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iv
Les aérosols sont une composante très variable de l’atmosphère terrestre et font l’objet
d’une attention croissante de la communauté scientifique et de la société. Depuis 2005,
le LOA développe une activité reconnue en instrumentation, observation et inversion
LiDAR pour la mesure des profils verticaux des paramètres descriptifs de ces aérosols.
Depuis 2011, cette nouvelle thématique est soutenue par le projet européen ACTRIS
(Aerosol Cloud and Trace gas Infrastructure) et le Labex CaPPA (Chemical and Physical Properties of the Atmosphere). Le premier objectif de cette thèse visait à déployer
un nouveau LiDAR multi-longueur d’onde-Raman-polarisé, LILAS, d’une part sur
la plateforme de mesures atmosphériques de l’université de Lille et d’autre part sur
la station de géophysique de l’IRD à Dakar dans le cadre de la campagne de terrain
SHADOW-2. Le second objectif visait à restituer puis étudier les propriétés optiques
et microphysiques des couches aérosols détectées. Une méthodologie d’inversion innovante GARRLIC/GRASP a été mise en oeuvre et améliorée pour interpréter une
série d’évenements aérosols (pollution locale, poussières minérales d’origine désertique transportées jusqu’à Lille mais également observées à Dakar, proche des zones
sources). Cette nouvelle technique d’inversion combine les mesures primaires issues
de la photométrie solaire (epaisseur optique et luminances spectrales) avec les profils
de retrodiffusion LiDAR à 355, 532 et 1064 nm. Les propriétés des aérosols ambiants
étant également fonction de l’humididité atmosphérique, une dernière partie a porté
sur la mesure du profil de rapport de mélange de la vapeur d’eau accessible à partir
de LILAS.
Mots-Clefs
Aérosols atmosphériques, Télédétection, Propriétés optiques, Humidité, Vapeur, Lidar, Photométrie, Inversion (géophysique)
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v
Aerosol particles are a highly variable component of the atmosphere and are now
studied by a wide community. Since 2005, LOA is developing a recognized expertize
in LiDAR observation devoted to aerosols profiling. Since 2011 this activity is supported by ACTRIS (Aerosol Cloud and Trace gas Infrastructure) and CaPPA (Chemical And Physical Properties of the Atmosphere) projects. The first objective of this
work was to built, set up and characterize a new multi-wavelength Raman Polarized
LiDAR (LILAS) operating at LOA observation platform located on the Campus. This
system has also been operating during the SHADOW-2 field campaign (2015-2016) in
M’Bour, near Dakar (Sénégal) at the IRD station. The second objective of the thesis
consisted in developing aerosols retrievals and analyzing aerosols retrievals in term
of optical and microphysical properties. An innovating synergetic approach (GARRLIC/GRASP) has been used and improved to interpret several aerosol events (local
pollution, mineral dust transported to Lille and mineral dust detected in Dakar, close
to sources). This new technique is combining primary data obtained from sun/sky
photometer (spectral AOD and spectral radiance) and elastic LiDAR backscattering
profiles (355, 532 and 1064 nm). Since aerosols properties are sensitive to atmospheric
humidity, last part of the work has been devoted to profiling water vapor mixing ratio
from LILAS night-time data.
Key Words
Atmospheric aerosols, Remote Sensing, Optical properties, Humidity, vapor, Lidar,
Photometry, Inversion (geophysics)
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Chapter 1

Introduction
1.1

Introduction

The globally averaged surface temperature of the Earth calculated by the linear trend
shows a warming of 0.85 o C over the period from 1880 to 2012, and global surface
temperature change for the end of the 21st century is likely to exceed 1.5 o C (Stocker
et al., 2013). Temperature can be critical as it influences our world, where everyhting is interconnected. The temperature increase has been attributed to changes in
the concentrations of greenhouse gases (Stocker et al., 2013). These atmospheric constituencies are attributed to human activities; therefore it is possible to influence on
their concentrations and globally "control" Earth’s atmosphere system.
The Earth’s atmosphere consists of gases and particles. There are two groups of gases,
with nearly steady and with variable concentrations. Gases with residence times
greater than about a decade are considered to be long-lived. Through the mixing and
circulation of the atmosphere, these gases have concentrations that are to some extent
uniform. Gases with short residence times, such as water vapor and ozone, are considered to be short-lived. They have high concentrations near their sources and low ones
near their sinks (Coakley Jr. and Yang, 2014). There is very high confidence that well
mixed greenhouse gases positively contribute to radiative forcing estimates (Fig. 1.1),
which is defined as a net change of incoming and outgoing energy in the Earth’s atmosphere system. Human activities are the main source of the additional greenhouse
gases in the atmosphere, thus, by controlling emission of greenhouse gases we could
warm up or cool down the atmosphere (Coakley Jr. and Yang, 2014).

© 2016 Tous droits réservés.
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Chapter 1. Introduction

Atmospheric components such as clouds and aerosol particles are highly variable in
space and time. Aerosols are solid/liquid particles suspended in the atmosphere. Because of a wide variety of aerosols, it differently interacts with radiation. That is the
main reason why during last decade significance of aerosol studies stays very vital.
Aerosol analysis is complex and requires a lot of resources due to a wide variety of
particle types and theirs mixtures. That is why, according to Stocker et al., 2013 aerosol
still contribute the largest uncertainties in total radiative forcing estimates.
Many efforts have been devoted to aerosol studies for better understanding their impacts on a climate. According to Stocker et al., 2013, the radiative forcing of the total
aerosol effect in the atmosphere, which includes cloud adjustments due to aerosols,
is -0.9 [-1.9 to -0.1] W m−2 (medium confidence). As it is seen from Fig. 1.1, most of
the aerosols have negative forcing, and only positive contribution comes from black
carbon, which absorbs solar radiation. There is high confidence that aerosols and their
interactions with clouds have offset a substantial portion of global mean forcing from
well-mixed greenhouse gases. Radiative forcing due to anthropogenic activities estimates in 2011 relative to 1750 is 2.29 [1.13 to 3.33] W m−2 (Fig. 1.1). It has increased
more rapidly since 1970, relative anthropogenic RF in 1970 to 1750 is 0.57 [0.29 to 0.85]
W m−2 . RF estimates in 2011 is 43% higher than reported in 2007 (IPCC, 2007), it was
reported 1.6 [0.6 to 2.4] W m−2 . It is explained by continuing growth of greenhouse
gas concentration and due to improved RF estimate. Generally, it brings warming of
the atmosphere and the ocean, in changes in the global water cycle, in reductions in
snow and ice, etc.
Aerosols influence on climate can be divided into direct, indirect, and semi-direct effects (Fig. 1.2). Aerosols directly interact with radiation by scattering and absorbing
mechanisms, and therefore, may result in warming or cooling of the atmosphere. If
the total RF is positive in the atmosphere column it warms up the atmosphere, and if
the total radiative forcing is negative it cools off the atmosphere. Warming and cooling
processes depend on aerosols single scattering albedo and on the albedo of underlying
surface (Haywood and Boucher, 2000).
Indirect effect consists in aerosols influence on cloud lifetime, height, albedo, and
other cloud properties. The indirect influence can be divided into Twomey (Twomey,
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F IGURE 1.1: Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties for the primary drivers of climate change. Values are global average radiative forcing, partitioned according to the
emitted compounds or processes that result in a combination of drivers.
The best estimates of the net radiative forcing are shown as black diamonds with corresponding uncertainty intervals. The numerical values
are provided on the right of the figure, together with the confidence
level in the net forcing (VH - very high, H - high, M - medium, L - low,
VL - very low). Albedo forcing due to black carbon on snow and ice is
included in the black carbon aerosol bar. Small forcings due to contrails
(0.05 W m−2 , including contrail induced cirrus), and HFCs, PFCs and
SF 6 (total 0.03 W m−2 ) are not shown. Concentration-based RFs for
gases can be obtained by summing the like-colored bars. Volcanic forcing is not included as its episodic nature makes it difficult to compare
to other forcing mechanisms. Total anthropogenic radiative forcing is
provided for three different years relative to 1750. Figure is taken from
the summary for policymakers (Stocker et al., 2013).

1974; Twomey, 1977) and Albrecht (Albrecht, 1989) effects. In Twomey effect, the
aerosols provide an additional nuclei for droplet or ice crystal growth (Twomey, 1974;
Boucher, 1999; Lohmann, Kärcher, and Timmreck, 2003) and change the cloud albedo.
In Albrecht effect, aerosols can change lifetime of clouds, liquid water content and top
height of clouds (Albrecht, 1989; Pincus and Baker, 1994). Indirect effects depend on
concentration and type of aerosols and clouds (Kaufman, Tanré, and Boucher, 2002;
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Lohmann and Feichter, 2005).
Semi-direct effect consists in temperature profile modification by absorbing aerosols
(Johnson, Shine, and Forster, 2004; Koch and Del Genio, 2010). Some tropospheric
aerosols can absorb shortwave radiation and heat the atmosphere, it affects the relative
humidity and stability of troposphere, and, thereby, influences on cloud formation and
lifetime.

F IGURE 1.2: Schematic diagram showing the various radiative mechanisms associated with cloud effects that have been identified as significant in relation to aerosol (modified from Haywood and Boucher,
2000).

The uncertainties in estimation of the aerosols effects on RF are still high (Fig. 1.1)
according to IPCC, 2007; IPCC, 2013. Improvements of observations, development
of instrumentation and modeling are the main sources of enhancements in aerosol
forcing estimations.
Under conditions of high relative humidity, an aerosol particle may growth due to
the water uptake (hygroscopic growth) modifying aerosols size distribution. Water
vapor (WV) affects the direct scattering of radiation (Hänel, 1976) and especially the
indirect effects, the aerosol water uptake is highly related to their ability to act as cloud
condensation nuclei (CCN) (Charlson et al., 1992). Thus, a better knowledge of WV
content and relative humidity are in high importance of aerosol studies, in particular,
their vertical distribution.
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Objectives and outline of the thesis

Hence, during the thesis newly developed multi-wavelength Raman-polarization LiDAR called LILAS (LIlle LiDAR AtmosphereS) was built, set up and used for measurements. Observations were carried out in West Africa and the adjacent oceanic
region (SHADOW-2 campaign - a study of SaHAran Dust Over West Africa) which is
very consequential location for studying dust properties. Some improvements have
been implemented into the GARRLiC algorithm (Generalized Aerosol Retrieval from
Radiometer and LiDAR Combined data) which were used for data analyses. Therefore, the first objective of the thesis was to build, set up and characterize a new multiwavelength Raman-polarization LiDAR system. The second objective of the thesis
consisted in an implementation of several improvements into the GARRLiC algorithm
and in analyses of aerosol retrievals in terms of aerosol optical and microphysical
properties.
LILAS direct measurements provide water vapor mixing ratio profile, which is a suitable tracer that indicates the boundary between dry air masses transported over the
continent and moist air masses coming from the ocean. As we already mentionned it,
WV vertical distribution is of high importance for aerosol studies. Therefore, last part
of the thesis concerns the developed LILAS calibration techniques for water vapor
mixing ratio measurements.
The thesis report is organized as followed:
• Chapter 2 is devoted to the description of basic concepts of aerosols, light scattering theory and fundamentals of lidar technique.
• Chapter 3 describes instruments which were used for the thesis and the observational sites in which measurements were carried out. Particular emphasis is
made on LILAS LiDAR, its general description, its quality assurance procedures,
its operation, and measurements. The procedure for processing the level 1.0 data
from the raw data developed during the thesis, is described.
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• Chapter 4 describes the methodologies which were used to obtain aerosol properties. Special emphasis is made on GARRLiC algorithm and on its enhancements implemented during the thesis.
• Chapter 5 presents the results of an application of the various methods described
in Chapter 4. Results of GARRLiC application on LiDAR data which were carried out during SHADOW 2 campaign are presented and included as a paper
(Bovchaliuk et al., 2016) published in Atmospheric Measurements Technique
journal.
• Chapter 6 presents and discusses calibration techniques for LILAS measurements of water vapor mixing ratio. These calibration techniques were developed considering observational sites specification (distance between LiDAR and
radiosonde measurements and lunar-photometer observation). The derived calibration constants were used in the application on LILAS measurements and are
presented in the end of the chapter.
• The manuscript ends with conclusions and perspectives.
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Chapter 2

Fundamentals
2.1

Aerosols and climate

Science and society are interested in aerosols for many reasons. High aerosol concentration can cause serious health hazard and have been linked to increasing in morbidity and mortality rates, and degradation of environmental quality concerning of air
quality (Amiridis et al., 2012), acid rain and reduction of visibility (Lenoble, Remer,
and Tanré, 2013). The decrease of visibility due to high attenuation by the aerosols is
a grave concern for some military or civil sighting. Volcanic ash emissions can cause
breakage of jet engines and disruption of air traffic (Kienle et al., 1990). In the polar regions aerosols play a major role in the heterogeneous atmospheric chemistry,
in stratospheric clouds, they can depress ozone concentration (Andreae and Crutzen,
1997). However, one of the main reason of interest is aerosols influence on Earth’s
climate. They influence the energy budget and cause climate changes on the regional
and global scales (Lenoble, Remer, and Tanré, 2013; IPCC, 2007; IPCC, 2013). As was
mentioned above, their impacts can be divided in direct, indirect and semi-direct effects. By these effects aerosols increase/decrease energy budget and cause the Earth’s
atmosphere warming/cooling. Huge efforts are being performed to study aerosol effects on Earth’s climate. The total aerosol effect in the atmosphere is -0.9 [-1.9 to -0.1]
W m−2 (IPCC, 2013), the uncertainties in the aerosol radiative forcing have been reduced with respect to IPCC, 2007. However, aerosol forcing continues contribute the
largest uncertainties to the total radiative forcing estimate.
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Aerosols are solid and/or liquid particles suspended in the atmosphere with the exception of clouds. We notice their presence because they scatter and absorb the sunlight. In case of high concentration, they can be seen as haze, smoke from fires, dust
storm, etc. Most aerosols are concentrated in boundary layer near production sources.
However, they can be lifted by air-masses up to 4-6 km in altitude and transported
over long distances. In case of volcanic eruption or huge forest fires they can reach
10-12 km, and even higher altitudes in the stratosphere. Aerosol particles can be divided into two categories: (i) natural, formed by wind, erosion, volcanic eruptions and
other natural processes; and (ii) anthropogenic, caused by human activities (Lenoble,
Remer, and Tanré, 2013). Particles are removed from the atmosphere by dry deposition, evaporation, and settling with precipitation. Those, which have been emitted
directly into atmosphere are called primary aerosol, and the ones formed by gas to
particle conversion processes are called secondary aerosols. The size range of aerosol
particles varies from few nanometers to tens of micrometers in diameter (Seinfeld and
Pandis, 2006). Liquid particles are approximately spherical, whereas solid aerosols
have different shapes (see Fig. 2.1). The time of the aerosol residence in the atmosphere varies from minutes for smallest particles that are coagulating rapidly to years
for stratospheric particles.

F IGURE 2.1: Wide variety of aerosol and their shapes, from left to right:
soot collected at Lille, 29 March 2014; metallic (Iron) surrounded by
a shell gathered at Lille, 13 March 2014; dust (Aluminum silicate) received at M’Bour at 2 km altitude during the flight, 10 April 2015; fresh
sea salt (NaCl) collected at M’Bour during SHADOW-2 campaign at 3
km altitude during the flight, 10 April 2015 (Pictures from Choël Marie
and Florin Unga, LASIR/LOA, 2015).

© 2016 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Valentyn Bovchaliuk, Lille 1, 2016

2.1. Aerosols and climate

2.1.1

9

How to observe aerosols?

