of core is 1.50+0.01*i, which represents typical solid atmospheric
particles with pronounced absorption. It should be clarified that these values of the
refractive indexes are chosen for the purpose of theoretical sensitivity test only. It should
also be clarified that despite the complex refractive index of atmospheric aerosol can have a
spectral dependence, in this study it is assumed as spectrally independent for the purpose of
simplicity of the analyses. Additionally, the cases of fine and coarse dominating modes of
particles size distribution are considered.
7.1.1. Variability of optical properties with thickness of shell
Fine mode dominating case
Figure 7.2 shows that the values of spectral AOT of scattering and absorption are
decreasing with increase of non-absorbing thickness of a liquid shell. Indeed, when an
“optically soft” coating with low refractive index appears, the effective real and imaginary
refractive indexes of a particle decrease, which decrease the scattering and absorption AOT.
The SSA, which is a ratio of scattering AOT to scattering plus absorption AOT, however,
increases. This is because the scattering decrease much slowly than absorption with increase
of Δshell, as can be seen in Figure 7.4 (b). The asymmetry parameter in Figure 7.2 (d) is
generally increases with thickness of the shell, showing stronger scattering contribution in
forward hemisphere direction. However, the increasing behavior is not the same at all
wavelengths. The detailed phase functions at 440 nm and 1020 nm, which are presented in
Figure 7.3 (a) and (c), show that the scattering contribution in the backward direction is
generally decreasing, but behavior of the forward peak at different wavelengths appears as
complex. It decreases with increase of the ratio Δshell/rtotal at 1020 nm, but at 440 nm
increases again for the ratio of 0.8. It indicates that dependence of the scattering cross
section on size parameter can be influenced by the core-shell structure and can change the
scattering efficiency resonances. The degree of linear polarization (-P12/P11) as a function of
scattering angle (Figure 7.3 (b) and (d)) shows quite strong dependence of polarization on
thickness of the shell. It is also strongly vary with the size parameter as can be seen from the
differences between -P12/P11 at 440 nm and 1020 nm. Figure 7.4 shows how the SSA, AOT,
asymmetry parameter and lidar ratio at two wavelengths vary as a function of thickness of
the shell. Interesting to note that the scattering component is practically constant when the
thickness of the shell is above 40 % of the total particle radius; also that the absorption
component become zero when the thickness of the shell reaches 80%. The asymmetry
parameter start change significantly after only after 20%. Particularly interesting to note the
strong variability of the lidar ratio that may vary between about 50 to 70 sr.
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Figure 7.2: Aerosol optical characteristics for varying thickness of particle coating - the case of fine
mode dominating particles. (a) volume size distribution used for the calculations, (b) normalized to
maximum AOT scattering and absorption components, spectral (c) SSA and (d) Asymmetry
parameter. Green, orange and blue colors denote the ratio of thickness of shell to total particle radius
of 0.1, 0.4 and 0.8, respectively; the red color denotes the not coated (homogeneous) particle case.
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particles. The inserts in (a) and (c) represent the phase functions in forward scattering angles. Green,
orange and blue colors denote the ratio of thickness of shell to total particle radius of 0.1, 0.4 and 0.8,
respectively; the red color denotes the not coated (homogeneous) particle case.
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dominating particles.

Coarse mode dominating case
The results for the coarse mode dominating size distribution (Figure 7.5 (a)) are
pronouncedly different from the fine mode dominating case. It is first of all because of a
lower scattering effectiveness of large particles, this is also why the SSA has lower values at
shorter wavelengths (Figure 7.5 (c)) despite the imaginary part of refractive index is
spectrally flat. At the same time, the particles structure plays a more important role for the
absorption component, as can be seen from variability of SSA for different Δshell/rtotal (Figure
7.5 (c)). Comparison of the asymmetry parameter dependence on Δshell/rtotal in the case of
fine and coarse mode (Figure 7.2 (d) and Figure 7.5 (d)) does not present a clear tendency, it
is explained by quite complex variability of the phase function (Figure 7.3 and Figure 7.6, (a),
(c)) at all scattering angles and by the fact that the asymmetry parameter is an integrated
value that smooth the details. In our simulations we also noted an increase in the form of
the phase function at scattering at around 60 degree for Δshell/rtotal at around 0.4. The
scattering increases when the ratios of Δshell/rtotal approach a certain value and then
gradually decrease, while scattering angle of the maximum is also changing.
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Figure 7.5: Same as in Figure 7.2, but for the case of coarse mode dominating particles.
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Figure 7.6: Same as in Figure 7.3, but for the case of coarse mode dominating particles.

The degree of linear polarization for the coarse mode dominating case (Figure 7.6 (b),
(d)) shows an important variability for different Δshell/rtotal, which signifies sensitive of this
characteristic to parameters of the core-shell structure. The lidar ratio in Figure 7.7 (d)

119

© 2017 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Florin Unga, Lille 1, 2017

Chapter 7. Sensitivity of remote sensing to core-shell structure

presents a very important variability as a function of Δshell/rtotal, it deviates between about 10
to 45 sr, which may have an important implication for the lidar signal interpretation.
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Figure 7.7: Same as in Figure 7.4, but for the case of coarse mode dominating particles.

7.1.2. Variability of optical characteristics with changing the composition of core
In order to examine the effect of contrast between the complex refractive index of
core and shell, we choose to vary the refractive index of the core while keeping constant the
liquid coating material of the shell. Therefore, the figures in this section show how the
aerosol optical characteristics change with varying real (ncore) and imaginary (kcore) refractive
indices of core. The ratio Δshell/rtotal in this analysis is fixed to 0.4, which is an intermediate
value of the above-presented analysis of the optical characteristics versus Δshell/rtotal. When
the real part of the core varies, the imaginary is fixed to the value of 0.01; when the
imaginary varies – the real is 1.50. Only the fine mode dominating case is considered in this
section since conclusions are expected be applicable for the coarse mode case as well.
Organization of the figures in the analysis versus refractive index is similar to the analysis
versus Δshell/rtotal, in order to facilitate the inter-comparison. A generalized conclusion, which
can be derived from an overview of three sets of the calculations, is that the optical
characteristics vary much stronger due to change in the geometrical dimensions of the coreshell structure than due to change in real or imaginary refractive index of core. Another
observation is that the lidar ratio, shown in Figure 7.10 (d) has quite strong variability. It is
between about 45 to 70 sr when the real part of core changes from 1.38 to 1.58; and
between about 50 to 80 sr, when the imaginary part changes from 1e-6 to 0.1.
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Figure 7.8: Same as in Figure 7.2, but for varying ncore=1.38/1.43/1.48/1.53/1.58 - the case of fine
mode dominating particle.
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Figure 7.9: Same as in Figure 7.3, but for varying ncore=1.38/1.43/1.48/1.53/1.58 - the case of fine
mode dominating particle.
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mode dominating particle.
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Figure 7.11: Same as in Figure 7.2, but for varying Kcore=1.0e-6/0.001/0.01/0.05/0.1 - the case of fine
mode dominating particle.
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Figure 7.12: Same as in Figure 7.3, , but for varying Kcore=1.0e-6/0.001/0.01/0.05/0.1 - the case of fine
mode dominating particle.
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Figure 7.13: Same as in Figure 7.4, but for varying Kcore=1.0e-6/0.001/0.01/0.05/0.1 - the case of fine
mode dominating particle.
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7.2. Effect of core-shell structure on inversion under equivalent
homogeneity assumption
In this section we examine the situation when the measurable aerosol optical
characteristics, such as spectral extinction, phase function and degree of linear polarization,
are produced by particles in the core-shell structure, but inverted into the microphysical
properties, such as size distribution, refractive index and sphericity fraction, using a
conventional homogeneous particles model, as schematically presented in Figure 7.1.
Therefore, the results are expected to illustrate either an equivalent homogeneous particles
model is capable, or not, to reproduce the radiation characteristics of the core-shell
particles. The tests are conducted under single scattering approximation that is most
favorable for identification of sensitivity to the unique properties in directional scattering. It
is because specific features of directional scattering can be smoothed in multiple scattering
conditions. The cases of fine and coarse dominating modes of particles size distribution are
considered. The tests are also conducted for different measurements configurations such as
“Photometer like”, “Satellite like”, and “ideal case”, as was described in the beginning of
Chapter 7.
The volume size distribution used for forward calculations is represented by
continuous black line in each panel (a) of every figure. Continuous black and dashed lines
illustrate the real and imaginary part of shell and core, respectively, that are also used for
the forward calculations, in each panel (b) and (c) of every figure. The red line presents
results of inversion when the homogeneous particles model is used for forward optical
characteristics calculations. Other colored lines present the retrieved size distributions and
refractive indexes for different values of the ratio Δshell/rtotal. The residuals of the fit and the
retrieved fraction of sphericity are presented in an insert table. The residual of fit show the
cumulative relative error between the measured and calculated extinction, phase function
and degree of linear polarization. Note that the forward calculations are conducted using a
stratified sphere model, i.e. 100 % sphericity. The fine and coarse mode domination cases
are considered.
Figure 7.14 shows that in the “Photometer like” case, the aerosol size distribution and
equivalent real refractive indexes for the case of homogeneous (not coated particles) and
when Δshell/rtotal is 0.1 are fitted well. However, the imaginary parts appear in-between of
refractive indexes of core and shell, which can be expected when Δshell/rtotal is 0.1, but
indicates a lack of sensitivity when the initial forward calculations are conduced for the
homogeneous model. When Δshell/rtotal is 0.4 and 0.8, the retrieved equivalent real and
imaginary parts are logically approach to those values of shell. The residual of the fit
increases with a maximum at 0.4, which corresponds to most inhomogeneous situation, that
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is, for Δshell/rtotal of 0.8, the particles approach to homogeneous case again, but with
domination refractive index of shell. The sphericity fraction of 100 % is always correctly
retrieved. In the case when all scattering angles and polarization are available (Figure 7.15),
the sensitivity is improving and the imaginary part for the forward homogeneous case is
quite close to the initial assumption (black solid line). The equivalent retrieved refractive
indexes stay logically in-between the refractive indexes of core and shell. The scenario of
“Satellite like” (Figure 7.16) shows that presence of core-shell perturbs sensitivity to coarse
mode of size distribution. The lack of sensitivity to the coarse mode of size distribution can
be expected because of absence of forward scattering component, which is very sensitive to
the particles size. In both “Satellite like” and “Ideal case” some non-spherical fraction
appears in the retrieval. It indicates that once the backward scattering features of core-shell
structure are considered, they probably can be “confused” by the inversion with the effect
of particles non-sphericity on scattering in backward directions.
In the case of “Satellite like” the aerosol size distribution is not well reproduced, since
here, for the purpose of testing only, the size distribution is retrieved with 22 bins and the
scattering angles for forward calculations are between 65 to 165 degree, thus, it exists less
sensitivity to these type of measurements.
The coarse mode domination case (Figure 7.17 and Figure 7.18) shows that in the
most inhomogeneous situation (Δshell/rtotal is 0.4) the retrieved real refractive index obtains
strong spectral dependence, moreover its values may exceed even the values of the core. In
the scenario of “Satellite like” case the retrieved imaginary part exceeds the imaginary part
of the core. The size distributions are also not reproduced as well as for the fine mode case.
The residual of fit is also significantly increases relative to the fine mode case. Generally
stronger artifacts in the retrieved refractive index, size distribution and large residuals, all
this indicates that the homogeneous aerosol model does not reproduce well the core-shell
structure in the case of the coarse aerosol particles. The fact means that a stronger
sensitivity to the core-shell structure exists for all three considered type of the
measurements.
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Fine mode dominating case