In situ and remote sensing measurements are two ways to observe the aerosols. The
former is by means through direct interaction with particles at the point of observation. The latter allows measure aerosol properties from a distant point without direct interaction. Remote sensing can be categorized into "active" and "passive" techniques depending on instrumental design. Instruments used for passive remote sensing measures the properties of radiation scattered by particles and molecules whereas
active instruments measure the scattered radiation emitted by themselves (the radiation source is a part of the system).
Ground based remote sensing techniques provide accurate results for aerosol characterization (Dubovik and King, 2000; Dubovik et al., 2011; Olmo et al., 2006; Klett,
1981; Ansmann, Riebesell, and Weitkamp, 1990). They provide aerosol properties
at local scale. Observing networks have been established using systems with the
same or similar measurement techniques to be more efficient and aiming to provide
global coverage. Among such networks are EARLINET (European Aerosol Research
Lidar Network, www.earlinet.org) (Pappalardo et al., 2014), MPLINET (MicroPulse Lidar Network) (Welton et al., 2001; Welton et al., 2005), LALINET (Latin American Lidar Network, www.lalinet.org) (Guerrero-Rascado et al., 2014), ADNET
(Asian Dust Network) (Murayama et al., 2001), SKYNET (Takamura, Nakajima, et al.,
2004) and AERONET (Aerosol Robotic Network, http://aeronet.gsfc.nasa.
gov/) (Holben et al., 1998). Also, there is one global aerosol LiDAR network of networks, the GAW (Global Atmosphere Watch) Aerosol Lidar Observation Network
(GALION). GALION does not consist of a uniform set of LiDAR systems which are
sparsed through the Earth at different stations, but makes use of existing systems in
already established stations, of the experienced operators of these systems, and of existing network structures. GALION includes EARLINET, NDACC (Network for the
Detection of Atmospheric Composition Change), ADNET and MPLNET (Bösenberg
et al., 2007).
Aerosol vertical distribution is important for radiative forcing estimation, especially
for accounting indirect and semi-direct aerosol effects (Claquin et al., 1998; Meloni et
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al., 2005; Samset et al., 2013). LiDAR instruments are very useful tool for the determination of the aerosol vertical distribution. Such systems are widely used, and variety
of LiDAR techniques have been developed for aerosol studies (Klett, 1981; Ansmann,
Riebesell, and Weitkamp, 1990; Shipley et al., 1983; Weitkamp, 2005). Depending on
LiDAR capabilities, optical and/or microphysical aerosol properties can be derived.
Extinction (σ), backscatter (β) and extinction to backscatter ratio (σ/β), so called LiDAR ratio (LR), coefficients refer to optical aerosol properties, whereas aerosol effective radius (ref f ), size distribution (SD), volume (V), mass, surface-area (S), number
(N) concentrations and complex refractive index (CRI) are belonging to microphysical
properties.
There are several methods used to retrieve aerosol properties from LiDAR measurements. However, in general, they can be divided into three main groups (Weitkamp,
2005). The methods from the first group are combining measurements from several
different instruments. A preferred approach is to combine lidar and sun-photometer
observations. In this case, the treatment of the data is more straightforward, the latter
delivers integrated optical depths of the atmospheric column at multiple wavelengths.
In the second group, the optical properties like σ and β are calculated by Mie-theory
and then are compared with the corresponding properties obtained from Raman LiDAR technique (Wandinger et al., 1995; Barnaba and Gobbi, 2001). Optical properties
are calculated using a priori assumptions. The application of these methods has been
restricted to special cases (polar stratospheric clouds, ejecta from volcanic eruptions
and other atmospheric processes with well-known type of particles) because of the uncertainties associated with such a priori assumptions. The third group, derived from
the second one, aims at (i) reducing number of a priori constraints, and (ii) improving
the ability to retrieve aerosol properties in the highly variable tropospheric conditions.
These retrieval approaches consist of mathematical methods that use spectral LiDAR
information (Uthe, 1982; Müller, Wandinger, and Ansmann, 1999; Veselovskii et al.,
2002; Veselovskii et al., 2012; Shcherbakov, 2007). More detailed descriptions will be
presented in Chapter 4.
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Aerosol types

The term "aerosols" by itself is not well defined because of a wide variety of substances
by which aerosols are presented. Even sub-classifications of aerosols such as dust or
smoke are themselves generic terms because of many combinations of minerals or
organics respectively (Lenoble, Remer, and Tanré, 2013). That is why, aerosols can
be classified in many terms, according to their chemical composition, mechanism of
formation, origin or size of particles. According to aerosols origin, they can be devided into natural and anthropogenic. Natural aerosols includes sea salt, desert dust,
volcanic and biogenic emissions, a smoke of wildfires, and biomass burning. Anthropogenic aerosols caused by a human activity, which includes industrial emission,
biomass burning for agriculture, land erosion and evaporation of lakes caused by human. According to formation mechanisms, particles which have been emitted directly
into atmosphere are called primary aerosols, and the ones formed by a gas to particle conversion processes are called secondary aerosols. Regarding particle size, they
can be divided in fine and coarse mode particles. Fine mode particles have diameter
<1 µm, and consist of nucleation or Aitken mode, formed with particles in diameter
range from 0.001 to 0.1 µm, and accumulation mode with diameters between 0.1 and 1
µm (Eck et al., 2010). Coarse mode particles have diameter in range from 1 to 100 µm,
but most of coarse aerosol mass contained in range from 1 to 10 µm (Lenoble, Remer,
and Tanré, 2013).
Aerosol optical properties, which are radiative characteristics, depend on the chemical
composition of particles, their sizes and shapes. The composition is represented by
the complex refractive indices (CRI), with the real (RRI) and imaginary (IRI) parts
contributing to the determination their scattering and absorption properties. These
properties can be measured in the laboratory or by in situ instrumentation during a
campaign or at observational sites. In this case, such measurements will represent dry
aerosol properties and not necessarily the ambient properties of aerosol layer, since
several substances are hygroscopic. Some types of aerosols are easily combined with
water vapor forming liquid particles with new optical and microphysical properties.
At best, aerosol can be divided into such types: (i) Sulfates; (ii) Black Carbon (BC); (iii)
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Particles of Organic Matters (POM); (iv) Dust; and (v) Sea Salt. These aerosol types are
also used in climatological models, which form aerosol from estimates of source emissions, then allow the particles to be transported by modeled meteorology, transformed
from modeled chemical processes and removed from the atmosphere by modeled wet
and dry deposition. In Table 2.1 presented physical properties of dry and wet particles (Lenoble, Remer, and Tanré, 2013). In the following subsection anthropogenic
pollution, biomass burning and mineral dust are described with more details.
Physical property

Sulfate

BC

POM

Dust

Sea salt

Real part of refractive
index (dry)
Imaginary part of refractive index (dry)

∼1.53

∼1.75

∼1.53

∼1.53

∼1.50

∼0.005

∼0.440

∼0.006

∼0.008

∼0.000

Real part of refractive
index (wet)
Imaginary part of refractive index (wet)

1.35–1.45

1.35–1.45

1.48

1.35-1.45

∼0.002

∼0.003

∼0.005

∼0.000

Effective radius in µm
Shape

0.1–0.2
sphere

0.1–0.2
sphere

1.5–3.0
not
sphere

∼1
sphere

*not
sphere

TABLE 2.1: Approximate typical physical properties for different
aerosol types. Refractive index presented to 550nm, table taken from
(Lenoble, Remer, and Tanré, 2013). *Black carbon (BC) originated as
long non-spherical chains, but those chains collapse and are often incorporated in other organic matters (POM) that adds coating over the
collapsed BC chains. Rarely BC is seen in its pure state in the real atmosphere.

Anthropogenic pollutions
Traffic and industrial emissions are the greatest sources of anthropogenic pollution, as
well as particles originated from precursor gases (SO2 , N O, N H4 and volatile organic
compounds or VOC). According to the size, they belong to fine mode particles and
present spherical shape. These particles are small and that is why they can be transported far from their sources. Particles lifetime, in the atmosphere, varies from several
to 15 days.
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Primary anthropogenic aerosols compound from Organic Carbon (OC, generates during decaying vegetation, bacterial growth, and other natural processes) and Black Carbon (BC, forms by fossil flues, biomass burning, mainly from anthropogenic origin)
(Bond et al., 2007). Secondary aerosol particles, which are originated from precursor gases, mainly compounds from sulfates and nitrates. Sulfates are generated from
the oxidation of SO2 (thermal power plants and industrial activities are emitting sulfates), and nitrates are formed from oxidation of N Ox (traffic and industrial activities
are emitting nitrates).

Biomass Burning aerosols
Biomass burning describes the burning of living and dead vegetation. Burning can be
caused by anthropogenic (land clearing for further use) and natural (wildfires are also
frequent) reasons.
Biomass burning aerosols consist of two major chemical components: BC which primarily absorbs solar radiation and OC which primarily scatters solar radiation. Both
usually have a high fine mode contribution. Black carbon originated as long nonspherical chains, but those chains collapse and are often incorporated in other organic
matters that adds coating over the collapsed BC chains. Hence, particle properties
of both OC and BC are strongly varied depending on the burning process or the processes during the transport (hygroscopic growth, coagulation or photochemical mechanisms, etc.) (Amiridis et al., 2009a; Ancellet et al., 2016; Müller et al., 2007).

Mineral Dust
Mineral dust particles are non-spherical with highly irregular shapes (Fig. 2.1). The
size of particles can vary from 0.4 µm to tens of micrometers. Dust particles are picked
up by wind erosion and can be transported at huge distances. For instance, the Saharan dust has formed the coast of Florida (Prospero, 1996; Joseph, 1999; Muhs et al.,
2007). But in the same time, because of high weight, the lifetime of the dust aerosols
is small, and most of the particles are settling down in few days (up to 7) (Lenoble,
Remer, and Tanré, 2013; Freudenthaler et al., 2009). Besides the natural sources, dust
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emission is assumed to have a significant anthropogenic component mainly originating from agricultural and industrial practices. Some authors estimate the contribution
of anthropogenic dust into annual dust emission about 50-70% (Washington et al.,
2003), the annual emission is about 1600 [700-4000] Tg/year. There are a lot of mineral dust sources around the word, among them are Sahara desert in Northern Africa,
Wahiba Sands in the Middle East, Makran coastal zone and a broad area of central
Pakistan in Southwest Asia, Tarim Basin, Gobi and Mongolia region in China, Mojave
and Colorado deserts in North America, etc.
In view of the fact that mineral dust has high annual emission and global coverage, it
has global climate effect. This effect is complex, because of wide variety of particle
sizes and theirs chemical composition (Al, Si, Fe, Ti, non-sea-salt (nss) Ca, nssNa,
and nssK) which scatter and absorb long-wave terrestrial radiation (Marconi et al.,
2014; Tanré et al., 2003). The magnitude and the sign of dust RF strongly depend
on a composition of particle mixture, but, generally, the mineral dust has a cooling
effect. Depending on the season, dust may be mixed with biomass burning aerosols;
it results in single scattering albedo that states the sign of the direct RF effect. An
important role on dust radiative estimates also plays vertical distribution of particles
(Sokolik et al., 2001). Because of their irregular shapes, the application of randomly
oriented spheroids is usually used to describe dust particles (Mishchenko et al., 1997;
Mishchenko, 2014; Veselovskii et al., 2010).

2.2

Basic radiometric quantities

Radiative energy transfer is the physical phenomenon of energy transfer in the form
of electromagnetic radiation. This phenomenon is responsible for radiative transfer
in the atmosphere. The analysis of a radiation field often requires the consideration
of radiant energy within one elementary solid angle dΩ. A differential solid angle is
defined as a ratio of the differential area dS of a spherical surface intercepted to the
square of the radius r: dΩ = dS/r2 = sinθ0 dθ0 dϕ, θ0 and ϕ denote to zenith and
azimuthal angles (see Fig. 2.2).
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F IGURE 2.2: Illustration of a differential solid angle dΩ. Also shown for
demonstrative purpose an element of area dA in directions confined to
an element of solid angle dΩ.

Radiant flux (Φe ) is defined by total radiant energy per unit time. It does not contain
any information on spectral or directional distribution of radiation. Radiant flux is
measured in the watts (W ).
Spectral flux (Φλ ) is radiant flux (Φe ) per unit of wavelength (Fig. 2.3). Spectral flux is
defined by the radiant energy within wavelength interval (λ, λ + dλ) and the unit is
W nm−1 . Radiant flux can be obtained through integration of spectral flux within all
wavelengths:

Z
Φe =

Φλ (λ)dλ

(2.1)

F IGURE 2.3: Relation between spectral radiant flux Φλ and radiant
flux Φe , visualized at a hypothetical example. Radiant flux emitted in the wavelength interval (λ, λ + dλ) is given by the area of the
rectangle, which amounts to Φλ (λ)dλ. The total amount of radiant
flux Φe emitted over the whole spectrum is given by the area under
the curve. Figure taken from http://light-measurement.com/
basic-radiometric-quantities/.
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Spectral intensity (Iλ ) is spectral flux per unit solid angle (dΩ), the unit of spectral
intensity is W sr−1 nm−1 :

dΦλ
dΩ

Iλ =

(2.2)

Hence, spectral flux can be defined regarding spectral intensity:

Z
Iλ dΩ

Φλ =

(2.3)

Ω

Spectral radiance (Lλ ) is spectral intensity which is passing through unit surface dA in
direction confident to solid angle dΩ which is oriented to the normal of dA in an angle
θ0 (Fig. 2.2):

Lλ =

dIλ
cos(θ0 ) dA

(2.4)

In terms of spectral flux, spectral radiance can be written as:

Lλ =

dΦλ
cos(θ0 ) dA dΩ

(2.5)

The unit of spectral radiance is W m−2 sr−1 nm−1 .

2.3

Light scattering and absorption by atmospheric molecules
and aerosols

There are two processes (scattering and absorption) by which electromagnetic radiation interacts with atmospheric aerosol particles and molecules. As it was mentioned
above, these two processes form direct aerosol effect on RF estimate in the Earth’s
atmosphere, and the net aerosol effect indicate negative influence.
As a result of absorption, the energy of incident light becomes part of the internal
energy of particle/molecule. In case of molecules, absorption process is quantized
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because it depends on rotational, vibrational of electronic energies of the molecule.
Hence, we should have discrete absorption lines of atmosphere molecules, but there
are number of effects which are shifting or broadening the line, such as thermal Doppler
effect, pressure broadening effect and others. There are a variety of gases in Earth’s
atmosphere and, therefore, not all solar energy reach the Earth’s surface. Solar spectrum on the top of the atmosphere and at sea level are presented in Fig. 2.4. The main
molecular absorber are H2 O (water vapor), CO2 , O3 , N2 O, CO, O2 , CH4 , N2 . Most of
them absorb solar energy in near- and far-infrared wavelength regions as it shown in
Fig. 2.4, except ozone which absorbs mainly in near-ultraviolet wavelengths.

F IGURE 2.4: Solar spectrum on the top of atmosphere (1) and at the
sea level (2). Absorption bands of various of gases are presented with
identification of molecule; the shaded area correspond to the energy
absorbed by various gases in a clear atmosphere. Figure is taken from
Chapter 15 (Brasseur, Orlando, Tyndall, et al., 1999).

As a result of scattering, the incident light elastically or inelastically interacts with a
particle/molecule. During this interaction, an energy of incident light is redistributed
by scattering process. The term elastic scattering means that there is no difference
between the wavelengths of the incident and scattered light. During the inelastic scattering some of the particle energy is lost or gained. It is, for example, the so called Raman scattering, by which rotational, vibrational and/or rotational-vibrational energy
level of particle changes. For the Stokes Raman scattering, particle gains the energy
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(absorbed energy is higher than emitted one), and for anti-Stokes Raman scattering,
particle loses the energy (absorbed energy is lower than emitted one). Consequently,
for Stokes and anti-Stokes Raman scattering incident photon loses and gains the energy respectively. Wave-number shift caused by inelastic scattering can be calculated
as (Weitkamp, 2005).

∆ν =

∆E
hc0

(2.6)

where ∆E is the difference between energy levels of the scattering molecule before
and after the scattering, ∆ν = 1/λ = ν/c0 - wave-number of the scattered radiation,
h and c0 - Planck constant and speed of light, respectively. For LiDAR observations,
Raman effect is widely used to obtain concentration profiles of specific molecules.
The process of scattering is highly depends on refractive index (m = n + ik) and size
parameter (x), which characterized by the ratio of particle radius (r, particle length)
and wavelength of incident light (λ), if particles are spherical:

x = 2πr/λ

(2.7)

Rayleigh theory is used if size parameter and real part of refractive index (n) meets the
requirement x < 0.6/n. This theory is used to describe molecular scattering. Rayleigh
theory is based on the assumption that all particles are spherical and their radii are
much smaller than the wavelength of incident light. Rayleigh scattering coefficient
depends on wavelength, and in general form like ∼ λ−4 .
Mie theory is used when the size parameter and real part of the refractive index (n)
satisfy the requirement 0.6/n < x < 5. This theory is used when radii of particles
are comparable with the wavelength of incident light. Scattered light has strong angular dependency, which is prominent in forward direction. Mie scattering is a more
general theory and it is converges into Rayleigh theory with size parameter decreasing. Rayleigh theory is much simpler in computational implementation. It should be
noted, Mie theory is applied only to spherical particles.
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Geometric optics approximation is used if size parameter is larger than 5 (x > 5).
Such type of scattering is mainly a process of reflection and refraction. Geometrical
optics is associated with "real" rays, but their analytic continuation to complex values
of some associated parameters enables the concept of "complex rays" to be used, often in connection with surface or "evanescent" rays traveling along a boundary while
penetrating the less dense medium in an exponentially damped manner (Adam, 2015).
Light scattering strongly depends on scattering angle θ. It is the angle between incident and scattered direction. In case of θ = 0o , scattered light propagates in the
same direction as incident light (forward direction). In the event of θ = 180o , scattered
light propagates in a backward direction. LiDARs measure the light which is backward scattered. Figure 2.5 shows differences between Rayleigh and Mie scattering.
Rayleigh scattering is symmetric scattering in respect to a plane which is perpendicular to the direction of propagation, it finds its minimum at θ = ±90o and maximums
at θ = 0o and θ = 180o . Mie scattering is an asymmetric scattering. In Fig. 2.5 are
presented angular dependence of Rayleigh and Mie scattering, larger particles prefer
to scatter in a forward direction.

F IGURE 2.5: Rayleigh and Mie scattering. Also it is shown how
Mie scattering changes with particle size. Figure is taken from:
http://hyperphysics.phy-astr.gsu.edu/hbase/atmos/
blusky.html

Hence, molecules and particles redistribute the electromagnetic energy that is propagating from the top of the atmosphere to the surface by scattering and absorption
processes. Scattering (σ sca ) and absorption (σ abs ) cross section coefficients have been
defined to quantify these processes. Together they form the extinction coefficient
(σ ext = σ sca + σ abs ), which quantified the total attenuation of the atmosphere. Attenuation of the radiative energy can be represented as shown in Fig. 2.6 and defined
as:
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dIλ = −Iλ σλext ds

(2.8)

F IGURE 2.6: Schematic representation of attenuation of light propagating through the medium, black circles are particles or molecules which
absorb radiative energy, green circles are particles and molecules which
scatter radiative energy. Mie scattering on large particles are shown by
red arrows.

Scattering and absorption coefficients of spherical particles distributed in size from r1
to r2 following N (r) can be defined as:

σλsca

Z

r2

=

π r2 Qsca (r, λ, m) N (r) dr

(2.9)

π r2 Qabs (r, λ, m) N (r) dr

(2.10)

r1

σλabs

Z

r2

=
r1

where Qsca and Qabs are scattering and absorption efficiency factors of particle mixture, N (r) is number size distribution of a particle mixture. As was mentioned above,
a summation of coefficients gives extinction coefficient at specific wavelength. A full
description of Rayleigh and Mie theories applied to atmospheric molecules could be
found in Bohren and Huffman, 2008.
Except the size parameter x and refractive index m , scattering and absorption of atmospheric aerosols highly depend on particles shape. The optical properties of such
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particles must be either computed using an advanced theory of electromagnetic scattering or measured experimentally. In this thesis, for the non-spherical particle properties retrieval, the method of T-matrix is used (Mishchenko et al., 1997). This method
defines the single-scattering properties as a function of the volume size distribution of
randomly oriented, polydisperse spheroids (Dubovik et al., 2002a).
More information about absorption and scattering non-spherical particles and different techniques used nowadays could be found in Mishchenko et al., 1997; Mishchenko,
2014; Dubovik et al., 2002a; Moosmüller, Chakrabarty, and Arnott, 2009; Lenoble, Remer, and Tanré, 2013; Babenko, Astafyeva, and Kuz’min, 2003.

2.4

Aerosol properties

To accurately compute radiative forcing, aerosol optical and microphysical properties
should be known precisely. Description of the main aerosol properties is presented in
this section.

2.4.1

Optical properties

Aerosol Optical Depth
Aerosol Optical Thickness (AOT) of the medium is defined as the integral of the extinction coefficient between two separated points (z10 , z20 ) within the medium in the
direction of the propagation of the radiation:

Z
AOTλ =

z20

σ ext (z) dz 0

(2.11)

z10

Aerosol Optical Depth (AOD, τ ext ) is more general term, defined as aerosol optical
thickness which is measured vertically (distance z between the planes in the parallelplane medium), it can be written as:

τλext (z1 , z2 )

Z

z2

=

σ
z1
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The relationship between AOT and AOD in Earth’s atmosphere is:

AOTλ = AODλ mo

(2.13)

where mo is the relative solar air mass, which is a function of solar zenith angle (θ0 ).
Solar zenith angle is defined as an angle between the direction of the propagation
of the radiation and zenith direction. If we assume parallel-plane atmosphere with
refractive index equal one, we have:

mo =

1
cos(θ0 )

(2.14)

Other approximation should be used for the zenith angles higher than 80o (Kasten and
Young, 1989).
Total atmospheric optical depth can be divided into optical depths of atmosphere constituents: molecules and aerosol particles. Hence, total OD can be written as:

τλ = τmol,λ + τaer,λ

(2.15)

where τmol,λ and τaer,λ optical depths of molecules and aerosols for the given wavelength λ. At the same time, OD of the molecules can be separated according to different molecules, taking into consideration absorption and scattering processes of each
constituent:

τmol,λ = τH2 O,λ + τN O2 ,λ + τO3 ,λ + τCO2 ,λ + . . .

(2.16)

where τH2 O,λ , τN O2 ,λ , τO3 ,λ , τCO2 ,λ correspond to water vapor, nitrogen dioxide, ozone
and carbon dioxide optical depths. The OD of other constituents are usually neglect
due to their very small concentration in atmosphere.
Aerosol optical depth can also be divided into several AODs regarding aerosol types
or fractions, but because of a complexity of aerosol mixtures by which atmosphere
is characterized it is commonly defines to a full aerosol mixture in the atmosphere
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column. The spectral dependence of the AOD can be parametrized by means of
Angstrom law (Ångström, 1964):

τλ = τ1µm λ−α

(2.17)

where τ1µm and α are the aerosol optical depth at 1µm and Angstom exponent. The
α characterizes AOD spectral dependence, and it is related to the size of particles.
High value of α indicates a predominance of fine particles (anthropogenic pollution,
biomass burning, etc.), and the low value of α indicates a predominance of coarse
particles (dust and sea salt).

Single Scattering Albedo
Single scattering albedo (ω0 (λ)) is the ratio of scattering efficiency to total extinction efficiency. It indicates the dominant process (scattering or absorption) in the atmosphere
and can be written:

ω0 (λ) =

σλsca
σλsca
=
σλext
σλabs + σλsca

(2.18)

This parameter shows how much radiative power is scattered over total extinction.
Absorption of solar radiation by atmospheric aerosols mainly results from elemental
carbon originated from biomass burning and fuel combustion, that absorbs in visible
spectrum, and from the hematite in a mineral dust, that absorbs in the ultraviolet
range.

Phase matrix and scattering phase function
One of the possible formulations commonly referred as Stokes parameters Ĩ (Hulst
and Van De Hulst, 1957):
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V

(2.19)

The Stokes vector element I is the radiant intensity, Q and U are the vector elements
which describe the magnitude and direction of linearly polarized intensity, V component describes the circular polarization.
The angular distribution of the scattered electromagnetic wave in the far field, where
the distance between the scattering particle and the observation location is much
larger than the wavelength, is characterized by the phase matrix P̃(θ). The phase
matrix specifies the directionality of the scattering, it allows to perform the transformation from the incident Stokes vector Ĩi to the scattered vector Ĩs :

I˜s ∝ P̃ (θ) I˜i
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(2.21)

where θ is the scattering angle, σsca is the scattering cross-section for unpolarized incident light and r is the distance from the scattering particles. The first element of the
phase matrix, P11 (θ, λ), is called the scattering phase function. It describes the angular
distribution of scattered intensity for incident unpolarized light. Angular distribution
is defined by the angle θ between incident and scattered radiation, representation is
shown in Fig. 2.7.
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F IGURE 2.7: Representation of scattering phase function of the Rayleigh
(top) and Mie (bottom) scattering (see Fig. 2.5).

LiDAR and depolarization ratios
The LiDAR community often use extinction to backscatter ratio, also called LiDAR
ratio, as defined:

LR(λ, z) =

σ ext (λ, z)
β(λ, z)

(2.22)

Backscatter coefficient can be defined from scattering phase function in 180o and σ sca :

β(λ, z) =

LR(λ, z) =

σ sca P11 (180o , λ)
4π

(2.23)

4π
ω0 (λ) P11 (180o , λ)

(2.24)

The LR is given in sr. This parameter is very useful for aerosol type identification
(Amiridis et al., 2011; Josset et al., 2011). Typical LR obtained by LiDAR measurements
can be found in Table 4.1.
Commonly, LiDAR emits linearly polarized light. Non-spherical particles change the
polarization of light during the scattering process. Thus, polarization sensitive measurements are connected to the amount and shape of non-spherical particles in the
atmosphere. The increase of the "contrast" between the parallel and perpendicular
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components of the backscattered light indicate increase of amount of non-spherical
particles. This contrast is called depolarization ratio:

δ(λ) =

P11 (180o , λ) − P22 (180o , λ)
P11 (180o , λ) + P22 (180o , λ)

(2.25)

As LiDAR ratio, the depolarization ratio (δ) helps to identify aerosol type as well.
For example, typical depolarization ratio for mineral dust is in range between 30-35%
(Müller et al., 2007; Müller et al., 2010), while marine particle δ is close to 5% (Groß
et al., 2011). More information about depolarization ratio presented in Chapter 2.6.3.

2.4.2

Microphysical properties

Because of large size ranges (particle sizes are in range from 0.001 to 100 µm in radius) it is useful to represent distribution in the logarithmical scale, which will be
used. Size distribution can be described regarding number, surface and volume size
distributions. The former represents the number of particles within specific radii
[ ln(r), ln(r) + d ln(r)]:

N (r) =

dN
d ln(r)

(2.26)

The surface size distribution represents the surface of particles per unity of volume for
particles within specific radii, can be defined as:

S(r) =

4πr2 dN
dS
=
= 4πr2 N (r)
d ln(r)
d ln(r)

(2.27)

Volume size distribution represents aerosol volume in column of unity cross section,
it can be defined similarly to previous:

dV
V (r) =
=
d ln(r)

4πr3
3

dN
4πr3 N (r)
=
d ln(r)
3

(2.28)

Total number, surface and volume of particles are obtained by integration within all
radii:
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Z

∞

N (r) d ln(r)

N =
0

Z

∞

S =

S(r) d ln(r)

(2.29)

0

Z
V =

∞

V (r) d ln(r)
0

The column integrated number and volume size distributions are defined by integrating the vertically resolved number and volume particle concentrations. This parameters can be expressed as:

Z

∞

N (r, z) dz

Ncolumn (r) =
0

Z
Vcolumn (r) =
0

∞

4πr3
V (r, z) dz =
Ncolumn (r)
3

(2.30)

As it was mentioned previously, size distribution is one of the properties which defines
total AOD, it can be written similarly to Eq. 2.9-2.10:

Z

r2

τλ =

πr2 Qext (r, λ, m) Ncolumn (r) dr

(2.31)

r1

Commonly, particle size distribution is reproduced by several log-normal distributions (Heintzenberg, 1994), such mathematical representation can be used in inversion
algorithms which retrieve aerosol optical and microphysical properties.
Effective radius defines from number size distributions (Eq. 2.32) and can be used as
an indicator of particle type, typical effective radii of main aerosol types were presented in Table 2.1. Effective radius defines as:

ref f
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Water vapor, mixing ratio and relative humidity

Water vapor is one of the most important constituents in the Earth’s atmosphere due
to its high spatial and temporal variability and its involvement in many atmospheric
processes (e.g. formation and development of clouds, affecting on the size, shape and
chemical composition of aerosol particles (Reichardt et al., 1996). Hence, it plays a
key role in the global radiation budget and in energy transport mechanisms in the
atmosphere (Whiteman, Melfi, and Ferrare, 1992; Ferrare et al., 1995). Hence, low
uncertainties in both observations and modeling of water vapor are needed for the
accurate representation of clouds and precipitation in climate models and predictions.
To achieve a comprehensive understanding of the role of water vapor on local and
global scales, systematic and highly accurate observations with high spatial and temporal resolution are required. Among the in situ techniques, radiosonde is extensively
used due to its high spatial resolution, but the temporal resolution depends on the
launch frequency. There are additional disadvantages: it is an expensive technique,
the verticality of the sounding depends on the wind regime and its changes with altitude (balloons drift with the wind), and it is difficult to make accurate water vapor
measurements in conditions of low relative humidity.
Several methods and techniques can help to obtain the water vapor in the column
of atmosphere, including sun/sky-photometer and direct radiosonde measurements,
LiDAR and GPS observations, etc. (Schläpfer et al., 1998; Gao and Goetz, 1990; Schmid
et al., 1996; Rocken et al., 1995; Ferrare et al., 1995). Satellite observations, such as
MODIS (http://modis-atmos.gsfc.nasa.gov/index.html), takes advantage
in case of global coverage of water vapor content. Total Precipitable Water, given in
g cm−2 , in the atmosphere column can be found as (Lenoble, 1993):

Z
TPW =

1
TPW = −
g
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0

q(p) dp

(2.34)
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where ρH2 O (z) is water vapor density, and q(p) = w(p)/(1 + w(p)) is specific humidity, g - is standard acceleration of free fall, w(p) is water vapor mixing ratio, which
determines as the ratio between the density of water vapor to the density of dry air:

w(z) =

ρH2 O (z)
NH2 O (z)
∼
ρair (z)
NN2 (z)

(2.35)

Water vapor mixing ratio is also proportional to the ratio of the molecular number
densities of water vapor and nitrogen. Thus, it can be directly measured with Raman
LiDAR, as it will be shown in (Chapter 2.6.3).
Relative humidity, RH, is the ratio of the water vapor partial pressure, e(z), to the
saturation vapor pressure, eω (z), Eq. 2.36. It depends on temperature and pressure of
the atmosphere and can be highly variable with altitude.

e(z)
100%
ew (z)

(2.36)

p(z) w(z)
0.622 + w(z)

(2.37)

RH =

e(z) =


ew (z) = 6.107 exp

MA [T (z) − 273]
MB + [T (z) − 273]


(2.38)

where MA =17.84 (17.08) and MB =245.4 (234.2) for T below (above) 273 K (NavasGuzmán et al., 2014). Hence, for accurate profiling of RH, p(z) and T (z) are needed.
Uncertainties of temperature profile (Navas-Guzmán et al., 2014; Foth et al., 2015)
cause main errors in obtaining RH, hence, preferably to use accurately measured T (z)
instead of modeled one.
The significance of water vapor and relative humidity investigation is very high due
to its influence on aerosol particles (coating, CCN) (Hänel, 1976; Charlson et al., 1992;
Muñoz, 2014). It changes the aerosol properties, and, therefore, influence on the radiative forcing estimation. Because water vapor is highly variable spatially and temporally in the atmosphere, it is highly preferable to have the continuous measurements
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of its vertically distribution.

2.6
2.6.1

LiDAR principle, equation and types
LiDAR principle

LiDAR (Light Detection And Ranging) follows the same principle as RADARs (RAdio Detection And Ranging), but it uses radiation with the wavelengths in ultraviolet,
visible, near and middle infrared ranges instead of radiation in radio range used in
RADARs (Pelon et al., 2013). The principle of instruments consists in emitting of electromagnetic radiation in particular wavelength and measuring the radiation which
is backscattered to instrument telescope from some targets. Aerosols are targets for
LiDAR observations (Amiridis et al., 2005).
All LiDAR systems consist of transmitter and receiver; the basic setup is presented in
Fig. 2.8. The transmitter consists of LASER, which is emitting short light pulses with
duration from a few to several hundred nanoseconds with specific spectral properties, and the beam expander, which corrects the divergence and collimates the beam
of light. The receiver consists of telescope that collects backscattered light, detectors which measure light irradiance, and data acquisition system which gathers and
records the measurements. Depending on LiDAR type, light can be emitted at different wavelengths, and, therefore, different detectors are needed to measure backscattered light.

2.6.2

LiDAR equation

In the simplest form, LiDAR equation can be written:

P (R) = K G(R) β(R) T (R) + Pbg

(2.39)

where P (R) - a radiative power of backscattered radiation which has been received
from a distance R; Pbg - a power of background radiation; K - a factor which describes
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F IGURE 2.8: Standard LiDAR setup, figure taken from (Weitkamp,
2005)

the LiDAR performance; G(R) - a factor which describes the range depending measurement geometry; β(R) - backscattered coefficient as a function of distance R; T (R)
- the atmospheric transmission, it describes how much of radiation have been lost on
the way to target and back. Both, K and G(R) are the factors which depend on LiDAR
system, latter two (β(R) and T (R)) are unknowns and should be investigated from
the measurements.
Detected LiDAR signal always has a contribution from background radiation (Pbg ).
Background noise can be easily subtracted from LiDAR signal by averaging in very far
altitude range, where no backscattered photons are expected anymore, or in the range
of trigger delay when the laser does not start to emit light yet but system is already
started to measure. It should be mentioned, such LiDAR measurements can be considered as a passive remote sensing measurements. The processes which underlie of
LiDAR background radiation and sun/sky-photometer measurements are the same,
particles and molecules absorb and scatter solar light, that is why background noise
is high during the day-time measurements and it is very low (negligible) during the
night-time measurements. Hence, if a LiDAR can provide measurements in almucantar or principle plane geometry, it would bring active (LiDAR backscatter signal) and
passive (LiDAR background noise) measurements which can complement each other.
But in practice, such experiment is complicated because of weight and complexity of
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the LiDAR systems.
The system factor K can be written as:

K = P0

c ∆τ
Aη
2

(2.40)

where P0 - power of a laser pulse; ∆τ - temporal pulse duration, c ∆τ /2 - is the length
of the volume from which backscattered light is received at an instant time (shown in
Fig. 2.9 as ∆R, effective pulse length); A - area of telescope which receives backscattered light; η - system efficiency which includes efficiencies of light transmittance by
all optical elements of the system and the detection efficiency of the receivers.
The geometric factor is related to Overlap function and R2 :

G(R) =

O(R)
R2

(2.41)

Overlap function is a characteristic of LASER beam divergence and receivers’ field
of view. It increases from zero at the telescope to unity in the distance where the
backscattered laser light is completely imaged onto the detector through the telescope
field of view and all further system elements. The quadratic decrease (1/R2 ) of the
backscattered signal intensity caused by a fact that telescope area is the part of sphere’s
surface with radius R which encloses target (scattering volume V in Fig. 2.9).
The backscattered coefficient β(R, λ) is the atmospheric parameter, which determines
how much of the light is scattered in a backward direction by atmospheric constituents.
It directly depends on size, refractive index, shape and, of course, backscatter coefficient depends on wavelength. The backscatter coefficient can be expressed through
the concentration of particles (Nj , j is particle type, molecules/aerosols) in the scattering volume and differential scattering cross section (dσjsca,cs (π, λ) /dΩ) of the particle
type j in the backward direction at wavelength λ:

β(R, λ) =

X
j
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F IGURE 2.9: Illustration of LiDAR geometry, taken from (Weitkamp,
2005).