Figure 7.14: Retrieved aerosol optical characteristics - the case of fine mode dominating particles and
“Photometer like” measurements of (a) volume size distribution, (b) real part and (c) imaginary part
of the complex refractive index. The insert table provides the total residual of fit and the sphericity
factor.

Figure 7.15: Same as in Figure 7.14, but for “Ideal case”.

Figure 7.16: Same as in Figure 7.14, but for “Satellite like” measurements.
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Coarse mode dominating case

Figure 7.17: Retrieved Aerosol optical characteristics - the case of coarse mode dominating particles
and “Photometer like” measurements of (a) volume size distribution, (b) real part and (c) imaginary
part of the complex refractive index. The insert table provides the total residual of fit and the
sphericity factor.

Figure 7.18: Same as in Figure 7.17, but for “Ideal case”.

Figure 7.19: Same as in Figure 7.17, but for “Satellite like” measurements.
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As it is observed from analysis of the Figure 7.14 to Figure 7.19, the residual of fit and
sphericity fraction are indicators of failure of the homogeneous model. We therefore plot
these single parameters in Figure 7.20 and Figure 7.21 as a function of ratio of shell
thickness to the total particle radius. The increase of total residual of fit and deviation of the
sphericity parameter from 100 %, thus indicate the core-shell dimensions hardly
reproducible by a homogeneous aerosol model. We can observe that in the case of coarse
mode dominating particles, the residual of fit is significantly higher than in the case of fine
mode dominating. Also, important fraction of non-spherical particles can be needed by the
inversion, especially when backscattering is considered (“Ideal case” and “Satellite like”).
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Figure 7.20: (a) Residual of fit and (b) retrieved sphericity parameter in different geometries as
denoted in the legend, in the case of fine mode dominating particles.
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Figure 7.21: (a) Residual of fit and (b) retrieved sphericity parameter in different geometries as
denoted in the legend, in the case of coarse mode dominating particles.
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7.3. Effect of core-shell versus Maxwell-Garnett mixing rule on inversion
under equivalent homogeneity assumption
In this section we compare the previously presented results of the retrievals in the
scenario of core-shell with the retrievals in the scenario when the internal mixture is
simulated by inclusions into a host particle. The complex refractive index in case of
inclusions is calculated using Maxwell-Garnett effective medium approximation.
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Figure 7.22: Retrievals in the case of fine mode dominating particles and “Photometer like”
measurements of (a) volume size distribution, (b) real part and (c) imaginary part of the complex
refractive index. In panel (a) the volume size distribution used as forward calculations is represented
by continuous black line and in (b), (c) the complex refractive index of core, shell and Maxwell-Garnett
effective medium are shown by continuous black, dashed black and orange lines, respectively. Red
and green lines represent the retrievals in the case of Core-shell and Maxwell-Garnett effective
medium, respectively. The total residual of fit and the sphericity factor are provided in the legend.
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Figure 7.23: Retrievals in the case of coarse mode dominating particles and “Photometer like”
measurements of (a) volume size distribution, (b) real part and (c) imaginary part of the complex
refractive index. In panel (a) the volume size distribution used as forward calculations is represented
by continuous black line and in (b), (c) the complex refractive index of core, shell and Maxwell-Garnett
effective medium are shown by continuous black, dashed black and orange lines, respectively. Red
and green lines represent the retrievals in the case of Core-shell and Maxwell-Garnett effective
medium, respectively. The total residual of fit and the sphericity factor are provided in the legend.
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In order to be consistent with the core-shell model, the volume fraction of host and
inclusions is the same as of shell and core, respectively. This formulation supposes the
volume equivalency, i.e. the same volume of material that composes the host and inclusions,
also composes the shell and the core; the difference is only in how the material is distributed
across the particle. As it could be expected, because forward calculations are conducted for
homogeneous particle anyway, just the effective refractive index is calculated differently,
the retrievals in case of MG reproduce very well the initial values used for the forward
calculations; see Figure 7.22 and Figure 7.23 for “Photometer like” case and fine and coarse
mode dominations, respectively. The core-shell case however, presents strong spectral
dependence in real refractive index in coarse mode case. Also, the residual of fit is
significantly higher for the core-shell case. It illustrates that not the values of refractive
index, but the particle structure is responsible for the unique directional scattering and
polarization characteristics.