Since the number concentration is given in m−3 and the differential scattering cross
section in m2 sr−1 , the backscatter coefficient unit is m−1 sr−1 . As it was described
previously, it is useful to distinguish coefficient attributed to molecules and aerosol
components at the total backscattered coefficient:

β = βm + βa

(2.43)

Molecular/gas scattering can be calculated from meteorological data using Rayleigh
theory, e.g. model of US standard atmosphere can be used (Krueger and Minzner,
1976). It is possible to calculate molecular backscatter profile using modeled temperature and pressure atmospheric profiles.
The transmission term T (R, λ) describes a fraction of laser power which is lost during
the way to target and back to the telescope. It can be written as:
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Z
T (R, λ) = exp −2

R

σ

ext


(r, λ) dr

(2.44)

0

This term results from the specific form of the Lambert-Beer-Bouguer law for LiDAR
(Weitkamp, 2005). The transmission term considers the path of light from the LiDAR
to distance R and back, factor 2 before the total optical depth appears because of that.
Extinction coefficient can be presented in the form, similarly to backscatter coefficient:

σext (R, λ) =

X

Nj (R) σjext,cs (λ)

(2.45)

j

The extinction coefficient includes terms resulted from scattering and absorption of
molecules and aerosol particles and can be written as:

abs
sca
σext = σm
+ σm
+ σaabs + σasca

(2.46)

LiDAR wavelengths are selected so as to minimize molecular absorption. Molecular scattering can be defined from the atmospheric models. Aerosol absorption and
scattering, which form aerosol extinction, are unknown and to be retrieved later.
Summarizing, the LiDAR equation, in general form, can be written as:



Z R
O(R)
c ∆τ
ext
P (R, λ) = Po
Aη
β(R, λ) exp −2
σ (r, λ) dr
2
R2
0

2.6.3

(2.47)

LiDARs types

There are six basic types of LiDAR systems. They correspond to different techniques
which use specific interaction processes of the emitted radiation with the atmospheric
constituents:
• Elastically backscatter LiDAR;
• Raman LiDAR (non-elastic);
• Differential-absorption LiDAR;
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• Fluorescence (resonance) LiDAR;
• Doppler LiDAR;
• High spectral resolution LiDAR (HSRL).
Differential-absorption LiDAR (DIAL) makes use of single absorption lines or broad
absorption bands of gases. Such LiDARs are emitting radiation at two wavelengths,
one is absorbed by specific molecules more strongly than the other one. Differential molecular absorption coefficients infer the number concentration (see Eq. 2.45).
Hence, molecular concentration can be found by the use of Eq. 2.45, if the differential
absorption cross section for this molecule is known.
A resonance fluorescence is obtained if the energy of the incoming photon coincides
with the energy of a transition in an atom, ion, or molecule from one level to another.
That is why resonance fluorescence LiDAR works well with specific metallic atoms
and ions. Because of very high scattering cross section, this technique works with
very low number concentrations and can be used in altitudes higher 100km.
Doppler LiDAR is mainly used to determine the wind direction and its speed. It is
based on Doppler effect which causes the wavelength shift of backscattered light. If
the targets move toward to propagation of radiation, it will be shifted to lower wavelength, and vice versa. Such LiDAR has been operated during SHADOW-2 campaign
in Dakar in 2015 and 2016 (Windcube).
HSRL LiDAR relies on the differences in the spectral distribution of light elastically
backscattered by particles and air molecules. The spectral width of Rayleigh-backscattered
photons is increased due to Doppler shifts caused by the thermal motion of the molecules.
The thermal motion of aerosol and cloud particles is much slower, so their backscatter
spectrum remains nearly unchanged. Here, the molecular backscatter channel measures Rayleigh backscattering by blocking the narrow aerosol peak, e.g., by use of
an atomic-vapor filter. A second channel may detect the total backscatter or just the
central aerosol peak (Bruneau et al., 2015).
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Elastic backscatter LiDAR and depolarization
Elastic backscattered LiDAR is the classic form of LiDARs. Its principle has been fully
described previously in this section. Elastic scattering is a process in which wavelength of the scattered radiation remains unchanged. This type of LiDAR delivers
information on the presence and location of aerosol and cloud layers. If Eq. 2.43 and
Eq. 2.46 substitute into Eq. 2.47, LiDAR equation will have two unknowns, aerosol extinction and backscattering coefficients. Hence, different methods are used to derive
aerosol extinction and backscatter coefficients; some will be presented in Chapter 4.
In the atmosphere, there are particles with high variability of shapes (see Fig. 2.1). The
actual shape does not play a major role for the scattering properties of small particles
with size parameter x < 1, in such cases Mie theory can be applied (Lenoble, Remer,
and Tanré, 2013). But if the particles are large and non-spherical, like ice crystals, mineral dust, or sea-salt particles, Mie scattering theory can not be used anymore. More
complex model, like a model of randomly oriented polydisperse spheroids, should be
used. One of the features of non-spherical particles consists of their property to depolarize the backscatter radiation (spherical particles do not change linearly polarized
laser light). Hence, polarization-sensitive light detection is particularly relevant for
the investigation of non-spherical particles.
Volume depolarization ratio term (δ) comes from taking the ratio of the LiDAR equation (Eq. 2.47) to itself in the two polarization planes (k and ⊥ to laser emission polarization). Most of the terms are canceled out and depolarization ratio can be written
as:

δ(R) =

β⊥ (R)
β⊥
exp (τ⊥ − τk ) ≈
βk (R)
βk

(2.48)

where β and τ are the backscatter coefficients and optical depths in the planes of polarization orthogonal (⊥) and parallel (k) to that of the laser. In practice, the exponential
term is not used because β⊥  βk which gives exp (τ⊥ − τk ) ≈ 1. But it was originally
included to account for the possibility that certain anisotropic targets like uniformly
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oriented ice crystals or raindrops could affect the transmission of light depending on
the polarization state.
It should be reminded, depolarization ratio can be also expressed with Phase matrix
element P11 and P22 , Eq. 2.25.
Satellite mission CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations, Pelon et al., 2011) is using elastic backscatter LiDAR, called CALIOP (CloudAerosol LIdar with Orthogonal Polarization). CALIOP is the primary instrument on
the CALIPSO satellite (Winker, Pelon, and McCormick, 2003; Winker et al., 2010).
CALIOP is designed to acquire vertical profiles of elastic backscatter at 532 and 1064
nm wavelengths from a near nadir-viewing geometry during both day and night
phases of the orbit. In addition to the total backscatter at the two wavelengths, CALIOP
also provides profiles of linear depolarization at 532 nm.

Inelastic or Raman LiDAR
Inelastic scattering process which involves the change of the vibrational-rotational
energy level of the molecule is called Raman scattering (has been presented in Section 2.3). Because of the wavelength shift caused by Raman scattering and different transmittance of the atmosphere in new scattered wavelength, LiDAR equation is
changed (term of background noise is excluded):

 Z R

K O(R)
PRa (R) =
βRa (R) exp −
[σLi (r) + σRa (r) ]dr
R2
0

(2.49)

where K and O(R) - are system factor and overlap function which were described
above, βRa (R) is the Raman backscatter coefficient at the distance R, σLi (R) and σRa (R)
describe extinction of atmosphere at the emitted LiDAR and backscattered Raman
wavelengths. Raman LiDARs usually assembled with an elastic channels. Hence, obseravtions of such LiDAR system can be described with two equations Eq. 2.47 and
Eq. 2.49. Description of Raman method will be presented in Chapter 4.
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Raman LiDARs are widely used in atmospheric studies. The temperature dependence of the rotational Raman bands of major atmospheric molecules permits to determine atmospheric temperature profile from the ground up to about 40 km height
(Weitkamp, 2005). Because of low Raman scattering cross section of gas molecules
this technique requires high concentration of the investigated atmospheric component. Nitrogen, oxygen, and water vapor are the major gases constituencies in the
atmosphere which are widely used in atmospheric studies. If, for instance, LiDAR
system have two Raman nitrogen and/or oxygen signals, one of which is partly absorbed by ozone, it is possible to determine ozone concentrations (Reichardt et al.,
1996; Reichardt et al., 2000).
Opposite to oxygen and nitrogen gases, the amount of the water vapor concentration
is highly variable temporally and spatially. Thus, observations of Raman LiDAR are
widely used to investigate water vapor profiles (Whiteman, Melfi, and Ferrare, 1992;
Weitkamp, 2005). As it was shown, water vapor mixing ratio is proportional to number concentration of nitrogen and water vapor (Eq. 2.35). Thus, ratio of two LiDAR
Raman signals, one of which corresponds to water vapor and another one to nitrogen
molecules, forms water vapor mixing ratio:

w(z) ∼

2.7

H2 O
(z)
PRa
N2
PRa
(z)

(2.50)

From optical to microphysical aerosol properties: inverse
methods

Ground-based measurements of diffuse and direct solar radiation (sun/sky-photometer)
have been used to retrieve the size distribution and refractive index of aerosol particles in the atmosphere as well as their optical properties (Dubovik and King, 2000).
Look-up tables which contain theoretical solutions of aerosol parameters can be used.
For instance, simulated measurements obtained from theoretical calculations are compered with actual measurements and special procedure searching for the best fit between measurements and simulated data. The look-up table solution is stable and
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generally fast in implementation, though it is limited to a set of potentially admissible
solutions included in the look-up table. This approach was and still use for satellite
data inversion because there are a lot of data and time of processing is important.
Rigorous but more complex techniques have also been invoked that consist of "inverting" a set of measurements as a function of wavelength and/or scattering angle to
infer the size distribution, refractive index and optical properties (Lenoble, Remer, and
Tanré, 2013). These methods are not limited by the predefined set of aerosol classes
such as look-up table method. Such techniques use iteration procedure which uses a
priori data (aerosol parameters), and each step of iteration procedure defines aerosol
parameters more accurately. There are several steps in an iteration procedure: (i) on
the first step algorithm defines radiation distribution using theoretical calculation (forward model); (ii) on the second step obtained radiation distribution are compared with
actual measurements and difference between modeled and actual measurements are
defined; (iii) aerosol parameters are defined more accurately and iteration procedure
repeats or algorithm stops if a difference between modeled and actual measurements
are within the predefined constraints.
In such methods, several different combinations of aerosol parameters can produce
the same or nearly the same radiation distribution. Therefore, the general solution
is fundamentally non-unique or becomes non-unique in the presence of minor measurement noise. That is why to decrease the number of solutions, a priori information
is necessary and added. Inversion with regularization (Müller, Wandinger, and Ansmann, 1999; Veselovskii et al., 2002; Veselovskii et al., 2004) and GRASP/GARRLiC
algorithm (Dubovik et al., 2011; Dubovik et al., 2014; Lopatin et al., 2013) belong to
such methods and will be considered in this work.

© 2016 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Valentyn Bovchaliuk, Lille 1, 2016

© 2016 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Valentyn Bovchaliuk, Lille 1, 2016

41

Chapter 3

Experimental sites, instrumentation
and modelling tools
This chapter describes experimental sites where the measurements were carried out,
instrumentation, data and modeling tools which were used through the thesis.

3.1

Lille and Dakar super-sites

Laboratoire d’Optique Atmosphérique leads, for more than 20 years, two observational sites. One located on the roof of the laboratory at Villeneuve d’Ascq, South of
Lille city, France. The second one is located in M’Bour city, Senegal. Measurements
from both sites are considered in this thesis.
Lille site (50.61o N, 3.14o E, 60 m a.s.l.) is influenced by urban and industrial pollutions,
marine aerosols. Several times per year the sky over the site is affected by mineral dust
and more rarely by aerosols from volcano eruptions (Mortier et al., 2013; Boichu et al.,
2015). Site is based in 100 km from Northern sea cost. Dakar site (14.39o N, 16.96o W, 0
m a.s.l.), which is located in M’Bour city, is usually influenced by dust during March–
April period and biomass burning during December–January (Kaufman, Tanré, and
Boucher, 2002). The site is placed on the coast of Atlantic ocean and, therefore, influenced by maritime aerosols.
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Both sites have remote sensing and in situ instruments. They are equipped with lunarphotometers, which provide AOD, AE and TPW for all clear nights for lunar phase,
from half to full moon.
A new multi-wavelengths Raman-polarized LiDAR system, called LILAS (LIlle LIDAR
AtmosphereS), used in the thesis has been purchased in the framework of the CaPPA
(Chemical and Physical Properties of the Atmosphere) and IRENI (Institut de recherche
en environnement industriel) projects. The major objective of CaPPA project focus on
the comprehensive study of the aerosol system and its precursors, allowing a better
understanding of their role on the climate: radiative forcing and hydrological cycle.
Additionally, CaPPA investigates the evolution of air quality at local, regional and
global levels with specific concerns for radionuclides. Lille site is a permanent site for
LiDAR observation (http://www-loa.univ-lille1.fr/index.php/observation/
lidar.html). However, in the framework of CaPPA project a field campaign has
been organized in West Africa (SHADOW-2 – study of Saharan dust over the West
Africa). Many instruments, including this new LiDAR, have been moved to Dakar
site at the beginning of January 2015. Two main objectives of this campaign are: (i)
better records of the physical and chemical aerosol properties over the region impacted by considerable amount of dust particles; (ii) study the aerosol dynamic. Seven
laboratories with 18 instruments were taking part in the campaign (http://www.
labex-cappa.fr/en/SHADOW).

3.2

LILAS system

The LiDAR operated in this work is called LILAS (Fig. 3.1 and 3.2) and located at
Laboratoire d’Optique Atmospherique (Lille site). LILAS was assembled and setup in
December 2013 in the framework of a French–Russian cooperation (PICS, I. Veselovkii)
and first observations started in Lille in January 2014. The system is composed of a
laser (Spectra-physics, INDI-40) emitting 1064 nm, 532 nm and 355 nm (100mJ/20Hz),
of a Newton telescope, a beam rotator and receiving module (Fig. 3.3). Beam rotator
can be used for near or far altitude observations by changing the overlap function. In
April 2014, several receiving modules were added. Since mid of 2014, LILAS system
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includes five elastic channels (355 nm and 532 nm parallel and perpendicular, analog
and photo-counting and 1064 nm total analog) and three Raman channels (387 nm
analog and photo-counting, 408 nm and 608 nm photo-counting). At the beginning
of 2015, vibrational Raman channel at 608 nm has been changed to rotational Raman
channel at 530 nm. This rotational Raman channel shows good and stable performance. The system can be remotely operated and it is coupled with a RADAR for
automatic stop for airplane safety.

F IGURE 3.1: LILAS system. Newton telescope, Quanta-Ray laser, beam
expander and acquisition system (Courtesy LOA, 2014).

3.2.1

LILAS Quality Assurance Procedures

In summer 2014, LILAS was included as a new station in the European Aerosol Research LiDAR Network (EARLINET). The main goal of EARLINET/ACTRIS (Aerosols,
Clouds, and Trace gases Research InfraStructure Network, http://www.actris.
eu/) is to provide a comprehensive, quantitative and statistically significant database
about aerosols vertical distribution. The network has special criteria for data quality assurance (Freudenthaler, 2007; Freudenthaler et al., 2007; Freudenthaler, 2010;
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F IGURE 3.2: LILAS beam (more intense) and CAML beam (less intense, Cloud and Aerosol Micro-LiDAR, CIMEL) during the SHADOW2 campaign in Dakar.

F IGURE 3.3: LILAS optical scheme, basic setup April 2014. LiDAR system is designed and assembled by LOA, PIC and CIMEL.
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Freudenthaler, 2008). The main procedures have been applied to LILAS, associated
data have been submitted to V. Freudenthaler, in charge of LiDAR quality assurance
in EARLINET/ACTIS project. Results of these QA procedures are given in Fig. 3.4
and 3.5):
• Rayleigh fit is the most practical test that shows possible misalignment of laser
beam and telescope field of view. In the far range, where no aerosols particles are expected and only molecules exist, the measured LiDAR signal should
agrees with calculated or observed by radiosonde molecular (Rayleigh) profile
(Fig. 3.4);

F IGURE 3.4: Rayleigh fit at wavelength 355 nm, analog channel, date
of measurements 05.06.2014. Red line is measured and normalized
LILAS range corrected signal, black line is precalculated and normalized Rayleigh backscatter. Normalization has been done in altitude
range 10.0 km to 13.5 km. Good agreement between precalculated and
measured signal indicate appropriate LiDAR alignment.

• "Telecover" test is another main test that helps align optical and opto-mechanical
design of LiDAR system. The test consists of signals comparison that are came
through the different parts of an aperture. If normalized signals do not show any
differences out of the overlap range, telescope and receiver module are designed
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and aligned correctly (Fig. 3.5);

F IGURE 3.5: Telecover test. Relative deviation with open North (Ndev
and N2dev), East (Edev), South (Sdev), West (Wdev) sectors of telescope from mean LiDAR signal. AllDev stand for mean of all deviations. Measurements were carried out in Lille 03.07.14, 355 nm analogue channel.

• The trigger delay test finds the delay between outgoing laser pulse and started
point of data recording;
• Electro-magnetic interference and other low-frequency noises that can not be
removed from spatial or temporal averaging are subtracted using so-called dark
measurements, these measurements carried out with the fully covered telescope
that avoid background light of the atmosphere. Electrical noise carried out each
time before new measurements;
• Depolarization calibration has been firstly done at the beginning of SHADOW-2
campaign and was regularly performed during the campaign. Depolarization
calibration is performed by rotating a polarizing filter placed before the pinhole
by ±45o . The calibration constant is calculated according to Freudenthaler et al.,
2009:
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V dp =

Rp + Rs p ∗
δ (+45o ) δ ∗ (−45o )
Tp + Ts

(3.1)

where Tp , Ts , Rp , Rs are transmittance (T ) and reflectance (R) of components
of polarizing beam-splitter cube of parallel (p) and perpendicular (s) incident
light; δ ∗ is the ratio (see Eq. 2.48) of transmitted (perpendicular incident light) to
reflected (parallel incident light) signals for measurements with polarizing filter
by ±45o . Depending on atmospheric conditions, different sets of density filters
had been used for various channels, as a result, δ ∗ and V dp had been changed
during the SHADOW-2 campaign.
LILAS passed all EARLINET tests and check ups except the depolarization calibration
which is in progress. For instance, volume depolarization ratio of dust event in Dakar
in 10 April 2015 is presented in Fig. 3.7 and 3.6.

F IGURE 3.6: Quick look of Volume Depolarization Ratio (VDR). Dust
event at Dakar site during night from 21:30 of 09 April to 01:30 of 10
April of 2015.

3.2.2

LILAS operation and database

LILAS is designed in a way to be stable instrument with possibility to be operated
remotely. Operator can switch on and off LASER remotely, however, telecover test
and depolarization calibration request an operator.
Measurements performed at Lille site carry out in the majority of cases when the results could be interesting in operator opinion. During this thesis, when LILAS was
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F IGURE 3.7: Profile of volume depolarization ratio. Dust event at Dakar
site during the night from 21:30 of 09 April to 01:30 of 10 April of 2015.
The profile represents averaged data from Fig. 3.6.

placed in Lille site, I have regularly performed day and night measurements. Instrument collimation and check ups were done regularly.
Raw LILAS measurements are automatically processed and stored into database alongside with raw data. Processed data commonly referred as "level1.0" consists of noise
subtracted and range-corrected LiDAR signals. Automatic processing include the following steps:
1) Correction on trigger delay. All channels according to its analog or photocounting origin are corrected with respect to the trigger delay defined by Quality Assurance Procedure (Section 3.2.1).
2) Electrical noise subtraction. The electrical noise signal is detected by such condition: the ratio between averaged value of the signal in the far range (13–15 km,
0

00

P ) to the averaged value in the near range (1–3 km, P ) equal 1±0.1. Electrical
noise measurements carried out with a fully covered telescope (Section 3.2.1),
hence it is enough to check one of the available channels:

0

P532nm
00

P532nm

∈ [0.9, 1.1]

(3.2)

Program takes into account nearest electrical noise before the measured data.
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3) LILAS use Licel transient recorder system which have a parallel analog and photon counting detection chains. The combination of both signals gives the high
linearity of the analog signal for strong signals and the high sensitivity of the
photon counting for weak optical signals. The integration of both detection
mechanisms into a single device allows to avoid the ground loops and other
problems that make the combination otherwise cumbersome. The main idea of
the signal combination is that there is a range where both signals are valid and
have a high signal to noise ratio. To combine (glue) both signals, the photon
counting needs a dead time correction. Licel photon counter can be best described as follows:

S =

N
1 − N τd

(3.3)

where N - is the measured count rate, S - is the true counts, τd - is the system
dead time. Dead time correction in a region lower 10MHz implies.
4) Background noise correction. Averaged signal in the region 80 – 120 km is considered as background noise (Pbg in the Eq. 2.39) and is subtracted from the full
profile.
5) In the last step, each profile is multiplied by the square of altitude. This corrects
measured LiDAR signal to the range depending measurement geometry (factor
G(R) in LiDAR equation, Eq. 2.41). LiDAR signals can be also corrected by the
overlap function, but it demands special experiments which is not allowed for
non-eye safe LiDARs.
LILAS range-corrected and noise subtracted signals are data level1.0, these data is
available online on the web-site: http://www-loa.univ-lille1.fr/Instruments/
lidar/calendriers/newcal_2014_lillelilas.php. Some test dataset have
been submitted to EARLINET/ACTRIS database in 2016. For instance, a screenshot
of web-site is presented in Fig. 3.8. For further analysis analog and photocounting
data from the same channel can be glued.
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F IGURE 3.8: Range-corrected and noise subtracted LILAS signal (color,
in arbitrary units) for 10 April 2015. Analog signal of 532 nm parallel
(SKAN 00532 s) and perpendicular (SKAN 00532 p) channels are presented. There was no observation during day-time.

There were attempts to develop an automatic gluing procedure, but it was unsuccessful because some measurements have clouds. Nevertheless, gluing procedure was
used for selected data before the analysis.
In the valid region of both signals between the lower toggle rate (typical 0.5 MHz)
and the upper toggle rate (typical 10 MHz) for photocounting lidar signal (P C) and
between 3 km (at this distance overlap has to be already equal 1) to 10 km (assumed
that up to 10 km we have a high signal to noise ratio in an analog signal) of observational distance one seeks the linear regression coefficients to transfer the analog data
into photon counting data:

n
X

2
P C(zi ) − AD0 (zi ) = min

(3.4)

i=1
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where P C - is photocounting lidar signal; AD0 - is normalized analog signal to P C
signal (transferred analog data), the summation is done inside the gluing region (z1 =
zmin , zn = zmax , n = 10). In case of the inherently higher quality of the P C data
inside valid region (window) AD data normalized to the P C data by cross-calibrated
constant K (Whiteman, Melfi, and Ferrare, 1992; Zhang et al., 2014; Lange et al., 2012):

AD0 (z) = AD(z) K
K =

P C(zi )
AD(zi )

; i = 1, n

(3.5)
(3.6)

The region with minimum of Eq. 3.4 can be found using moving window between
toggle rates 0.5–10 MHz, window has 10 points of lidar signal (n=10). The region with
minimum value of Eq. 3.4 is the gluing region. Glued signal (GL) defines:
a) GL = AD0 , z < z1 (below gluing region)
b) GL =

AD0 +P C
, z1
2

≤ z ≤ zn (inside gluing region)

c) GL = P C, z > zn (above gluing region)
Also algorithm includes checking procedure that examines chosen window points: are
they going one after another or not. If not, one or more of the points are out of 0.5-10
MHz, then the gluing can not be done inside this window and profile.
For example, the result of the procedure is presented in Fig. 3.9. As was mentioned
above, this gluing procedure is used only for manually selected data which does not
include clouds or other disturbances which make gluing impossible. Some enhancements should be done (cloud detection, etc.) for its future integration into the routine
of data processing.

3.3

CIMEL photometer

CIMEL sun/sky-photometer has been proven as a suitable and stable instrument to
obtain column integrated atmospheric aerosol properties. It is used in the AERONET
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F IGURE 3.9: Signal gluing of 532 nm total channel, measurements were
carried out on 26 March 2014 in Lille. AD, PC and GL are analog, photocounting and glued lidar signals, respectively. Glued signal equals to
P C values above gluing region and transferred AD values below gluing region.

(Aerosol Robotic Network, http://aeronet.gsfc.nasa.gov/). A complete description of the instrument can be found in (Holben et al., 1998).
The sun/sky-photometer consists of an optical head with two collimators, a robotic
arm, and an electronic box. The robotic arm is using for sun tracking and sky positioning. Instrument is automated, and it performs direct sun measurements every 15
minutes, collimators field of view are 1.2o . Typical channels of the instrument are 440,
675, 870 and 1020 nm, but there are modification with additional channels (340, 380,
440, 500, 675, 870, 940, 1020 and 1640 nm). Direct sun and diffuse sky measurements
of photometer are using in AERONET inversion code to retrieve such aerosol optical
and microphysical properties as aerosol optical depth (AOD), single scattering albedo
(ω0 ), size distribution (N (r)), complex refractive index (m), Angstrom exponent (λ),
LiDAR ratio (LR), water vapor content, and others.
Both sites, Lille and Dakar, are equipped with lunar-photometer (Barreto et al., 2013).
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It is the same CIMEL sun/sky-photometer, but with some improvements and features
which enable photometer to measure the solar light irradiance reflected by the moon
and attenuated by the atmosphere. It has eight nominal wavelengths (1640, 1020, 938,
937, 870, 675, 500 and 440 nm). Two channels, 380 and 340 nm, were not included due
to the low incoming energy received from the moon in this spectral range. Hence, the
instrument provides AOD, AE and water vapor for all clear nights for lunar phase,
from half to full moon.

3.4

Radiosoundings

Water vapor and thermodynamic variability are important for atmospheric studies.
For instance, particles can be coated by water and as a consequence, aerosol optical
properties are changed. Radiosounding is the most common and accurate technique
which provides water vapor, pressure and temperature profiles.
There are no radiosounding measurements at Lille and Dakar sites. But for data analysis, data of the nearest radiosounding stations has been selected. Data have been
taken from database belonging to Department of Atmospheric Science, University of
Wyoming (http://weather.uwyo.edu/upperair/sounding.html).
Beauvechain is located in 120 km from Lille in East direction. The number and abbreviation for this station in Wyoming database are 06458 and EBBE. Station placed
in South-East direction from Brussels. Similarly to Lille site, it is influenced by urban and industry pollutions, marine aerosols, and rarely by mineral dust and aerosols
from volcano eruptions.
Dakar has its own radiosounding observational station (number and abbreviation in
Wyoming database are 61641 and GOOY respectively). It is the nearest station to the
SHADOW-2 observational site, the distance between sites close to 70 km. Both stations
are influenced by the marine particles from West direction, and the mineral dust from
East direction.
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Modelling tools

For data analysis, HYSPLIT and NMMB/BSC-Dust models have been used in this
work. In synergy, they show the trajectories and the origins of the air-masses which
arrived to the observational sites.

3.5.1

NMMB/BSC-Dust model

NMMB/BSC-Dust (Non-hydrostatic Multiscale Model) is a new online multiscale dust
model which has been developed at the Barcelona Supercomputing Center (BSC) in
collaboration with NOAA/National Centers for Environmental Prediction (NCEP),
NASA Goddard Institute for Space Studies and the International Research Institute
for Climate and Society (IRI). The model provides short to medium-range weather
and dust forecast from regional to global scales. The developers are expecting that
the model will improve scientific understanding of the dust cycle by bridging the
gap among the multiple scales (Pérez et al., 2011; Haustein et al., 2012). The model
tendency to overestimate the very low background dust concentration in the regions
far away from the sources (Pérez et al., 2011). This is caused by overestimation of
the smallest dust particles due to either inaccuracies in the size distribution of the
emissions, vertical transport and/or removal. Nevertheless, this model reproduces
fairly well aerosol optical depths and mineral dust vertical distribution according to
Amiridis et al., 2009b.
In the work, this model has been used to identify the dust sources.

3.5.2

HYSPLIT model

The analysis of backward trajectories was performed by means of the HYSPLIT model
(HYbrid Single-Particle Lagrangian Integrated Trajectory) (Draxler and Rolph, 2015;
Rolph, 2015). The model has been developed in joint effort between NOAA (National
Oceanic and Atmospheric Administration) and Australia’s Bureau of Meteorology, but
recent enhancements have been provided by a number of different contributors. The
model can be used for analysis of complex deposition and dispersion of pollutants
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and hazardous materials. HYSPLIT model can be downloaded and installed on PC or
can be run interactively on the web (www.arl.noaa.gov/HYSPLIT). Meteorological
data, which are used for the computation, can be introduced by the user or taken from
Global Data Assimilation System (GDAS) database.
In this thesis, different backward trajectories have been considered. In case of local
events (SHADOW-2 campaign), HYSPLIT model has not been used. In case of dust
event over Lille, backward trajectory analysis had been considered. Together with
forecasted dust event by NMMB/BSC-Dust, models confirm the source and the passage of the dust over Lille. GDAS database has been used as input meteorological
data.
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Chapter 4

Methodologies to retrieve aerosol
properties
To improve knowledge on aerosol properties, it is necessary to know and use different methodologies and techniques. This chapter presents all methods that have been
used/improved, in this work, to retrieve aerosol optical and microphysical properties. The presentation is divided in terms of methods from which aerosol properties were derived: according to sun/sky-photometer and/or LiDAR instruments. In
such case, it is possible to find common aerosol properties retrieved by different methods or techniques. The main optical properties that were measured and retrieved are
aerosol optical depth (AOD), Angstrom exponent (α), LiDAR ratio (LR), extinction (σ)
and backscatter (β) coefficients, vertical distribution of volume concentration (V). The
main microphysical properties studied in our work are complex refractive index (m)
and effective radius (ref f ).
GARLLiC algorithm is the core of this work. For this reason, a large part of this chapter is dedicated to this algorithm and presents several enhancements proposed and
implemented into GARLLiC algorithm.
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Retrieval of optical properties
Method which uses sun/sky-photometer primary measurements

Direct sun-photometer measurements are used to obtain AOD and AE. Aerosol particles absorb and scatter sunlight in Earth’s atmosphere, the processes can be presented
by Beer-Lambert-Bouguer law:

E(λ, z) = E0 (λ) exp[−τ (λ, z) m]

(4.1)

where E(λ, z) and E0 (λ) - are monochromatic irradiance at wavelength λ on altitude z
and on the top of Earth’s atmosphere, τ (λ, z) - is optical depth from top of atmosphere
to altitude z (see Eq. 2.12), m - relative air mass (see Eq. 2.13). Irradiance at altitude
z measures by sun-photometer, energy on the top of atmosphere can be derived from
the instrument calibration, and solar zenith angle is known, hence total optical depth
can be found from Eq. 4.1. Then, AOD can be found as subtraction of total OD to
molecular OD (Eq. 2.15).
Atmospheric measurements in several channels allow determination of Angstrom exponent (see Eq. 2.17):

α = −

ln[τ (λ1 ) /τ (λ2 )]
ln[λ1 /λ2 ]

(4.2)

Usually used 440 and 870 nm wavelengths to compute α. However other couples of
wavelengths can be used to be more consistent with LiDAR wavelengths.
Primary measurements also include sky spectral and angular radiances; these measurements are used for retrieval aerosol microphysical properties (see Section 4.2.1).
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Methods using LiDAR data

a) Klett method
The general form of LiDAR equation could be found in Chapter 2.6 (Eq. 2.47). It includes two unknowns (σ ext (z) and βa (z)), other extinction or backscatter coefficients
(Eq. 2.43 and 2.46) can be neglected or are known. Stable analytical inversion for
the elastically backscattered LiDAR returns have been developed by Klett (Klett, 1981;
Klett, 1985). This method is based on a relationship between extinction and backscattered coefficients, called LiDAR ratio (Eq. 2.22 and 2.24):

LRaer (λ, z) =

σaer (λ, z)
βaer (λ, z)

(4.3)

In general, aerosol LiDAR ratio is a range depending because extinction and backscatter coefficients depend on shape, size distribution, and chemical composition of particles, that, for sure, can vary with location in the atmosphere. On the opposite, the
molecular LiDAR ratio, LRmol (σmol /βmol = 8π/3sr), is not range depending.
Under the assumption that LiDAR ratio is known, the equation for β(z) can be solved
by iterations from reference altitude, z0 , down to altitude z:

h R
i
z
RCS(z) exp −2 z0 [LRaer (z 0 ) − LRmol ] βmol (z)dz 0
(4.4)
βaer (z) + βmol (z) =
Rz
RCS(z0 )
0 ) RCS(z 0 ) T (z 0 , z ) dz 0
LR
(z
−
2
aer
0
z0
βaer (z0 ) + βmol (z0 )
where RCS(z) - is the range corrected LiDAR signal at altitude z (RCS(z) = P (z, λ) ·
z 2 ), z0 - reference range, and


Z
T (z, z0 ) = exp −2

z




LRaer (z 0 ) − LRmol βmol (z 0 ) dz 0


(4.5)

z0

The reference range should be chosen in the range of altitudes where βaer is negligible
in comparison to βmol to reduce the uncertainties of solution.
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Aerosol extinction profile can be obtained from LiDAR ratio equation. Hence, retrieval
of βaer and σaer rely on the a priori LR choice. This restriction increase uncertainty of
σaer , especially when the types of aerosols are unknown (typical LR values of different
aerosol types are presented in Table 4.1).

b) Raman method
The process of inelastic scattering has been described in Chapter 2.3, and LiDAR instruments based on this process have been presented in Chapter 2.6.3. Raman technique yields a system of two equations with two unknown parameters. With assumption that extinction coefficient depends on wavelength through Angstrom law (see
Eq. 4.2), aerosol extinction coefficient can be directly written as (Weitkamp, 2005):

σaer (λLi , z) =

d
dz

h
i
ln z 2NP(z)
− σmol (λLi , z) − σmol (λRa , z)
(z)
α(z)

Li
1 + λλRa

(4.6)

where P (z) is the power received at Raman wavelength λRa from distance z, N (z) is
the molecular number density (known), σmol (λLi , z) and σmol (λRa , z) are the molecular extinction coefficients at LiDAR and Raman wavelengths respectively, and α(z)
is the Angstrom exponent. The aerosol backscatter coefficient (βaer ) can be calculated
from the ratio of elastic signal P (z, λLi ) to Raman signal P (z, λRa ) using a determined
coefficient at a reference point P (z0 , λRa ) / P (z0 , λLi ) where no aerosol particles are
expected. The solution for the backscatter coefficient is:

βaer (z, λLi ) + βmol (z, λLi ) =
P (z0 , λRa ) P (z, λLi )
(βaer (z0 , λLi ) + βmol (z0 , λLi ))
P (z0 , λLi ) P (z, λRa )
h R
i
z
0, λ ) + σ
0 , λ )) dz 0
exp
−
(σ
(z
(z
aer
Ra
Ra
mol
z0
N (z)
h R
i
N (z0 ) exp − z (σ (z 0 , λ ) + σ (z 0 , λ )) dz 0
z0
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Type of particles

Typical LR value [sr]

Marine particles
Saharan dust
Less absorbing urban particles
Absorbing particles from biomass burning

20–35
50–80
35–70
70–100

TABLE 4.1: Typical LR of different aerosol types at 532 nm wavelength
determined with a Raman LiDAR. Table is taken from (Weitkamp,
2005).