7.4. Effect of external mixture on inversion under equivalent homogeneity
assumption
Following the results of inversion for the core-shell structure and Maxwell-Garnett
mixing rule, the question can raise what will be the retrieved characteristics in case of
external mixture of particles? The forward calculations of spectral extinction, phase function
and degree of linear polarization are now conducted using external mixture of two types of
homogeneous aerosol, then it is inverted using one aerosol type of homogeneous aerosol.
Solid and dashed lines in Figure 7.24 (fine mode domination) and Figure 7.25 (coarse mode
domination) present the originally assumed size distributions and refractive indexes of two
aerosol types. Inversion of the “Photometer like” case shows that the retrieved equivalent
refractive indexes are mostly spectrally flat and well in-between of values of the two
components. Although the sphericity fraction is somewhat decreased, the residual of fit is
very low. The results indicate that one equivalent homogeneous aerosol model can
reproduce reasonably well the properties of externally mixed aerosols in case of
“Photometer like” measurement configuration. This is in contrast with the case of core-shell
aerosol, coarse mode domination (Figure 7.17).
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Figure 7.24: Retrievals in the case of fine mode dominating particles and “Photometer like”
measurements for external mixture of (a) volume size distribution, (b) real part and (c) imaginary part
of the complex refractive index. Continuous black, dashed black and orange lines represent the fine
mode, coarse mode and retrievals, respectively.
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Figure 7.25: Retrievals in the case of coarse mode dominating particles and “Photometer like”
measurements for external mixture of (a) volume size distribution, (b) real part and (c) imaginary part
of the complex refractive index. Continuous black, dashed black and orange lines represent the fine
mode, coarse mode and retrievals, respectively.
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8.1. Motivation
Aerosol particles exist in the atmosphere in various sizes, shapes and chemical
species. They can be homogeneous or in different mixing states such as externally or
internally mixed. Often in climate modeling and remote sensing applications the
atmospheric particles are assumed as a homogeneous or external mixture of various
homogeneous aerosols [Liu et al., 2012; Modini et al., 2015]. However, observations at the
level of individual particles reveal that atmospheric aerosol can be a heterogeneous mixture
of different particles [Moffet et al., 2009; Deboudt et al., 2010; Hand et al., 2010; Pósfai and
Buseck, 2010; Healy et al., 2013; Marris and Deboudt, 2013; Pósfai et al., 2013; Sobanska et
al., 2014; Fan et al., 2016; Young et al., 2016; Hamacher-Barth et al., 2016], in particular in
the form of inclusions and coated particles, e.g. [Laskina et al., 2013; Mikhailov et al., 2015].
They can account for a significant fraction of atmospheric particles and can often outnumber
the homogeneous particles [Li and Shao, 2008].
One of the difficulties in the climate models and remote sensing applications is to
quantify internally mixed particles and parameterize models for such case. The influence of
nonhomogeneity has previously been the subject of sensitivity tests in remote sensing
observations. The optical properties, absorption and scattering of aerosols strongly depend
on the mixing scenario used, either external or internal. Indeed, some models treat the
internally mixed components by assuming that a particle is composed by a homogeneous
mixture of different species [Easter et al., 2004; Zhang et al., 2012]. Moreover, the changes
in optical and radiative properties when coatings of sulfates and nitrates occur on mineral
dust have been previously discussed in [Bauer et al., 2007].
It is known that aerosol optical characteristics of heterogeneous particles can be
quite different from homogeneous ones. For example, calculations for internally mixed
particle using different models have been previously done in various studies and have
proven that the model chosen affects the optical characteristics. For instance, the
absorption enhancement, which is defined as the ratio of the absorption cross section of a
coated absorbing particle to an equivalent uncoated particle, was found to increase when a
nonabsorbing material surrounds a soot particle [Bond et al., 2006; Schwarz et al., 2008;
Cappa et al., 2012; Mishchenko et al., 2014; Kahnert, 2015].
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This section discusses the observations of heterogeneity of real atmospheric particles,
namely cases of core-shell structure, sampled in different regions and environmental
conditions (urban/industrial pollution, desert dust, biomass burning). We benefit from two
field campaigns conducted in northern France and western Africa, Senegal (the SHADOW
campaign). The collected data was used for answering the questions whether the
dimensions of core-shell structure can depend on aerosol size and/or composition and if any
parameterization is possible. We, then, illustrate how aerosol optical characteristics in single
scattering approximation for a realistic particle size distribution can change as function of
the core-shell dimensions and chemical composition.

8.2. Methods and data quality verification
Transmission electron microscopy
The samples were investigated using a Transmission Electron Microscope (TEM)
coupled to an X-ray energy dispersive spectrometer (EDS detector) from FEI company, model
TEM FEI Tecnai G2-20 twin operating at 200 kV accelerating voltage with a LaB6 filament.
The camera used for acquisition of electron micrographs of particles is Gatan ORIUS SC1000
CCD. TEM has been proven to be a suitable technique for structural, morphological
information and chemical composition of individual airborne particles [Adachi et al., 2010; Li
et al., 2011a, 2011b; Adachi and Buseck, 2013; Pósfai et al., 2013; Verleysen et al., 2014].
However, such technique has certain limitations. It is well known that some compounds are
prone to degradation and alteration in the high vacuum of the electron microscope and
under the electron beam some compounds may be vaporized (especially water solvated
compounds) [Pósfai et al., 1998]. This effect strongly depends on the composition of aerosol
particles. Refractory compounds, such as fresh soot, mineral dust or metallic oxides remain
unchanged, however semi volatile compounds and water will be evaporated within the high
vacuum chamber of TEM.
The internal structure of particles can be examined by digitalizing the projected
images of particles, darker pixels reconstruct the two-dimension projection (2-D) of the
particles. In the case of coated particles, the volatile or aqueous surrounding material
generally appears as a residual halo, which is well observed in electron micrographs.
Unfortunately, the spectra of the residual halo cannot be acquired, due to the low density of
material remaining after evaporation in the vacuum of the microscope chamber.
Image analysis by FIJI software
Digital images acquired with TEM were processed using the free software called FIJI
[Schindelin et al., 2012] based on image analysis software ImageJ [Schneider et al., 2012], as
illustrated in Figure 8.1. This software package is commonly used for counting and
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between the length and width, in order to provide a parameter describing the shape of
particles, by the following equation:

���� ����� =

!!"#$,!!"#
!!"#$,!!"#

.

(8.3)

The axis ratio of atmospheric particles is essential for accurate calculations of optical
and radiative properties as shown in [Dubovik et al., 2006; Derimian et al., 2016].
In other studies, the equivalent surface area and particle diameter is calculated using
best fitting ellipse to a particle outline or the arithmetic mean of the longest and shortest
axes of the ellipse [Kojima et al., 2005; Li and Shao, 2008]. In our study, we use the
maximum and minimum calipers to the particle outline.
Data quality
The axis ratio of coated urban pollution and coated desert dust particle was found to
vary from 1 to 2. In the case of urban pollution, 75%, 21% and 4% of coated particles have
axis ratio between 1.0 - 1.2, 1.2 - 1.5 and higher than 1.5 but not more than 2, respectively.
Desert dust particles present 88%, 8% and 4 % of coated particles with axis ratio between
1.0 - 1.2, 1.2 - 1.5 and 1.5 - 2, respectively. Thus, this results show that majority on the
coated particles are nearly spherical. Suggestions that coated mineral dust particles become
more spherical have also been made by [Li and Shao, 2008]. However, observations
presented in Figure 8.2, suggest that core of particles can still present irregularities and
elongated shape. This type of nonspherical particles can induce more noise in the equivalent
circle assumption. For example, a given ellipsoid particle with axis ratio of 3:1, will have a
surface area ≈ 2.36 and the arithmetic mean diameter of 1.5. Its equivalent circle diameter,
however, will be approximately 1.73. Thus, in this case, we will overestimate the equivalent
circle diameter compared to the mean axis by about 15 %. To validate the assumption that
the shape of the particle cores is equivalent to a circle, we provide observations of each
collected particle core length and width, from all size ranges, as it is illustrated in Figure 8.3,
panels a) and c). Notice that the majority of the points fall below one-to-one line. The value
of slope is 0.73 and 0.76 in the case of urban pollution and desert dust atmospheric
particles, meaning that most of the particles present slightly elongated shapes. In Figure 8.3
panels b) and d) we present the correlation between arithmetic mean of the two axes and
equivalent circle diameter, which is 0.99 for all measured particles. Here, we indicate that in
the cases of urban pollution and desert dust particle, only about 5% and 1.3% of the
equivalent circle diameter of cores are underestimated by 20%, as compared to the
arithmetic mean diameter.
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Figure 8.3: Upper panels and bottom panels are for core particles in urban pollution and desert dust
case, respectively. (a) and (c) Short versus long axis as derived from the individual particle image
analysis. Different colors and symbols represent values obtained for particles on different stages of
the impactor. (b) and (d) the arithmetic mean of short (w) to long (l) axis versus circle equivalent
diameter. The colors indicate three different ranges of l to w ratio that indicate deviation from oneto-one line with increasing axis ratio.