If the two channels are properly aligned, the overlap is canceled out by the ratio of LiDAR signals P (z, λLi )/P (z, λRa ). Hence, the backscatter coefficient can be determined
in ranges close to the LiDAR.
In comparison to Klett method, Raman σ and β coefficient profiles are defined separately and, as a consequence, the vertical profile of LRaer can be found. As it was
mentioned above, LRaer can strongly vary with altitude, especially if several aerosol
layers with different types of particles are presented in the atmosphere. Moreover,
even if there is only one type of particles, LR can change with height because of the
changes in relative humidity profile which influences on microphysical, chemical, and
morphological properties of the particles. Typical LR of the main aerosol types are presented in Table 4.1.

4.1.3

Method combining sun-photometer and LiDAR measurements

The combination of column integrated sun-photometer and vertically resolved LiDAR
measurements have been developed at LOA and called BASIC. It is based on Klett
method (Mortier et al., 2013). BASIC algorithm is operated in routing manner, on LOA
server for CIMEL LiDAR elastic measurements (http://www-loa.univ-lille1.
fr/cgi-bin/lidar_dyn.cgi?12). The extinction profile in BASIC is derived following an iterative procedure based on a simple dichotomy where the LR can vary
between 10 to 140 sr. The procedure ends when the integral of extinction profile is
close to the AOD measured by the sun-photometer within ∆AOD=0.01. BASIC uses
only AOD measurements, hence it derives day and night-time extinction profiles. Additionally, the algorithm includes the detection of clouds and heights of boundary
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layer. BASIC can also be used with a priori LR. BASIC is also used in routing mode at
a national level (AERIS/ICARE, http://www.icare.univ-lille1.fr/).

4.2

Retrieval of microphysical properties

As shown in Chapter 4.1, aerosol optical properties can be derived directly from the
sun-photometer or LiDAR data. Unfortunately, aerosol microphysical properties can
not be derived directly from remote sensing measurements, inversion methods are
used for this purpose. Inversion of primary spectral and angular measurements can be
used to derive aerosol microphysical properties. This section briefly presents several
methods which are used in the thesis.

4.2.1

Inversion of sun/sky-photometer data

The well-known inversion algorithm developed by Dubovik and King, 2000; Dubovik
et al., 2011 is commonly used for retrieval aerosol microphysical properties. Additionally to the direct sun measurements, observations in principle plane or almucantar
directions are needed for aerosol microphysical properties retrieval. Measurements
with different azimuthal (ϕa ) and the same zenith (θs ) angles are called almucantar
measurements (right panel b) in Fig. 4.1). Principle plane measurements are opposite to almucantar measurements, zenith angles (θp ) are varying and azimuthal angle
remains constant (left panel a) in Fig. 4.1).

F IGURE 4.1: Two geometries used in sky radiance measurements:
a)almucantar; b) principle plane. Both present direct measurements in
the direction to sun. The figure is taken from (Lopatin, 2013).

The results of algorithm implementation have been proven in many different atmospheric conditions that allowed to obtain particles properties at various locations of
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the world (Dubovik et al., 2002b). The model of randomly oriented spheroid particles
have shown applicability for the retrieval microphysical properties of non-spherical
particles (Dubovik et al., 2006). Additionally to optical properties such as AOD, AE,
SSA, algorithm retrieves aerosol microphysical properties such as size distribution
(SD), complex refractive index (CRI), effective radius (ref f ). The error of the retrieved
size distribution (dV (r)/d ln(r)) depends nonlinearly on particles radii and actual value
of retrieved parameter (Dubovik et al., 2000; Dubovik et al., 2006; Dubovik et al., 2011).
Errors do not exceed 10% for particles having the size in the range 0.1 ≤ r ≤ 7 µm
(where size distribution usually has its maxima), and may increase up to 35% on the
edges of distribution where values of SD goes to minima. Additional errors are caused
by low sensitivity of aerosol scattering for the particles which have size in the ranges
0.005 ≤ r ≤ 0.1 µm and 7 ≤ r ≤ 15 µm. Hence, the retrieval error increases to 80%
– 100% for the particles having size ranges less than 0.1 µm or higher than 7 µm. But
high errors on the edges do not significantly influence the retrieval of the main aerosol
properties such as concentration, median and effective radii. It can be explained by
low values of size distribution on the edges. The accuracies of other main aerosol
properties are (i) 0.05 – 0.07 for single scattering albedo, (ii) 0.05 for real part of the refractive index, and (iii) 80% – 100% for imaginary part of the refractive index (Muñoz,
2014).

4.2.2

Inversion of LiDAR data

As previously mentioned, there are a variety of methods designed to retrieve aerosol
microphysical properties using LiDAR data. In general, they can be divided into three
main groups (Weitkamp, 2005). The first group deals with the combination of LiDAR
data and data of another instrument, one of such methods is a core of our work and it
is presented in next Chapter 4.3.
In the second group of methods, optical properties such as σ and β are reconstructed
by Mie-scattering calculations from multiwavelength lidar observations. Then obtained properties are compared with the results of an application of the Raman technique on actual measurements (Wandinger et al., 1995; Barnaba and Gobbi, 2001). In
these methods, aerosol microphysical properties such as SD and CRI are assumed a
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priori. Such methods are used only in cases of the atmospheric layer with one wellknown type of particles. Polar stratospheric clouds, ejecta from volcanic eruptions,
and stratospheric particles are such kind of particles. Due to the variety of particles
and the rapid changes in tropospheric conditions, such methods are not used in lower
atmosphere.
The third group of methods uses an assumption that the aerosol optical properties
are connected with aerosol microphysical properties through the Fredholm integral
equation of the first kind:

Z

∞

Ki (r, m, λk , s) V (r, z) dr + εi (λk , z)

gi (λk , z) =

(4.8)

0

where gi (λk , z) denotes backscatter or extinction coefficient at wavelength λk and at
height z, εi (λk , z) - data error for certain aerosol optical property, Ki (r, m, λk , s) - kernel efficiency of certain aerosol optical property (backscatter or extinction) that depends on particles radius r, complex refractive index m, and shape of particles s,
V (r, z) - volume concentration of particles. The main problem, which has not been
fully solved yet, is how the inversion method by itself can find the most suitable kernel representation in each individual data set. Some studies have been made based on
modified version of Tikhonov method (Veselovskii et al., 2002; Veselovskii et al., 2004),
called inversion with regularization (we will call it "Regularization" in the thesis). Both
methods, Tikhonov method and Regularization algorithm form penalty terms from
physical constraints such as positivity and smoothness of the derived size distribution, CRI in some range, etc. Then, the classical Tikhonov method accepts only one
solution of inversion at the global minimum of the penalty function. Regularization
algorithm averages several solutions of different inversions in the vicinity of the minimum penalty functions. By this, Regularization algorithm reaches its primary goal,
stabilizes the underlying ill-posed problem.
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Inversions based on synergy between sun/sky-photometer and LiDAR data

In such methods, the collocation of measurements in space and time is very essential. In situ instruments carried aboard aircraft or balloon, or passive remote sensing
instruments, like sun/sky-photometer, can be used as a coincident measurement to LiDAR data. Several in situ measurements should be carried out along the LiDAR light
to have coincident observations in space and time. Such experiments are expensive
and complicated, but they can be very interesting for aerosol studies. The sun/skyphotometer measurements can provide the time coincident column integrated microphysical particle properties. The main disadvantage is that LiDAR and sun/skyphotometer instruments aim in different directions. However, the almucantar sky
radiance measurements allow to check and therefore usage of the assumption about
spatial homogeneity of aerosols (Chaikovsky et al., 2012; Lopatin et al., 2013; Binietoglou et al., 2015; Raut and Chazette, 2007; Tsekeri et al., 2013).
The LIRIC (LIdar-Radiometer Inversion Code) (Chaikovsky et al., 2012; Chaikovsky
et al., 2015; Wagner et al., 2013; Granados-Muñoz et al., 2014) algorithm is a successful attempt of retrieving height resolved optical and microphysical particle properties
separately for fine and coarse aerosol modes. This algorithm uses AERONET inversion products, such as column volume concentration, volume-specific backscatter and
extinction coefficients, as a priori information (Chaikovsky et al., 2012). The LiDAR
spectral backscatter and extinction profiles are used to derive a vertical distribution of
two optically distinct aerosol modes assuming that concentrations of fine and coarse
aerosol modes can change vertically. The algorithm products are backscatter, extinction and volume concentration profiles, Angstrom exponent, LiDAR and depolarization ratios.
A deeper synergy of LiDAR and sun/sky-photometer data is achieved with the GARRLiC algorithm (Generalized Aerosol Retrieval from Radiometer and LiDAR Combined data) developed in LOA (Lopatin et al., 2013; Lopatin, 2013). GARRLiC simultaneously inverts coincident LiDAR and sun/sky-photometer radiometric data. The
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other remarkable distinction between GARRLiC and LIRIC is the inversion of two distinct aerosol modes, which make it possible to retrieve aerosol optical and microphysical properties independently for both fine and coarse modes. It should be mentioned,
that such differences in algorithms can profoundly impact on theirs results. GARRLiC
is based on Dubovik inversion code (Dubovik and King, 2000; Dubovik et al., 2011),
which is very flexible. It relies on multi-term least square method (LSM) which allows
to do the inversion with various combinations of independent measurements. The inversion code has two modules "forward model" and "numerical inversion" which can
be modified independently (see Fig. 4.2). Hence, for simulation of new characteristic,
for instance LiDAR signal, "numerical inversion" module stays without modifications.
Development of the LiDAR signal simulation have been done by Lopatin (Lopatin,
2013). In our work, we have proposed and implemented some developments in a forward model which directly deals with observations (see Chapter 4.3.2). The aim of
the forward model is to properly model all the processes in Earth’s atmosphere for
providing accurate simulations of observations. A priori constraints and assumptions
of measurement errors are defined by inversion settings which could be changed by a
user. All these parameters are taken into account in numerical inversion.

F IGURE 4.2: General structure of inversion code, taken form (Lopatin,
2013).

GARRLiC works with mono- and multi-wavelength LiDAR data (elastic channels).
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The algorithm uses spectral information of multi-wavelength LiDAR data to distinguish the contribution of fine and coarse aerosol modes. That is why, in case of monowavelength LiDAR data, only one component for total aerosol amount (without separation on fine and coarse modes) are retrieved. This conforms to one mode inversion.
In case of multi-wavelength LiDAR data, one or two mode inversion can be implemented (the number of retrieved modes sets up by user), in such cases common or
separated into fine and coarse modes aerosol properties are retrieved. GARRLiC products that can be derived using one or two mode inversion are presented in Fig. 4.3. It
should be noted, if there are multi-wavelength LiDAR data but event is characterized
mainly by one type of aerosol, one mode inversion should be used. Other types of
aerosols cause negligible influence on the retrieved aerosol properties.

F IGURE 4.3: GARRLiC products derived using one (unmarked) or two
(both, unmarked and marked *) mode inversions. Latter can be applied
only to multi-wavelength LiDAR data. Bold font indicates common
properties retrieved using GARRLiC, LIRIC, Raman and Regularization methods. Figure is taken from (Bovchaliuk et al., 2016).

GARRLiC algorithm uses sun/sky-photometer and LiDAR measurements simultaneously, it is a powerful tool for aerosol optical and microphysical properties retrieval.
Such synergetic inversion improves retrieved aerosol properties (Lopatin, 2013), LiDAR backscattering observations improve the sensitivity to the columnar properties of aerosol, and sun/sky-photometer observations provide sufficient information
about aerosol properties, such as amount or type of certain aerosol component required for the LiDAR retrievals without making any assumptions based on the climatological data. Nevertheless, some improvements can be done and have been already
implemented during the thesis. They are presented further.
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GARRLiC algorithm
General description

Similarly to LIRIC, GARRLiC independently provides information, the namely height
profile of volume concentration, about two particle modes. But GARRLiC considers aerosol modes separately, as a results different aerosol microphysical properties
might be retrieved for each mode. The concept of the modeling of two aerosol components in GARRLiC algorithm is presented in Fig. 4.4. The algorithm is the part
of GRASP (Generalized Retrieval of Atmosphere and Surface Properties, developed
by LOA (CNRS/Lille1) and now publically available at http://www.grasp-sas.
com/) code. GRASP provides services in every area of remote sensing, especially in
the observations of earth atmosphere and surface (Dubovik et al., 2014).

F IGURE 4.4: Modeling of two aerosol components in GARRLiC algorithm, taken form (Lopatin, 2013).

As it was mentioned above, an improvements in the code (Dubovik and King, 2000;
Dubovik et al., 2006; Dubovik et al., 2011) have been introduced in the forward model.
Sun/sky-photometer measurements accumulate optical properties of atmosphere column, their sensitivity to vertical distribution of aerosol properties remains negligible.
Instead of that, LiDAR measurements are highly sensitive to the vertical distribution
of aerosol properties. Hence, developed module provides profiles of aerosol vertical
properties thanks to LiDAR sounding which are consistent with columnar integrated
values provided by sun/sky-photometer measurements. In the modified algorithm
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sun/sky-photometer observations are simulated by means of solving vector radiative
transfer equation and elastic LiDAR observations are simulated by LiDAR equation.
Fig. 4.5 shows a general scheme of the forward model of the GARRLiC algorithm.

F IGURE 4.5: General scheme of GARRLiC algorithm, taken form
(Lopatin, 2013).

Forward model
The modeling of aerosol columnar optical properties used in the study is based on
Dubovik and King, 2000; Dubovik et al., 2006; Dubovik et al., 2011. GARRLiC models aerosols as a mixture of spherical and non-spherical particles. The spherical fraction is modeled as a polydisperse mixture of the spheres (Mishchenko, 2014), and
the non-spherical fraction is modeled as a mixture of randomly oriented polydisperse spheroids by making use of T-matrix computation (Mishchenko et al., 1997;
Dubovik et al., 2006). Complex refractive index and particle volume distribution for
each aerosol component are assumed to be the same for spheres and spheroids. Also,
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the fraction of spheres and spheroids and axis ratio of spheroids are modeled similar to both components. Hence, for simulation of the scattering and extinction optical
thicknesses, one can use following equations:

τ sca (λ) P (θ, λ) ≈

τ ext (λ) ≈

hX

hX

i
K sca (θ, λ, n, k, εp ) ω(εp ) ν

i
K ext (λ, n, k, εp ) ω(εp ) ν

(4.9)

(4.10)

where τ ext and τ sca - are an optical thickness of extinction and scattering, P (θ, λ) - is
phase function, ν - is a vector of the size distribution values. The elements of the matrices K ext (. . .) and K sca (. . .) are precomputed once with high accuracy by integrating
the extinction and scattering cross sections of spheroids. The spheroids of all sizes p
have the same distribution of aspect ratios εp , which is represented by the weighting
function:

X

ω(εp ) = 1

(4.11)

p

GARRLiC algorithm has successfully used the normalized attenuated backscatter profiles L(λ, z) for modeling and comparison with actual data. This normalized attenuated backscatter profile is defined by the measured LiDAR signal divided by its
averaged value at the reference point (zref ) and multiplied by the attenuation due
to the atmospheric molecules. Hence, in one hand, L(λ, z) depends on the reliability of the measured signal at the reference point. To decrease uncertainties caused
by non-optimal selection of reference point additional parameter A(λ) had been introduced into retrieval algorithm (Lopatin, 2013; Chaikovsky et al., 2004). In other
hand, this normalization procedure allows avoiding unknown system factors K(λ)
(see Eq. 2.39), which is undefined in most LiDAR systems. Therefore, to adequately
represent LiDAR measurements GARRLiC algorithm successfully used the following
equation (Lopatin, 2013):
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 Z
L(λ, z) = A(λ) (βmol (λ, z) + βaer (λ, z)) exp 2

zref

0

σaer (λ, z ) dz

0


(4.12)

z

where A(λ) = βmol (λ, zref )/(βaer (λ, zref ) + βmol (λ, zref )) is so-called backscatter
ratio. This parameter describes the uncertainty of the calibration procedure and allows
accounting the presence of aerosol on the reference altitude (Russell, Swissler, and
McCormick, 1979).
Such representation has some disadvantages:
(i) Normalization procedure can cause additional errors if the selection of reference
altitude is not optimal;
(ii) Additional parameter, A(λ), should be retrieved between the other aerosol characteristics increasing number of parameters to retrieve;
(iii) Finding the reference point is generally a manual procedure which requires a
user. This makes impossible to automatize the retrieval procedure for long term
data set;
(iv) The effects of gaseous absorption and scattering in GARRLiC are accounted
by COSPAR International Reference Atmosphere model (http://ccmc.gsfc.
nasa.gov/modelweb/atmos/cospar1.html), while user can use other atmospheric model for estimating molecular attenuation during the calibration
procedure.
Enhancements which have been implemented into GARRLiC forward model to avoid
these disadvantages are described in Section 4.3.2.
Aerosol vertical distribution of fine and coarse modes are simulated under the assumption that volume concentration, size distribution, complex refractive index and
particle fraction of columnar aerosol properties are vertically independent. The backscatter and extinction coefficients can be written:

β(λ, z) =

1 X k
k
σaer (λ, z) ω0k (λ, z) P11
(180o , λ)
4π

(4.13)

k=1,2
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k
k
σaer
(λ, z) = τaer
(λ) ckaer (z)

(4.14)

where the vertical profiles of volume concentration ckaer (z) is normalized to unity:

Z

zmax

ckaer (z 0 ) dz 0 = 1

(4.15)

0

Usually, LiDAR measurements have high vertical resolution (from 5 to 30 m), that is
why, in order to avoid an excessively large number of the retrieved parameters and to
decrease the inversion time, the number of altitudes used in retrieval is decreased to 60
points. Since air density decreases exponentially, the similar scale is expected for the
variability of aerosols. That is why the logarithmically equidistant (∆ ln(z) = Const)
altitude scale has been chosen for describing the aerosol concentration profiles in the
algorithm. Moreover, such choice of the logarithmic height scale results in useful noise
reduction. Decreasing in the number of altitudes in logarithmically equidistant order
should be done before the inversion.
LiDAR measurements have some limitations due to overlap function at lower altitudes and low signal to noise ratio in upper altitudes. Hence, vertical profiles can be
derived in some trustworthy altitude range which are presented into GARRLiC algorithm with LiDAR data. As a consequence, some assumptions should be made to
proceed outside of this altitude range. Thus, GARRLiC assumes a linear decrease (in
logarithmic height scale) of aerosol concentration from its value at highest elevation
presented in LiDAR data to 0 at 40 km. Aerosols concentration below the lowest altitude presented in LiDAR data are assumed to be constant and equal to the value at
lowest elevation estimated by the algorithm (see Fig. 4.6).

Numerical inversion
When the atmospheric characteristics are known, including optical and microphysical properties of atmospheric aerosols, as well as their vertical distribution, forward
model could calculate the radiation field that is observed by both passive and active
instruments. Such observations could be used to infer the optical and microphysical
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F IGURE 4.6: Representation of aerosol volume concentration above and
below LiDAR data used by GARRLiC algorithm. Height presented in
linear scale (not logarithmic), hence aerosol concentration decreases exponentially above maximum altitude presented by LiDAR data (here 8
km).

properties of aerosol particles in the atmosphere together with their vertical distribution.
As was mentioned above (Section 2.7), often the task can be accomplished by simple
comparison of the measurements with the forward model computations for a wide
range of aerosol parameters. This method is referred to so-called look-up tables. It
obtains a solution by comparing measurements directly with theoretical calculations.
Despite being stable and fast-and-easy in implementation, the look-up table solution
is limited to a set of potentially admissible solutions that are included in the look-up
table.
However, some methods are not limited to a predefined set of aerosol classes and instead search for the set of aerosol parameters. These methods optimize the error distribution of the retrieved parameters, providing the best fitting of the measurements
through the continuous space of all possible solutions under statistically formulated
criteria. These rigorous and more sophisticated methods consist in inverting a set of
measurements to infer the input properties of the given forward model and usually
referred to as numerical inversion.
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Nonetheless, in practice, several different combinations of aerosol parameters often
produce nearly the same radiation field. Therefore, the general solution is fundamentally non-unique or becomes so in the presence of measurement noise. As was mentioned above, such inversion problem is known as ill-posed. An ill-posed inversion
could provide a satisfactory result once additional information is added to constrain
the solution while representing the measurement field within the errors established
for the measurements. Such information is referred as a priori assumptions, and usually is applied in the form of constrains of aerosol smoothness parameters. The values
of a priori assumptions and smoothness constraints are included into input data set
and, hence, can be changed by user.
In contrast to the majority of existing aerosol retrieval algorithms, the one used in this
work is one of the first attempts to develop an aerosol retrieval algorithm using statistically optimized multi-variable fitting of multi-instrumental data. Detailed description
of inversion methodology could be found in (Dubovik and King, 2000; Dubovik, 2004;
Dubovik et al., 2008; Dubovik et al., 2011). And detailed description about GARRLiC
algorithm can be found in (Lopatin et al., 2013; Lopatin, 2013).

4.3.2

Enhancements implemented into the GARRLiC algorithm

Molecular extinction and backscatter profiles
Aerosol concentration is among the primary aerosol properties since it defines both,
the backscatter and extinction coefficients. In one hand, vertical distribution of aerosol
concentration forms LiDAR signal, but in another hand, its columnar value forms
sun/sky-photometer data. Hence, it makes sense to represent aerosol concentration
profile as a vector normalized to unity (Eq. 4.15, Fig. 4.6). Integral of this vector equals
unity and can easily conform to the column value.
Consequently, molecular extinction and backscatter profiles can be represented in a
similar way. This has been implemented into the algorithm using model of the standard atmosphere (Krueger and Minzner, 1976). Thus, following equations can be
added to Eq. 4.13– 4.15:
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βmol (λ, z) =

3
σmol (λ, z)
8π

(4.16)

(4.17)

σmol (λ, z) = τmol (λ) cmol (z)

Z

∞

cmol (z 0 ) dz 0 = 1

(4.18)

0

By making use of Eq. 4.13– 4.15 and 4.16– 4.18 the LiDAR equation in forward model
(Eq. 4.12) were rewritten:


Z
L(λ, z) = K(λ) (βaer (z) + βmol (z)) exp −2

z

0

0


σmol (λ, z ) + σaer (λ, z ) dz 0



0

(4.19)
Hence, aerosol and molecular extinction and backscatter profiles (Eq. 4.13–4.14 and
4.16–4.17) can be used in the forward model. All profiles are consistent with column
integrated values of aerosol extinction (Eq. 2.12) and concentration (Eq. 4.15 and 4.18)
which are used in forward model of radiative transfer. If such aerosol properties as
concentration profile, AOD and LiDAR ratio are modeled properly, then LiDAR equation (Eq. 4.19) should be able to calculate proper LiDAR signal which agrees with
measurements.

New normalization procedure
The only parameter which remains undefined is the LiDAR system factor K(λ) (described in Section 2.6.3). This system factor remains constant with height, hence, the
shape of the modeled signal coincident with an actual LiDAR signal. Thus, we can
only compare the shapes of these signals. The proper comparison of simulated and
measured signals can be done for normalized signal as well. If the case, Eq. 4.19 can
be written:

© 2016 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Valentyn Bovchaliuk, Lille 1, 2016

76

Chapter 4. Methodologies to retrieve aerosol properties



Z

z2

0

0


σmol (λ, z ) + σaer (λ, z ) dz 0



(βaer (λ, z) + βmol (λ, z)) exp −2

 Zz1z2
L(λ, z) = Z z2 
 0
0
0
dz 0
σmol (λ, z ) + σaer (λ, z ) dz
(βaer (λ, z) + βmol (λ, z)) exp −2
z1

z1

(4.20)

During such normalization, K(λ) vanished and the shapes of signals remain unchanged.
Hence, the normalization allows avoiding the calculation and retrieval of an additional parameter. Moreover, such normalization gives a possibility to automatize the
retrieval procedure without checking and selecting the reference altitude. To check if
this assumption is correct, retrieval of calibration constant had been left in inversion
algorithm. Retrieved calibration constant was chosen to one so that the rightness of
the method might be confirmed.

Conclusions and advantages
There are several advantages of such representation:
• The normalization allows avoiding the possible discrepancies of non-optimal
reference point selection;
• New normalization procedure excludes additional parameter, A(λ), to be retrieved. It reduces the number of parameters to retrieve, and hence, it slightly
reduces time of the retrieval and may increase convergence of retrieved and observed parameters;
• Such normalization of LiDAR signal gives a possibility to automatize the retrieval procedure for long-term data retrieval;
• Integration of the atmospheric model into the algorithm gives a consistency with
column integrated molecular properties inside the inversion code. Hence, it
avoids possible discrepancies that might appear due to the use of different atmospheric models by a user and the implemented in the algorithm. Moreover,
users should not precalculate and subtract molecular attenuation by theirs own.
Latitude of an observational site (which already was in input data set) is used
for molecular extinction and backscatter profiles calculation.
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Consequently, implementation of molecular density profile into the algorithm and implementation of the normalization procedure result in the enhancement of GARRLiC
algorithm. Such changes have been successfully implemented into the GARRLiC algorithm and uses for coincident LiDAR and sun/sky-photometer inversions.
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Chapter 5

Application of GARRLiC to data of
SHADOW-2 (Phase 1) campaign
As was mentioned previously mineral dust has global climate effect. Magnitude and
sign of dust RF is strongly depends on a composition and types of particles mixture.
Hence, the study of dust mixture and its influences on global radiative balance is very
important.
The best way to study influences on RF by some of particles is to make observations
in the vicinity to its origin where this type of particles constitutes the majority among
the other types. Sahara region is one of the biggest source of dust on the Earth. On
the south to the Sahara region (Sub-Saharan Africa and Tropical Africa) the forest wild
fires occurs frequently during December – January. Hence, West Africa thanks to atmospheric circulation is the best place to observe dust and biomass burning aerosols.
The SHADOW-2 (study of SaHAran Dust Over West Africa) campaign was held at
the IRD (Institute for Research and Development) in Mbour, Senegal (14o N, 17o W ). It
is performing a multiscale and multilaboratory study (7 laboratories with 18 instruments took part in the campaign) of aerosol properties and dynamics using a set of in
situ and remote sensing instruments.
SHADOW-2 campaign consists of two phases. The first phase was focusing on the observation of dust particles (March – April 2015). The second phase, on the observation
of biomass burning (December 2015 – January 2016) or biomass burning with dust
(different layers or mixture) particles. I was involved during the SHADOW-2, Phase 1
campaign. During one month (from the middle of March to middle of April), I have
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operated LILAS instrument. Hence, I have performed all Quality Assurance tests and
changes into the system according to various dust loading. These observations are
used in two publications. The first one (Bovchaliuk et al., 2016) is presented below
and provides a comparison of retrieved aerosol properties using GARRLiC, LIRIC
and Regularization algorithms. The second article (Veselovskii et al., 2016), presents
retrieval of aerosol optical and physical properties using different Raman and Regularization techniques.
Figure 5.1 presents day averaged AOD values during the SHADOW-2, Phase 1 period. Arrows (orange) indicate dust events at 29 March and 10 April 2015 which are
analyzed in Bovchaliuk et al., 2016.
1.8
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F IGURE 5.1: Day averaged aerosol optical AOD in four wavelengths
(1020, 870, 440 and 340 nm) during SHADOW-2 Phase 1. Arrows
(orange) indicates AOD values for dust events which are analyzed in
Bovchaliuk et al., 2016.

5.1

Comparison between Raman, LIRIC and Regularization
retrievals

As it was mentioned above, several methods, techniques, and algorithms can be used
to obtain the optical and microphysical characteristics of aerosols. This paper briefly
discusses GARRLiC, LIRIC, BASIC and Regularization methods and their results.
Methods were applied to some relevant aerosol events during SHADOW-1 campaign
(see publication below).
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Abstract. Aerosol particles are important and highly variable components of the terrestrial atmosphere, and they affect
both air quality and climate. In order to evaluate their multiple impacts, the most important requirement is to precisely
measure their characteristics. Remote sensing technologies
such as lidar (light detection and ranging) and sun/sky photometers are powerful tools for determining aerosol optical and microphysical properties. In our work, we applied several methods to joint or separate lidar and sun/skyphotometer data to retrieve aerosol properties. The Raman
technique and inversion with regularization use only lidar
data. The LIRIC (LIdar-Radiometer Inversion Code) and recently developed GARRLiC (Generalized Aerosol Retrieval
from Radiometer and Lidar Combined data) inversion methods use joint lidar and sun/sky-photometer data. This paper presents a comparison and discussion of aerosol optical properties (extinction coefficient profiles and lidar ratios)
and microphysical properties (volume concentrations, complex refractive index values, and effective radius values) retrieved using the aforementioned methods. The comparison
showed inconsistencies in the retrieved lidar ratios. However, other aerosol properties were found to be generally
in close agreement with the AERONET (AErosol RObotic
NETwork) products. In future studies, more cases should be
analysed in order to clearly define the peculiarities in our results.

1

Introduction

In situ and remote sensing measurements are the two main
approaches used for aerosol observations. The former involves measurements of particles using instruments at the
survey points. The latter involves measuring aerosol properties from a distance without direct interaction with particles. Remote sensing methods can be categorized into active and passive depending on the kind of instrument used.
Instruments belonging to the passive category measure the
modified solar radiation after interactions with particles and
terrestrial radiation. One of the most common instruments
in this category, a sun/sky photometer, measures both direct
and diffuse solar radiation. These data can be used in inversion algorithms (Dubovik and King, 2000; Dubovik et al.,
2011) to retrieve several column-integrated aerosol properties such as the aerosol optical depth (AOD), single scattering albedo (SSA), particle size distribution (SD), effective
radius (reff ), and complex refractive index (CRI, including
real (RRI) and imaginary (IRI) parts of refractive index). Instruments belonging to the active category of remote sensing
measurement scattered radiation emitted by themselves; one
of the most well-regarded and widely used instrument in this
category is lidar (light detection and ranging). Lidar instruments are used for profiling atmospheric variables such as
the temperature, pressure, humidity, wind speed and its direction, and the amount of trace gases and aerosols. The main
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advantages of lidar measurements include high vertical resolution and applicability during nighttime and in cloudy environments. Current multi-wavelength lidar observations can
provide comprehensive and quantitative information regarding aerosol properties (Böckmann et al., 2005; Veselovskii
et al., 2015, 2016; Nicolae et al., 2013; Granados-Muñoz
et al., 2014).
Several methods, techniques, and algorithms can be used
to obtain the optical and microphysical characteristics of
aerosols. These methods generally use different sets of data.
For instance, AERONET (AErosol RObotic NETwork) inversion code uses only sun/sky-photometer data (Dubovik
and King, 2000). Similarly, the Raman technique and regularization algorithm use only lidar data (Ansmann et al.,
1990; Weitkamp, 2005; Veselovskii et al., 2002). The LIRIC
(LIdar-Radiometer Inversion Code) and GARRLiC (Generalized Aerosol Retrieval from Radiometer and Lidar Combined data) algorithms, in contrast, use both the sun/skyphotometer and lidar data (Lopatin et al., 2013; Chaikovsky
et al., 2016). Because these methods use different datasets,
they are applicable during different observational times. For
instance, while the Raman technique is most suitable for
nighttime observations, sun/sky photometers do not make
measurements at that time. Further, the GARRLiC algorithm, which is included in the GRASP (Generalized Retrieval of Atmosphere and Surface Properties) inversion code
(Dubovik et al., 2011), can separate the fine and coarse
modes of aerosols, thus resulting in the retrieval of particle characteristics separately for both modes. While different
methods retrieve different sets of aerosol characteristics, all
of them are aimed at obtaining detailed results. The objective of our study is to discriminate and compare the common
aerosol characteristics obtained through different methods.
Section 2 describes the observation sites where the measurements were carried out. This section also describes a
new lidar system, called LILAS (LIlle Lidar AtmosphereS),
which was used at the observation sites. Section 3 presents
the methods considered in our study and discusses their potential, applicability, and the common aerosol properties that
were considered for comparison. Section 4 presents three
dust cases that were selected and analysed by using the algorithms described in Sect. 3. The main conclusions and perspectives are given in the last section.

tometer for observing AOD and Ångström exponent (α) values on clear nights within the half moon to full moon lunar phases. LOA is a permanent lidar site. However, for the
study of Saharan dust over West Africa (SHADOW2 campaign), LILAS was moved to M’Bour city (Dakar site) in
Senegal at the beginning of January 2015. The Dakar site is
influenced by mineral dust during March–April and biomass
burning during December–January. The two main objectives
of the campaign were (i) to record the physical and chemical
properties of aerosols over the regions impacted by considerable amounts of dust particles and (ii) to study the aerosol
dynamics. Seven laboratories with 18 instruments took part
in the campaign.
The LILAS system was assembled and setup in December
2013, and observations started in January 2014. The system
is composed of a laser (Spectra-physics, INDI-40) emitting
at wavelengths of 1064, 532, and 355 nm (100 mJ/20 Hz),
a Newton telescope, a beam rotator, and a receiving module. The beam rotator can be used for near- or far-range
observations by changing the overlap function. Several receiving modules were added in April 2014, and the system
now consists of five elastic channels (355 and 532 nm both
parallel and perpendicular for analog and photo-counting;
1064 nm for total analog) and three Raman channels (387 nm
for analog and photo-counting; 408 and 608 nm for photocounting). During the SHADOW2 campaign, the vibrational
Raman channel at 608 nm was changed to a rotational channel at 530 nm. This rotational Raman channel showed a good
and stable performance (Veselovskii et al., 2015, 2016). The
system can be remotely operated and is coupled with a radar
(radio detection and ranging) for reasons such as automatic
discontinuation control and airplane safety.
The Lille site became an observation station of the European Aerosol Research LIdar NETwork (EARLINET) in the
summer of 2014. The main goal of the network is to provide a comprehensive, quantitative, and statistically significant database on aerosol distributions. The network has some
special criteria for data quality assurance, such as a telecover
test, a trigger delay, dark measurements, depolarization calibration, and regular check-ups of the Rayleigh fits (Freudenthaler, 2007, 2008, 2010; Freudenthaler et al., 2016). LILAS
has passed all the EARLINET tests and check-ups except for
depolarization calibration, which is currently in progress.