8.3. Results
8.3.1. Dependencies of halo dimensions on size of particle
TEM observations of 8531 particles were used to describe their microphysical
properties at individual particle scale. The number of analyzed particles collected near
surface in urban pollution environment (Lille, northern France) on 13 March 2014 is 2569, of
which 1553 present halos. From the particles collected in desert dust environment (Mbour,
Senegal) on 20 January 2016 at the altitude of 3700 m, we analyzed 5872 particles, of which
1187 present halos. However, we should mention that around 52 % (3086) of the particles
were collected on the stage with aerodynamic size range of 0.5 > daer > 0.25 µm, from desert
dust region. The abundance of 52 % small particles is due to a strong episode of pollution
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with biomass burning, but the presence of desert dust particles on altitude is also evidence.
Nonetheless, in the case of urban pollution, the particles presenting a halo outnumber the
not coated particles. We will use the terminology of coated particle, coated urban pollution
and coated desert dust for analyzed particles that present a halo.
The core equivalent diameter (dcore, µm) of investigated coated particles ranges from
0.15 to 7.5 µm and 0.11 to 6.3 µm in the cases of coated urban pollution and desert dust,
respectively. In the case of coated particles sampled in urban pollution environment, 56 % of
particles have a dcore lower than 1 µm and 44 % above 1 µm. In the case of coated particles
sampled in desert dust environment, only 23 % have a dcore below 1 µm, and 77 % higher
than 1 µm.
Due to a large size range of the collected coated particles accounted in this study, we
try to identify if dependence between the dimensions of core and the surrounding material
exists. Therefore, Figure 8.4 presents how the thickness of halo (Δhalo, µm) varies with dcore.
The data show an increase of Δhalo with the dcore for both coated urban and desert particles.
The slopes and correlation coefficients are calculated for three size ranges as described in
the insert table in Figure 8.4 and present a decrease towards bigger particles. The mean dcore
and Δhalo are calculated for five size ranges of dcore and are presented in Table 8.1. The mean
Δhalo (also illustrated as black diamonds in Figure 8.4) is higher for coated urban pollution.
We also notice an increased standard deviation (St.Dev.) for bigger urban pollution particle
cores. In order to explain the behavior of the standard deviation for urban pollution case, we
provide additionally the coefficient of variation defined as the standard deviation to the
mean (also known as dispersion), presented in the insert graph in Figure 8.4. As the
dispersion does not vary considerably, the increases in standard deviation are driven by
increased values of Δhalo for bigger coated particles and not by the relative spread of the
data. The attenuation of the thickness of shell with the size can be explained either by the
diffusional growth, i.e. smaller particles grow faster and chemical composition, e.g. some
compounds with smaller sizes can adsorb relatively much aqueous atmospheric
constituents.
Table 8.1: Mean and standard deviation of Δhalo and dcore for five ranges of dcore. Number of particles
within every size range is also presented.

Range (µm)
dcore < 1
1 < dcore < 2
2 < dcore < 3
3 < dcore < 4
dcore > 4
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Pollution
dcore (µm)
0.62 ± 0.21
1.41 ± 0.29
2.44 ± 0.26
3.36 ± 0.30
4.96 ± 0.73

Δhalo (µm)
0.31 ± 0.14
0.54 ± 0.23
0.70 ± 0.28
0.78 ± 0.29
1.10 ± 0.49

N°
870
421
161
62
39

Dust
dcore (µm)
0.67 ± 0.24
1.49 ± 0.27
2.40 ± 0.26
3.35 ± 0.28
4.72 ± 0.67

Δhalo (µm)
0.26 ± 0.10
0.34 ± 0.09
0.42 ± 0.11
0.49 ± 0.12
0.48 ± 0.14

N°
277
478
332
71
29

lilliad.univ-lille.fr

Thèse de Florin Unga, Lille 1, 2017

Chapter 8. Insights on parameterization of core-shell structure

3.5
Pollution
Slope
r

2.5

St.Dev./mean

r
#
0.1 < dcore(µm) ≤ 1 0.26 ± 0.02 0.39 870 0.21 ± 0.02 0.48 277
1.0 < dcore(µm) ≤ 2 0.25 ± 0.04 0.31 421 0.07 ± 0.01 0.22 478
2 < dcore (µm)
0.14 ± 0.02 0.4 262 0.05 ± 0.01 0.27 432

3.0

∆halo, µm

Dust
Slope

#

∆halo:

0.4
0.2
0.0
0

Pollution
Dust
Mean

2.0

0.6

Pollution
Dust
1

2

3 4 5
dcore, µm

6

7

8

1.5
1.0
0.5
0.0
0

1

2

3

4

5

6

7

8

dcore, µm
Figure 8.4: Thickness of the halo (Δhalo) surrounding a particle versus diameter of the particle core
(dcore) for an ensemble of particles collected on all stages of the impactor. Blue circles and red
crosses correspond to particles collected during urban pollution and dessert dust events, respectively.
The black diamonds and solid lines present the means with standard deviations and the slopes for
subintervals of dcore. The values of slopes and correlation coefficients are indicated in the insert. The
relative dispersions, which are calculated as ratio of St.Dev to mean, are also presented in the insert
graph.

Aforementioned, the collection of particles is according to their aerodynamic
diameter. Thus, we put the emphasis on the dependence of Δhalo to dcore, as observed in
Figure 8.5 for particles analyzed in each aerodynamic size range of the sample. The number
of particles analyzed, the slopes and correlation coefficients, respectively, per aerodynamic
diameter stage are reported in the insert table of each panel. Coated particles collected in
urban pollution case present a positive correlation and increasing slopes as the stage
aerodynamic diameter decreases. In the case of coated desert dust particles, the slope is
higher (0.18 ± 0.02) for particles collected on the stage with smaller aerodynamic diameter
size range and for the particles collected on stages with higher aerodynamic diameter size
range, dcore does not present any dependence on the Δhalo, the slope being close to 0. This
non-correlation may be explained either by the collection efficiency (50 %) of the impactor
or by the particle shape (elongated) which favors the passage through the slit of the
impactor.
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Figure 8.7: Histograms of fraction of thickness of halo (Δhalo) to the total diameter of a coated particle
(dtotal) per stage of the impactor (panels (a) and (c)) and per submicron and supermicron size fraction
(panels (b) and (d)). Upper and bottom panels are for urban pollution and desert dust cases,
respectively.

The exception is in the case of coated particles collected on the stage with
aerodynamic diameter between 1.0 > daer > 0.50 µm in urban pollution environment, where
mean Δhalo/dtotal is closer to the mean value of Δhalo/dtotal for coated particles collected on the
stage with aerodynamic diameter between 2.5 > daer > 1.0 µm. The mean Δhalo/dtotal for
submicron particle cores is higher than the mean Δhalo/dtotal for supermicron for both urban
pollution and desert dust particles. It is not unexpected that the frequency of occurrence
distributions overlays. As it is observed in Figure 8.4, particle cores with the same equivalent
diameter can be coated by various sizes of thickness of halo.
In Figure 8.8 we present the number size distribution normalized to total particle
number of core only and coated particles in respect to the impactor aerodynamic size ranges
for both urban pollution and desert dust cases. The equivalent core diameter were
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maximum of the distribution develops, is presented in the insert table for each stage of the
cascade impactor.
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Figure 8.8: Number size distribution normalized to total number of particle per stages of the impactor
(similarly as in Figure 8.5), where left column corresponds to urban pollution and right to desert dust
cases. Black and red lines represent the distributions for core and core plus halo diameters,
respectively. The number of analyzed particles and maximum of the distributions are presented in the
insert table; δ represents the percentage of the distributions maximum shift.

As the impactor stage cut-off diameter increases, the shift between maximum of
distributions becomes lower. The shapes of the distributions of core and coated particles are
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similar in both cases. Moreover their width in case of desert dust is narrower. This can be
explained by the diversification of chemical species of collected particles. Most predominant
type of coated aerosol collected in desert dust region was calcite and aluminum silicate
particles (except on the stage with aerodynamic size range of 0.5 > daer > 0.25 µm, where
biomass burning particles dominate), whereas particles collected in urban pollution
environment were predominantly carbonaceous and metallic particles.
8.3.2. Effect of coating on axis ratio
Axis ratio in this study is presented as the ratio between Feret’s maximum and
minimum diameters of the particles. The range of axis ratio of particle cores varies between
1 and 5, however, only 6 particles were found to have axis ratio higher than 3 in the case of
urban pollution cores and 2 particles in the case of desert dust cores, which are not
presented in the histograms in Figure 8.9. In the case of urban pollution particle cores, 43 %
have axis ratio between 1 and 1.25, 35 % with axis ratio higher than 1.25 but lower than 1.5
and 22% with axis ratio higher than 1.5 with maximum 3. Desert dust particle cores present
52 % with axis ratio between 1 and 1.25, 35 % with axis ratio higher than 1.25 and lower
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Not coated
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than 1.5 and 13 % of total particle cores with axis ratio higher than 1.5 and lower than 3.
Dust case, Mbour
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2.5
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Figure 8.9: Histograms of axis ratio of particles surrounded by halo (core part only, denoted as
“coated cores“) and particles that were found on the same substrate but without a halo (denoted as
“not coated“) for (a) pollution and (b) dust cases.

Note that the frequency of desert dust particle cores with axis ratio 1.1 – 1.3 is
slightly higher than in the case of urban pollution particle cores in the same range. The mean
axis ratio of urban pollution particle cores and not coated particles was found to be 1.37 ±
0.3 and 1.56 ± 0.6, respectively. In the case of desert dust particle cores and not coated
particles, the mean axis ratio is 1.31 ± 0.2 and 1.57 ± 0.4, respectively. Overall, both axis
ratio distributions present similarities, thus, the majority of the core appears as less
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elongated in both cases of urban pollution and desert dust aerosols, compared to particles
that did not present a surrounding halo. Furthermore, the chemical composition of collected
particles can explain the axis ratio distributions, for example, both soot and dust can present

Frequency of occurance

complex shape or the ageing processes can contribute by altering the shape of particles.

Not coated particles
Dust
Pollution
Biomass

0.3

0.2

0.1

0.0
1.0

1.5

2.0

2.5

3.0

Axis ratio
Figure 8.10: Histograms of axis ratio of particles not surrounded by a halo (not coated) for desert
dust, urban pollution and biomass burning cases. Note that the particles of biomass burning are only
from the lowest stage of the impactor (stage D, 0.5 >daer (µm) >0.25). The dust particles are from the
same sampling but bigger size fractions (stages A, B, C - aerodynamic diameters above 0.50 µm). The
pollution case presents axis ratio of the particles collected on all stages.

However, as mentioned before, the particles collected onto the lower stage, with
aerodynamic size range of 0.5 > daer (µm) > 0.25, were mainly small particles from biomass
burning emissions. These particles were not taken into account for distributions of axis ratio
in Figure 8.9 (b). The mean axis ratio of particles collected on the lower stage is 1.38 ± 0.3.
That can be explained by the chemical composition, for example, a high axis ratio of the
mineral dust
8.3.3. Sensitivity to possible parameterization
In order to observe the impact of coatings on optical properties of atmospheric
particles, we analyze the changes induced in spectral single scattering albedo (ω0),
directional scattering (P11(θ, λ) x AOTscat(λ)) and degree of linear polarization (-P12(θ, λ)
/P11(θ, λ)), when coating on particles appear.
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The spectral phase function or spectral directional scattering is defined as the P11(θ,
λ) element of the phase matrix that satisfies the following normalization condition:
!
�11
! !
!

�, � ∙ sin ��� = 1.

(8.4)

Conventionally, the spectral degree of linear polarization is defined as the ratio of the
polarized phase function (-P12(θ)) to the P11(θ) element of the phase matrix, for single
scattering of unpolarized incident electromagnetic radiation.
We developed a numerical tool, based on Mie solution, which solves Maxwell’s
equations of scattered electromagnetic radiation at the interaction with concentric coreshell spheres [Yang et al., 2002; Dubovik et al., 2006] which represents an adaptation of
Wiscombe code for polydispersed particle ensemble.
We performed tests using the assumption of spherical and concentric core-shell on a
typical volume size distribution of urban pollution and desert dust, as presented in Figure
8.11 a). For calculations, we involved spectral complex refractive indexes at 4 wavelengths of
440, 670, 870 and 1020 nm, respectively. In the case of urban pollution, the complex
refractive index used for core is m = 1.6 + 012i at all wavelengths, which represents a
weighted mixture between 15 % black carbon and 85 % brown carbon [Castro et al., 1999;
Guyon et al., 2003; Chakrabarty et al., 2010]. In the case of desert dust particles we used a
complex refractive index from [Dubovik et al., 2002], which is m = 1.55 +
0.0025i/0.0014i/0.010/0.010 at 0.44/0.67/0.87/1.02 µm, respectively. The complex
refractive index of shell is m = 1.38 + 1x10-6i, which corresponds to aqueous ammonium
sulfate [Tang et al., 1994].
We assume that the thickness of halo is somehow proportional to the real thickness
of shell of a coated atmospheric particle. We are aware that we may overestimate the exact
value of thickness of shell, due to the impact and spreading of aqueous material on the
sampling grid, using cascade impaction technique, however the dependency of the halo
dimension on the particle core exists, as shown previously in Figure 8.4 and Figure 8.6. Thus,
Δhalo/dtotal is proportional to the ratio of the thickness of shell surrounding a particle to total
diameter of particle, or can also be written in terms of radius as Δshell/rtotal. Therefore, the
assumptions used here are: 1) Δshell/rtotal is a continuous function of the total radius; 2)
Δshell/rtotal is a fixed mean for all sizes of particles; 3) Δshell/rtotal is discretized in two mean
values, one for fine and one for coarse mode, respectively, as observed on coated particles.
When an ensemble of absorbing particle core are coated by a non absorbing shell, ω0
significantly increases, meaning that the scattering is more effective than absorbing as
observed in Figure 8.11 b). The same effect is observed in the case of desert dust particles,
but less pronounced, as observed in Figure 8.11 c). The increasing ω0 behavior is expected,
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however, calculations for the spectral P11(θ) and –P12/P11(θ) show rather surprising
results.
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Figure 8.11: (a) Normalized volume size distributions of fine and coarse dominating modes
representative for urban pollution and desert dust cases. Single scattering albedo for urban pollution
(b) and desert dust (c) cases. Black lines represent homogeneous pure carbonaceous and desert dust,
red lines represent the case of coating where the fraction of Δshell is as a continuous function of
particle radius (see description in Figure 8.6), orange lines represent the case where the fraction of
Δshell is a same mean value for all particles sizes, blue lines correspond to the case where the fraction
of Δshell is different for the fine and coarse modes.

Figure 8.12 a) shows that the P11(θ) x AOTscat at 0.44 µm, in the case of fine mode
dominating particles, differs only when absorbing particles are coated by a non absorbing
shell compared with the P11(θ) x AOTscat at 0.44 µm of the homogeneous carbonaceous
particles, especially in the backscatter direction. However, the way how the thickness of
shell is distributed along the size of particles does not produce important variability of
P11(θ) x AOTscat at 0.44 µm However, the difference in P11(θ) x AOTscat at 0.44 µm, becomes
more obvious in the case of coarse mode dominating particles. Differences between the way
how the thickness of shell is distributed starts to be noticeable, as observed in Figure 8.12 b).
Noteworthy, in both cases of fine or coarse mode dominating particles, the difference occurs
in the backward scattering directions, which can have implications for instruments that
measure the backscatter signal (e.g. lidar).
Despite moderate variability in P11(θ) x AOTscat at 0.44 µm, the degree of linear
polarization –P12/P11(θ) at 0.44 µm responds much stronger. In both cases, where either
fine or coarse mode is dominating the volume size distribution, the degree of linear
polarization –P12/P11(θ) at 0.44 µm presents a much stronger variability versus the –
P12/P11(θ) at 0.44 µm of homogeneous desert dust or carbonaceous particles, in both
forward and backward direction. In the case of fine mode dominating particles, we can
distinguish between the scenarios when Δshell/rtotal is fixed for all sizes and the scenarios
where Δshell/rtotal is a continuous function or different per fine/coarse mode, which produces
similar results. However, the variability according to the way of Δshell/rtotal distribution along
sizes becomes much more important in the case of coarse mode dominating particles. In this
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case, all three cases give noticeable behavior. Overall, the way of how thickness of shell is
distributed along the size is less important in the case of fine mode dominating particles.
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Figure 8.12: (a), (c) Phase function (P11) and degree of linear polarization (-P12/P11) at 440 nm for
the case of urban pollution and (b), (d) of desert dust. The color code description is the same as in
Figure 8.11 b), c).

In order to examine the spectral dependence of coating effect and the way how the
thickness of shell is distributed along the core size, we also present the variability of P11(θ) x
AOTsca and –P12/P11(θ) at 1.02 µm, in Figure 8.13. In the case of fine mode dominating
particles, P11(θ) x AOTsca and –P12/P11(θ) at 1.02 µm exert sensitivity to the appearance of
coatings versus homogeneous particles, in both forward and backward angular scattering
direction. Nevertheless, the way of distribution of Δshell/rtotal does not produce dissimilarities.
In the case of coarse mode dominating particles, both P11(θ) x AOTsca and –P12/P11(θ) at
1.02 µm present variability versus the case of homogeneous desert dust and a more
pronounced effect to the way of distribution of Δshell/rtotal is seen in –P12/P11(θ) at 1.02 µm,
especially in the backward angular scattering direction.
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Figure 8.13: (a), (c) Phase function (P11) and degree of linear polarization (-P12/P11) at 1020 nm for
the case of urban pollution and (b), (d) of desert dust. The color code description is the same as in
Figure 8.11 b), c).

This chapter presents insights on parameterization of core-shell structure model as
observed on real atmospheric particles collected in urban and desert environment. We
shows here that in some cases, the way how the shell is distributed within a size distribution
can be important, especially for large particles.
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Part V.
Conclusions and perspectives

“The explanation requiring the fewest assumptions is most likely to be correct.”
William of Ockham
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8. Conclusions and perspectives
Several field campaigns were conducted in urban pollution and desert dust
environments by employing a synergistic approach including observations from ground
based remote-sensing, online measurements and collection of airborne particles by cascade
impaction technique. The main goals were (i) to study the physicochemical properties and
mixing state of particles (i.e. internal or external) by means of analytical scanning and
transmission electron microscopy for aerosols collected during specific episodes of elevated
aerosol loading; (ii) to analyze the effects of the microphysical properties of aerosols on
optical characteristics as measured and retrieved by remote sensing during the events of
interest; and (iii) to investigate possible parameterization and representation of aerosol
composition and structure in remote sensing retrievals algorithms.
The investigations in urban environment (northern France), presented in Chapter 3,
were conducted on one of the most polluted month (March 2014) in the period 2014-2016.
This is reflected in the near surface PM10 concentrations, which exceed the information limit
of 50 µg/m3 during seven days in March 2014. In this month, observations and forecast
models confirm two major pollution events: (i) an event of urban pollution taking place from
11 to 14 March 2014 and ended by rainfall on 15-16 March 2014, and (ii) Saharan desert
dust intrusion episodes, occurred from 27 to 30 March 2014. Furthermore, two days, 13 and
29 March 2014, were selected and analyzed in detail as representative of urban pollution
and desert dust intrusion, respectively.
The urban pollution episode in March 2014 extended at large scale affecting much of
northwest Europe, including England, northern France (including Paris), Belgium, Luxemburg
and the Netherlands. The episode on 13 March can be seen as heavy haze pollution, where
the boundary layer does not exceed 600 meters. During the peak of pollution, the near
surface PM2.5 represents 86.4 % of PM10 mass (PM10=112.6 µg/m3, PM2.5=97.3 µg/m3), i.e.
most of the mass of particles is governed by the fine fraction. This is also confirmed by the
column integrated Ångström exponent between 440 and 870 nm, which is around 1.5 with
an elevated aerosol optical thickness at 440 nm of 0.53. In addition, the retrieved volume
size distribution from AERONET sun photometer shows fine mode dominating particles with
radii of 0.25 µm.
Desert dust intrusions are evidenced by the simultaneous analysis of retrievals and
measurements from AERONET sun photometer and lidar, respectively. On 29 March 2014,
lidar measurements show important aerosol backscatter in the vertical range of 0-2 km,
which represent the Planetary Boundary Layer. Moreover, aerosols are present even above,
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between 2 and 6 km, which originate from northwestern Africa. During desert dust
intrusions, near surface measurements of PM10 and PM2.5 did not take high values
(PM10=33.2µg/m3, PM2.5=28.6µg/m3). However, similar as for the haze pollution episode,
PM2.5 represents most of the mass concentration of airborne particles (86%). The column
integrated aerosol optical thickness at 440 nm does not show elevated aerosol loadings (τ at
440 nm = 0.28), however still higher than the normal regime (τ at 440 nm = 0.2). In contrast
with the haze pollution event, the Ångström exponent between 440 and 870 nm is much
lower, approximately 1, and indicates a contribution of both coarse and fine mode aerosol.
To support this, the retrieved volume size distribution shows important presence of fine and
coarse mode particles with radii of 0.11 µm and 1.7 µm, respectively.
Despite the differences in the type of pollution events, the composition of ambient
particles sampled near the surface was similar. Analyzed particles were sorted into three
categories, namely: 1) Carbonaceous particles, 2) Urban dust particles and 3) Metallic
particles. Carbonaceous particles were predominantly in the smaller size fraction (i.e. 0.25 <
daer < 0.50 µm) and in various morphologies, such as chain aggregates of nanospheres and
internally mixed with sulfate-rich particles. Urban dust particles were mainly constituted by
aluminosilicates, silicates, Ca-rich and Mg-rich particles. Moreover, aging of urban dust
particles is suggested by identification of trace elements in the TEM/EDX particles spectra of
S, P, K. Metallic particles (Fe-rich, Cr-rich and Ni-rich) may originated from transport
emissions, such as tailpipe exhaust, brake and tire abrasions, roadway dust, and also as
residual of heating fuels. In addition, we evidenced coatings on particles, which can be seen
in TEM electron micrographs as a transparent material (halo) surrounding a core particle.
The study on 2569 particles collected in the haze pollution event unraveled that about 60%
of them are in “core-shell” structure. Thus, the number of coated particles outnumbers the
not coated ones.
On March – April 2015 and December 2015 – January 2016, two intensive field
campaigns were conducted in Mbour, Senegal (western Africa), namely SHADOW (Study of
SaHAran Dust Over West Africa) as part of the Labex CaPPA project. The aim of these
campaigns was to study the composition and morphology of collected airborne particles
near ground and at several altitudes during desert dust and biomass burning outbreaks.
Complementary analysis of retrieved microphysical and optical properties was also
conducted.
During the desert dust outbreaks (March – April 2015), special attention was paid on
the specific event occurred on 10 April 2015, when, during the peak of the event, the aerosol
optical thickness at 440 nm was approximately 1.5 and hourly mean PM10 mass
concentrations reached values up to 600 µg/m3. The Ångström exponent between 440 and
870 nm, which was less than 0.1, and retrieved volume size distribution form AERONET sun
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photometer, indicate presence of large aerosols with the coarse mode radii centered at 2.4
µm. On this event, samplings of airborne particles were conducted at 20 meters near
surface, 1000, 2000 and 3000 meters altitude. The origin of aerosols collected near the
surface is established by the wind direction from West (oceanic influences) and at higher
altitudes by the 120-hour air mass back trajectories. According to this, particles collected at
1000 m altitude originate from North of the sampling location, while air masses collected at
2000 and 3000 meters altitude originate in Central Africa. The individual particle
composition and morphology was determined by TEM/EDX and SEM/EDX. Main constituents
of ambient particles collected near the surface are desert dust (aluminosilicates, Fe-rich, Carich), sea salts and binary mixture of dust/sea salt. It is noteworthy that dust interaction with
sea salt particles or secondary aerosol will enhance hygroscopic properties of dust that can
uptake water and deliquesce at very low relative humidity. Sea salts particles were identified
as freshly emitted (NaCl-rich) and aged by the interaction of sea salts with atmospheric
pollutants (Na-rich and Cl-depleted particles). Particles collected on the stage with
aerodynamic diameter size range comprised between 1 – 2.5 µm and at 1000, 2000 and
3000 meters altitude were sorted in four main categories: aluminosilicates, sea salt, other
types of mineral dust (Fe-rich, Ca-rich, Ti-rich and aluminosilicates with carbon) and
carbonaceous. Here we evidence that the relative proportion of aluminosilicates increases
with altitude (58.2/79.2/87% at 1000/2000/3000 meters altitude), thus also the total
contribution of total desert dust, which represents the sum of all attributed dust categories
(77.8/96.5/97.6% at 1000/2000/3000 meters altitude). Furthermore, the contribution of sea
salt is observed mainly at 1000 meters (17.3%) and appears more atmospherically processed
at 2000 and 3000 meters altitude. Lastly, carbonaceous particles most probably originating
from local sources of residual waste burning and transportation ways are also observed.
Furthermore, the morphology of individual particles is evidence by TEM imaging and shows
complex morphology of “core-shell” structure. This was observed for particles collected at all
altitudes.
During the second part of SHADOW campaign, 20 January 2016 was selected as a
representative day of the biomass burning intrusions. The 72-hour HYSPLIT back trajectories
show origin of incoming air mass from the active fires regions represented by MODIS
product. Compared with the desert dust period (10 April 2015), the Ångström exponent
between 440 and 870 nm is 0.75 and the retrieved volume size distribution shows
contribution of fine and coarse mode at radii of 0.11 and 2.24 µm. The collection of airborne
particles was conducted at 3700 meters altitude during a scientific flight. Here, the relative
humidity increases from 25% to 45% within an aerosols layer that was observed at 30004000 meters, as follows from the lidar backscatter profile. The biomass burning particles (Crich, S-rich and K-rich) were found in the size fractions with aerodynamic diameter between
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0.25 < daer < 0.50 µm and 0.50 < daer < 1.0 µm. Surprisingly, no clear evidence of coatings on
biomass burning particles, however internally mixed biomass burning with desert dust was
found, for example, markers of biomass burning elements in the composition of mineral
dust, which is in line with previous studies [Deboudt et al., 2010]. Furthermore, desert dust
particles (aluminosilicates, silicates, Ca-rich, Fe-rich) were abundant in the coarse fractions
with aerodynamic diameter between 1.0 < daer < 2.5 µm and higher than daer > 2.5 µm, but
fine dust was also observed. Most of the finer dust particles were atmospherically processed
and observed in the form of “core-shell” structure. Moreover, internally mixed coarse desert
dust with most probably aqueous compounds in complex morphology of “core-shell” were
evidenced by TEM imaging technique. The study on 5872 particles reveals that about 20% of
the investigated particles present halos. However, it should be mentioned that 52% (3086)
were on the stage with the lowest size fraction (0.25 < daer < 0.50 µm) and only 95 particles
present halos, which were desert dust.
Intercomparison of two coherent data sets, with an objective to find similarities or
differences about the effect of marine and humid air masses on the desert dust aerosol in
two desert sites was conducted. The sites of interest were Sde Boker located in Negev
Desert of Israel and Mbour, Senegal, western Africa; both sites are affected by the sea
breeze. In the case of Mbour, the column integrated aerosol optical thickness at 440 nm,
water vapor and sky brightness temperature are progressively increasing with the onset of
the sea breeze and the retrieved volume size distribution from AERONET sun photometer
shows only an increase in magnitude of the distribution. Compared to Mbour case, in the
Sde Boker site abrupt changes occur and the retrieved volume distribution shows a shift
towards larger particles of both fine and coarse mode. The reported behaviors are observed
for the specific days affected by the sea breeze, but also on statistics done for the days with
sea breeze from Spring 2013 in Mbour and Summer 2012 in Sde Boker [Derimian et al.,
2017, in review]. Furthermore, the inorganic composition of particles collected before and
during the sea breeze is evidenced by computer-controlled SEM/EDX analysis. It reveals that
before the sea breeze, in both cases the desert dust is dominant in coarse fraction. During
the sea breeze the marine relative proportion is dominant. In addition, dust/marine internal
mixture is increasing during the sea breeze and is more pronounced in the case of Negev.
The number size distributions of each group of particles are determined from SEM/EDX
analysis; the observed tendencies and variability of these size distributions are consistent
with those observed by the remote sensing observations.
Aforementioned, “core-shell” particles were observed in urban and desert
environments, in various atmospheric conditions (i.e. temperature and relative humidity,
haze urban pollution, desert dust intrusions over urban area, desert dust outbreaks, biomass
burning intrusions in desert environment), both near the surface and at various altitudes.
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Given these observations, theoretical studies were performed using a fast code for stratified
spheres (Stamnes et al., 1988) on how the aerosol optical characteristics vary for different
thicknesses of the coating layer and for varying values of real and imaginary parts of complex
refractive index in the case of “core-shell” particles. The assumptions used here are typical
volume size distributions of fine or coarse mode dominating as observed on real
atmospheric particles and spectrally independent complex refractive index. Further
assumptions were that particles present a liquid and non-absorbing material of ammonium
sulfate and the core represents typical solid atmospheric particles with pronounced
absorption. We found that the spectral scattering and absorption components of aerosol
optical thickness, asymmetry parameter, phase function, degree of linear polarization,
spectral single scattering albedo and lidar ratio at 532 nm are varying differently for typical
fine or coarse mode dominating particles, as a function of the ratio of thickness of shell to
total particle radius. Thus, the effect of coating is manifested differently for different aerosol
sizes. In addition, the change of the composition of core particles (i.e. complex refractive
index) for a constant ratio of thickness of shell to total particle radius, does not affect as
much as the change of the coating dimensions.
Furthermore, we evaluate how the retrievals of the aerosol microphysical
characteristics using remote sensing measurements, which rely on the assumption of a
conventional homogeneous particle model (used by AERONET and numerous other remote
sensing inversion algorithms), can be affected by the “core-shell” structure. Here, we mimic
the geometry of the sun/sky photometric measurements from the ground, the satellite
measurements of backward reflected solar radiation and an idealistic case when the spectral
extinction, spectral phase function and spectral degree of linear polarization in the entire
range of scattering angles (from 0 to 180 degrees). Using the cases of fine and coarse
dominating modes of particle size distribution, tests are conducted under single scattering
approximation. The results here indicate that, in some measurement configurations, optical
characteristics of the “core-shell” structure cannot be fully reproduced by homogeneous
aerosol model, the effect is particularly important when the coarse mode particles
dominate. The fact means that, potentially, a sensitivity of this type of measurements to the
aerosol core-shell parameters exits. Additionally, a comparison between Maxwell-Garnett
effective medium approximation and “core-shell” model shows that in contrast to the coreshell model, the Maxwell-Garnett model is well reproduced by the homogeneous particle.
The external mixture of particles was also found as well reproducible by the homogeneous
model.
Because one of the difficulties in the remote sensing applications is to quantify the
internally mixed particles by a reasonable number of parameters, the last chapter of this
thesis is dedicated to insights in possible parameterization of the “core-shell” structure. To
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achieve this goal, a statistical analysis of morphological features of collected particles in
urban and desert dust environments is conducted using dedicated image analysis software
and the assumption of equivalent circle area. In this work, we found that the thickness of
halo is dependent on the dimension of core in both cases of coated urban pollution and
desert dust particles, however, is more pronounced in the urban pollution case. We also
derived an equation, which can describe the dependency of the thickness of the coated
compound as a function of the dimension of core. We also found that, in the case of urban
particles, the ratio of thickness of halo to total particle diameter comprises from 0.06 to 0.42
and the mean is 0.22 ± 0.06. In the case of desert dust, the ratio of thickness of halo to total
particle diameter comprises from 0.04 to 0.34 with the mean being 0.16 ± 0.05. To support
the use of concentric and spherical model for calculations of aerosol optical characteristics, a
comparison between the axis ratio of coated cores and not coated particles reveal that
coated cores tend to be more spherical than not coated particles. We also examined the
changes produced in aerosol optical properties when the coating is parameterized using the
next three scenarios: 1) the thickness of shell to total radius of coated particle is a
continuous function of a particle size; 2) the thickness of shell to total radius of coated
particle is a fixed mean for all sizes of particles; 3) the thickness of shell to total radius of
coated particle is discretized in two mean values, one for fine and one for coarse mode. The
tests are presented for scenarios of urban and desert dust aerosol models with a nonabsorbing coating. The results show that the SSA and phase function do not strongly depend
on the selected parameterization approach, while the degree of linear polarization does.
It can be summarized that a general perspective of the presented investigations is in
possible implementation of the “core-shell” particles structure in advanced remote sensing
algorithms. However, implications for the aerosol particles effect on human health are also
possibly by means of impact of the aerosol aging mechanisms on particles size and shape.
The particle size is a curtail parameter in definition of pollution episodes, because PM2.5 size
fraction is often used for the definition of the pollution concentration threshold. For
instance, our study shows that even urban aerosol can be non-spherical and have a large
axis ratio; the question of size definition is ambiguous in this case. At the same time, we also
observed that humidification of particles (appearance of the coating) makes particles more
spherical, therefore can affect the size classification. Additional investigations of this aspect
can be of interest.
Regarding the applications for remote sensing, some future work will also be
required. First of all, the conclusions derived for the single scattering assumption should be
verified when the multiple scattering effects will take place. The tests should be conducted
for different Earth’s surface reflectance and for different aerosol loading conditions, which
can vary the contributions to the multiple scattering effects. Additionally, results related to
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the core-shell parameterization should be tested in a specific inversion procedure. The
information content of specific measurements and number of the retrieved parameters
should be verified prior applications in the retrieval algorithms. The expected advantages
can be in direct retrieval of a liquid component of particles (shell of particles), or in retrieval
of the aerosol mixing state, or fraction of aerosols in an internal mixing state. This
information is not available from observations in present, but can be valuable for the global
aerosol transport modeling if obtained by remote sensing on a global scale.
As a concluding remark, it can be noted that, the presented study links the
microscopic and the global scale. Many questions still remain about the competing impacts
of aerosols. Difficulties in quantifying aerosol forcing’s are to be overcome by concentrating
efforts on the characterization of atmospheric particles. As aerosols have patchy distribution
in space and time (episodic), ideally they should be measured everywhere. Up to now, the
monitoring of the chemical composition and microphysical properties of atmospheric single
particles in real-time is not accessible by current means of measurements but, in a form, can
be rather routinely achieved by remote sensing observations. Contrary to atmospheric
particle samplers, remote sensing techniques provide global coverage. However, the way the
retrieved characteristics of aerosols could be improved is in a number of aspects, from
better optimizing the parameterization with deep understanding of aging processes to
improvement of observational capabilities and algorithm developments. In an attempt to
gain insights into particle properties during dedicated field campaigns, not only
characterizing individual particles at the ground level but also measuring particles at high
altitude, where aerosol load is high during specific transport episodes, remains challenging.
Such measurements campaigns using a spatial strategy (i.e. locations at ground level, higher
altitudes, seashore, inland, close or remote from emission sources) and specific
meteorological conditions (i.e. dry versus humid seasons, temperature and RH changes) in
conjunction with multimodal observation tools (remote sensing and in situ optical
measurements) and samplings provide comprehensive data sets. Further offline electron
microscopic investigation at the particle scale gives evidences for internal structure of
particles in order to parameterize inversion algorithms using a more realistic approach. In
addition, sensitivity tests should be performed systematically for the cases when
comprehensive data sets are available to assess the quality of retrievals. Unless performed
in a controlled lab environment, exhaustive data sets of aerosol properties cannot be
provided during in-field measurements. Nonetheless, we believe that Labex CaPPA project
has offered us a sound initiative to assess some critical parameters that lead to
improvement of aerosol global observations.
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List of acronyms:
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SHADOW: Study of SaHAran Dust Over West Africa

-

Labex CaPPA: Le laboratoire d’excellence Chemical and Physical Properties of the
Atmosphere

-

LOA: Laboratoire d'Optique Atmosphérique

-

LASIR: LAboratoire de Spectrochimie Infrarouge et Raman

-

LISA: Laboratoire Interuniversitaire des Systèmes Atmosphériques

-

NASA: National Aeronautics and Space Administration

-

IRD-Mbour: Institut de Recherche pour le Développement a Mbour

-

AMMA: African Monsoon Multidisciplinary Analysis project

-

ChArMEx: Chemistry-Aerosol Mediterranean Experiment

-

EARLINET: European Aerosol Research Lidar Network

-

AERONET: Aerosol Robotic Network

-

PLASMA: Photomètre Léger Aéroporté pour la Surveillance des Masses d’Air

-

HYSPLIT: Hybrid Single Particle Lagrangian Integrated Trajectory Model

-

TEM/EDX: Transmission Electron Microscopy/Energy Dispersive X-Ray

-

SEM/EDX: Scanning Electron Microscopy/Energy Dispersive X-Ray

-

miniWRAS: Mini Wide Range Aerosol Spectrometer

-

OPC: Optical Particle Counter

-

PM: Particle Matter

-

AOT: aerosol optical thickness

-

SSA: Single Scattering Albedo

-

POI 1: 13 March 2014

-

POI 2: 29 March 2014

-

L1: sampling in Lille during POI 1

-

L2: sampling in Lille during POI 2

-

MbDAlt3: sampling in Mbour during dust period at altitude of 3 km

-

MbDAlt2: sampling in Mbour during dust period at altitude of 2 km

-

MbDAlt1: sampling in Mbour during dust period at altitude of 1 km

-

MbDGr0: sampling in Mbour during dust period at altitude of 20 m

-

POA: primary organic aerosol

-

SOA: secondary organic aerosol

-

BC: black carbon
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List of symbols:
-

daer: aerodynamic diameter

-

dg: geometric diameter

-

Dp: particle diameter

-

χ: dynamic shape factor

-

Aproj: Projected surface area

-

dFmax, dFmin: Feret’s maximum and minimum diameter

-

L, W, P: Length and width and perimeter of a particle

-

α: Ångström exponent

-

ω0: Single Scattering Albedo

-

σscat and σabs: scattering and absorption coefficients

-

P11: Phase Function

-

-P12/P11: linear degree of polarization

-

g: asymmetry parameter

-

m: complex refractive index

-

n: real part of refractive index

-

k: imaginary part of refractive index

-

τ: aerosol optical thickness

-

T: temperature

-

RH: relative humidity

-

Δhalo: thickness of halo

-

Δshell/rtotal: ratio of thickness of halo to total particle radius

-

Δhalo/dtotal: ratio of thickness of halo to total particle diameter
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Table of figures:
Figure 1.1: Natural sources (top row) and typical particles (bottom row) released in the atmosphere.
Panel (a), (b), (c) and (d) represent sea spray, volcanic, desert dust and pollen emissions, respectively.
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Figure 7.14: Retrieved aerosol optical characteristics - the case of fine mode dominating particles and
“Photometer like” measurements of (a) volume size distribution, (b) real part and (c) imaginary part
of the complex refractive index. The insert table provides the total residual of fit and the sphericity
factor. ................................................................................................................................................. 126
Figure 7.15: Same as in Figure 7.14, but for “Ideal case”. .................................................................. 126
Figure 7.16: Same as in Figure 7.14, but for “Satellite like” measurements. ..................................... 126
Figure 7.17: Retrieved Aerosol optical characteristics - the case of coarse mode dominating particles
and “Photometer like” measurements of (a) volume size distribution, (b) real part and (c) imaginary
part of the complex refractive index. The insert table provides the total residual of fit and the
sphericity factor. ................................................................................................................................. 127
Figure 7.18: Same as in Figure 7.17, but for “Ideal case”. .................................................................. 127
Figure 7.19: Same as in Figure 7.17, but for “Satellite like” measurements. ..................................... 127
Figure 7.20: (a) Residual of fit and (b) retrieved sphericity parameter in different geometries as
denoted in the legend, in the case of fine mode dominating particles. ............................................. 128
Figure 7.21: (a) Residual of fit and (b) retrieved sphericity parameter in different geometries as
denoted in the legend, in the case of coarse mode dominating particles. ........................................ 128
Figure 7.22: Retrievals in the case of fine mode dominating particles and “Photometer like”
measurements of (a) volume size distribution, (b) real part and (c) imaginary part of the complex
refractive index. In panel (a) the volume size distribution used as forward calculations is represented
by continuous black line and in (b), (c) the complex refractive index of core, shell and MaxwellGarnett effective medium are shown by continuous black, dashed black and orange lines,
respectively. Red and green lines represent the retrievals in the case of Core-shell and MaxwellGarnett effective medium, respectively. The total residual of fit and the sphericity parameter are
provided in the legend........................................................................................................................ 129
Figure 7.23: Retrievals in the case of coarse mode dominating particles and “Photometer like”
measurements of (a) volume size distribution, (b) real part and (c) imaginary part of the complex
refractive index. In panel (a) the volume size distribution used as forward calculations is represented
by continuous black line and in (b), (c) the complex refractive index of core, shell and MaxwellGarnett effective medium are shown by continuous black, dashed black and orange lines,
respectively. Red and green lines represent the retrievals in the case of Core-shell and MaxwellGarnett effective medium, respectively. The total residual of fit and the sphericity parameter are
provided in the legend........................................................................................................................ 129
Figure 7.24: Retrievals in the case of fine mode dominating particles and “Photometer like”
measurements for external mixture of (a) volume size distribution, (b) real part and (c) imaginary
part of the complex refractive index. Continuous black, dashed black and orange lines represent the
fine mode, coarse mode and retrievals, respectively. ........................................................................ 131
Figure 7.25: Retrievals in the case of coarse mode dominating particles and “Photometer like”
measurements for external mixture of (a) volume size distribution, (b) real part and (c) imaginary
part of the complex refractive index. Continuous black, dashed black and orange lines represent the
fine mode, coarse mode and retrievals, respectively. ........................................................................ 131

181

© 2017 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Florin Unga, Lille 1, 2017

Figure 8.1: Illustration of methodology for measuring the surface area of particles: (a) electron
micrograph of particles, where black arrows show uncoated particles, red arrows show coated
particles, green arrow shows an example of particle excluded from the analysis; (b) binary image
obtained after setting grey-level thresholds for particle recognition, where blue, grey and green
colors represent the core, the residual halo and the background, respectively; (c) the selected cores
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Figure 8.8: Number size distribution normalized to total number of particle per stages of the
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