2 Observational sites and the lidar system

3

The lidar system LILAS used in this work belongs to Laboratoire d’Optique Atmospherique (LOA). This system is operated at the campus of Lille University, France. The campus
area is influenced mainly by urban and industrial pollutant
emissions, marine aerosols, and mineral dust and aerosols
from volcanic eruptions several times every year (Mortier
et al., 2013). Other remote sensing and in situ instruments
are also operational at this site. Among them is a lunar pho-

Depending on the lidar characteristics, different techniques
can be used for obtaining optical and microphysical properties of aerosols. All the methods and algorithms that were
used for data processing are introduced in this section.
Elastic-backscatter lidar is considered to be a classic form
of lidar technology (Weitkamp, 2005). This technology is
based on the measurement of elastically scattered light in
the backward direction. The common method that derives
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aerosol optical characteristics is the Klett method (Klett,
1981, 1985). This method is based on the relationship between the extinction and backscatter coefficients. The algorithm called BASIC (Mortier et al., 2013) based on the Klett
method has been developed at LOA and is successfully implemented into routine for mono-wavelength lidar data. This
algorithm retrieves an extinction coefficient profile (σaer (z))
following an iterative procedure based on a dichotomy where
the lidar ratio (LR) can vary in the range from 10 to 140 sr.
The procedure ends when the integral of the extinction profile is close to the AOD measured by a sun/sky photometer
within 1AOD = 0.01 accuracy.
The Raman lidar technique is a widely known technique in
the lidar community for obtaining aerosol optical properties
(σ , β, LR) (Ansmann et al., 1990). This technique is based on
the scattering of incident lidar light with photon energy shifts
due to vibrational or rotational modes of the molecules. It is
mostly used at nighttime when the signal-to-noise ratio is the
highest, owing to the absence of sunlight scattered into the
field of view of the lidar. Assuming that the aerosol extinction
coefficient depends on the wavelength through α, the former
can be found calculated as (Weitkamp, 2005)


N(z)
d
ln 2
− σmol (λL , z) − σmol (λR , z)
dz
z P (z)
 α
,
σaer (λL , z) =
λL
1+
λR
(1)
where P (z) is the power received at the Raman wavelength
λR from distance z, N (z) is the molecule number density,
σmol (λL , z) and σmol (λR , z) are the extinction coefficients
due to absorption and Rayleigh scattering by atmospheric
molecules for emitting lidar and Raman wavelengths, respectively, and α is the Ångström exponent. The aerosol
backscatter coefficient can be calculated from the ratio of the
elastic signal to Raman signal by using a coefficient determined at a reference point where no aerosol is expected.
A variety of methods can be used to retrieve aerosol microphysical properties using lidar data. They can be divided
into three main groups (Weitkamp, 2005). The methods belonging to the first group combine measurements from several instruments that provide enough information to retrieve
aerosol microphysical properties. For such methods, the collocation of measurements by different instruments in space
and time is necessary. The LIRIC algorithm belongs to this
group; it successfully retrieves height-resolved aerosol optical and microphysical properties separately for fine and
coarse modes (Chaikovsky et al., 2012, 2016; Wagner et al.,
2013; Granados-Muñoz et al., 2014). The algorithm uses
AERONET inversion products such as column volume concentration, volume-specific backscatter, and extinction coefficients as a priori information (Chaikovsky et al., 2016).
The specific products include backscatter (β), extinction
(σ ), and volume concentration (V ) profiles, Ångström exwww.atmos-meas-tech.net/9/3391/2016/
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ponent (α) values, and LR and depolarization (δ) ratios. A
deeper synergy between the lidar and sun/sky-photometer
data is achieved in the GARRLiC algorithm developed at
LOA (Lopatin et al., 2013). GARRLiC inverts the coincident lidar and sun/sky-photometer radiometric data simultaneously. The other marked distinction between GARRLiC
and LIRIC is the inversion of two distinct aerosol modes,
which makes it possible to retrieve aerosol optical and microphysical properties independently for both the fine and
coarse modes. Such differences in the algorithms can influence the results obtained by the two systems. The GARRLiC
method is based on the Dubovik inversion code (Dubovik
and King, 2000; Dubovik et al., 2011), which has been previously used for processing AERONET data. The synergistic
retrieval is expected to improves aerosol retrieval properties;
the lidar observations are expected to improve the observations of the columnar properties of aerosols in the backscattering direction, and sun/sky photometers provide information on aerosol properties, such as their amount or type, required for lidar retrievals without making assumptions based
on climatological data.
GARRLIC has been designed to provide two independent
vertical concentration profiles for the fine and coarse modes
of aerosols, since in most cases, aerosols are believed to consist of two modes. However, it works for single mode inversions as well. In such cases, a single value for the total
amount of particles is retrieved. The algorithm is quite flexible in this regard; single or double mode inversion can be
chosen by the user. Further, single- or multi-wavelength lidar
data can be used. In the case of multi-wavelength lidar data,
aerosol properties can be retrieved for fine and coarse modes
separately or together for the total amount of particles. In the
case of single-wavelength lidar data, the aerosol properties
can be retrieved only for the total amount of aerosols. Depending on the different configurations of single or double
mode inversion employed and the use of single- or multiwavelength lidar data, different sets of aerosol parameters
can be retrieved (see Fig. 1). Spectral information from multiple wavelengths is used to distinguish the contribution of
fine and coarse aerosol modes. It should be noted that aerosol
events characterized mainly by one type of aerosols or a mixture of particles similar in size (aerosol types are not distinguished inside the mode of particles) should be retrieved by
using the configuration of single mode inversion.
As for the second group of methods, optical properties (β
and σ profiles) are calculated using Mie theory and are compared with the results obtained by using the Raman technique
(Wandinger et al., 1995; Barnaba and Gobbi, 2001). In these
methods, aerosol microphysical properties such as SD and
CRI are assumed as a priori information. Such methods are
used in case of atmospheric layers with single, well-known
type of particles. For instance, such methods can characterize the particles of polar stratospheric clouds, volcanic ejecta,
and some stratospheric particles. However, owing to the presence of a variety of particles and rapid changes in the atmoAtmos. Meas. Tech., 9, 3391–3405, 2016
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measurements during nighttime, while the sun/sky photometers require sunlight. Consequently, for a comparison of the
retrieved aerosol properties by using the GARRLiC/LIRIC
and regularization algorithms, early morning or late evening
data under stable atmospheric conditions should be selected.
Three events fulfilling these requirements were selected and
analysed.
4 Applications

Figure 1. GARRLiC products derived by using single (unmarked)
or double (both unmarked and marked *) mode inversion. The latter
can be applied only to multi-wavelength lidar data. Common properties, which are compared in this work, retrieved using GARRLiC,
LIRIC, and Raman and regularization are indicated by bold font.

spheric conditions, such methods are not applicable to the
troposphere.
The third group consists of mathematical approaches that
use β and σ coefficient profiles at multiple wavelengths
(only lidar measurements). Such methods were developed
from the methods of the second group, but they require a
lower number of a priori parameters (Müller et al., 1999;
Veselovskii et al., 2002, 2004; Shcherbakov, 2007). The algorithm called inversion with regularization developed by
(Veselovskii et al., 2002, 2004, 2010b) has also been considered in this work. A simplified set of lidar data (three
backscatter (355, 532, and 1064 nm) and two extinction (355
and 532 nm) coefficients – the so-called 3β + 2σ dataset) allows the retrieval of the main aerosol microphysical properties (Veselovskii et al., 2005). Aerosol optical properties
that are required for the regularization algorithm can be
derived using the Raman technique. The main aerosol microphysical products of the regularization algorithm are the
CRI, reff , number, surface area, and volume concentrations
(Veselovskii et al., 2002, 2010b).
These groups of retrieval methods use different types of
measurements and, also, different amounts of information.
For instance, while regularization uses the 3β +2σ set of optical data, AERONET uses up to ∼ 30 measurements (direct
and diffuse almucantar measurements) at each wavelength.
Hence, it is important to compare the particle properties retrieved with these methods for these different groups. If different algorithms retrieve similar aerosol properties, it will
mean that they are in agreement and can complement each
other for data processing during long-term day–night observations.
Aerosol characteristics that are common to LIRIC, GARRLiC, and regularization algorithms are σ , LR, CRI, V , and
reff . The challenging issue here is that no perfectly coincident measurements exist that can be used by these algorithms. The standard Raman technique preferably uses lidar
Atmos. Meas. Tech., 9, 3391–3405, 2016
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Several dust events were selected from the LILAS measurements over the Lille and Dakar sites. These days had
moderate (AOD ' 0.5 at 440 nm) to high (AOD ' 1.5 at
440 nm) aerosol loads. Back trajectories (Draxler and Rolph,
2015; Rolph, 2015) and the NMMB/BSC-Dust model (Nonhydrostatic Multiscale/Barcelona Supercomputing Centre
Dust model (Pérez et al., 2011; Haustein et al., 2012) confirmed the origin of mineral dust from Sahara and showed the
source locations. In the case of local dust events, the backtrajectory analysis was not used. More details and results of
the comparison of each event are presented below.
The AERONET products are presented herein for comparison. As it is used as a priori information for the LIRIC algorithm, the LRs retrieved by LIRIC are presented along with
the AERONET characteristics (marked by ** in Tables 2 and
3). Mass concentration profiles were obtained simply by multiplying the volume concentration profiles, V , with the mass
density of fine and coarse mode particles. The densities of
the fine and coarse modes are 1.5 and 2.6 g cm−3 , respectively (Binietoglou et al., 2015; Ansmann et al., 2011, 2012;
Haustein et al., 2012). This density for the coarse mode is
also considered in the NMMB/BSC-Dust model.
The GARRLiC and LIRIC algorithms produce uncertainties with the retrieved aerosol properties. For the GARRLiC
algorithm, systematic and random errors are presented. For
the LIRIC algorithm, only the dispersion of aerosol volume concentration profiles is presented. This work presents
only the uncertainties regarding the directly retrieved aerosol
properties. Uncertainties on the derived aerosol properties
(σ , LR, SSA profiles) are not presented due to their high values as derived by GARRLiC (rough estimations were about
100 % and more). The uncertainties in the volume concentration profiles retrieved using the regularization algorithm
are assumed to be about 20 % (Veselovskii et al., 2004, 2005,
2016).
As this work mainly deals with mineral dust sometimes
mixed with marine aerosol particles, it will be useful to consider the particle properties obtained from previous studies. According to (Weitkamp, 2005), (Müller et al., 2005),
(Müller et al., 2013), (Pitari et al., 2015), and (Dubovik et al.,
2002), the typical values of reff for desert dust vary within the
range of 1.2–2.4 µm, and reff for the coarse mode of sea salt
is close to 2.7 µm (Dubovik et al., 2002). The SSA for dust
particles increases from 0.80 to 0.99 in the ultraviolet–nearwww.atmos-meas-tech.net/9/3391/2016/
lilliad.univ-lille.fr

Thèse de Valentyn Bovchaliuk, Lille 1, 2016

V. Bovchaliuk et al.: Aerosol properties derived using some algorithms

3395

infrared range (Collaud Coen et al., 2004; Dubovik et al.,
2002). The SSA for marine aerosols is high, at ∼ 0.98, and
the value remains stable at all wavelengths. The RRI varies
from 1.5 to 1.6 for dust particles and is close to 1.36 for
marine particles. The IRI decreases from 0.02 to 0.001 in
the ultraviolet–near-infrared range for dust particles and is
close to 0.001 for marine particles. For Saharan dust, the
LR varies within the range of 50–80 sr at a wavelength of
532 nm, and it is significantly lower, at 20–35 sr, for marine
particles (Weitkamp, 2005; Müller et al., 2007, 2010; Groß
et al., 2011). The depolarization ratio is high, being close to
30–35 % for dust particles, whereas marine particles have a
significantly lower δ, i.e. close to 5 % (Freudenthaler et al.,
2009; Groß et al., 2011).
4.1

Analysis of a moderate dust event in Lille on 30
March 2014

The dust event detected over Lille on 30 March 2014 was
characterized as heavy for Lille site in terms of the aerosol
load (AOD 440 nm ≈ 0.52; α ≈ 0.27 for 440/870 nm). The
back-trajectory analysis showed that aerosols, which were
located in the altitude range of 3 to 6 km, had their origin
in the Saharan region (Fig. 2), and aerosols located up to
2 km travelled from south and south-east France. According to lidar measurements, very thin and homogeneous cirrus clouds with negligible effect on AOD were present at
11 km. Cross-examination was done using almucantar sky
radiance measurements in order to prevent cloud contamination. The relative deviation between the left/right sky radiance measurements in almucantar geometry was found to
be less than 20 %. Cirrus clouds were identified by neither us
nor AERONET criteria (Holben et al., 2006); the exact time
of the sun/sky-photometer measurements was 07:42 UTC.
The NMMB/BSC-Dust model (operated by the Barcelona
Supercomputing Center, www.bsc.es/projects/earthscience/
NMMB-BSC-DUST/) confirmed dust emissions over Algeria that travelled towards Lille (Fig. 3).
The configuration of LILAS was changed from three channels (355 nm parallel and perpendicular and 532 nm total) to
eight channels (355 and 532 nm parallel and perpendicular;
387, 408, 608, and 1064 nm total) in April 2014. Hence, the
Saharan dust event could not be analysed by the Raman and
regularization algorithms. Unfortunately, depolarization calibration of 355 nm have not been done for the event. Hence,
only data at 532 nm channel were used for analysis. LIRIC
inversion had not been applied to this event. Consequently,
only the GARRLiC and BASIC algorithms were considered
in our analysis. Single mode GARRLiC inversions were considered due to only lidar signal at 532 nm. The lidar elevation
angle during the measurements was 56◦ .
Aerosol properties retrieved by the GARRLiC and BASIC algorithms and AERONET products are presented in
Table 1 and Figs. 4 and 5. The columnar-integrated GARRLiC SSA values increase with the wavelength, i.e. from
www.atmos-meas-tech.net/9/3391/2016/
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Figure 2. Backward trajectories of air masses observed over Lille
during the morning of 30 March 2014.

0.94 ± 0.01 at 440 nm to 0.98 ± 0.01 at 1020 nm. The RRI
is close to 1.50 ± 0.02, the IRI decreases from 0.002 ± 0.001
to 0.001 ± 0.001. The CRI values retrieved by GARRLiC are
in agreement with the AERONET retrievals. The GARRLiC
LR values are lower in comparison to the ones retrieved by
AERONET at wavelengths of 440 and 532 nm, while they
are almost equal at others. The BASIC LR value at 532 nm
are close to the value interpolated by AERONET values. The
effective radius for the coarse mode of particles is high and
is close to 2.0 µm, and the reff for the fine mode is close to
the value of urban particles.
The size distribution (see Fig. 4) clearly shows the predominance of coarse mode particles with two maxima. The
first one with lower radii likely indicates dust particles, and
the second one with larger radii also indicates dust particles
or can refer to the particles of thin cirrus clouds (Trouillet and
Flamant, 1999; Heymsfield and Platt, 1984). The sphericity
parameter retrieved by GARRLiC is in agreement with the
one from AERONET, both being close to 1 %. The extinction profiles retrieved by BASIC and GARRLiC are close
(Fig. 5).
The back-trajectory analysis indicates two layers. This
mixture of dust and some fine particles results in lower LR
and CRI and higher SSA (at 440 and 532 nm) values than
for aerosols from mineral dust only (Balis et al., 2004; Giannakaki et al., 2010; Petzold et al., 2011). Consequently,
if the higher layer consisted of mineral dust particles, it is
possible to assume that lower aerosol layer with lower LR,
Atmos. Meas. Tech., 9, 3391–3405, 2016
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Table 1. Aerosol properties retrieved by GARRLiC, BASIC, and AERONET. The LR values marked by ** were linearly interpolated to lidar
wavelength. The abbreviations f, c, and t correspond to fine, coarse, and total aerosol modes, respectively (AOD 440 nm ≈ 0.52; α ≈ 0.27
for 440/870 nm).
GARRLiC
λ (nm)

reff (µm)

440
532
675
870
1020

f: 0.1
c: 2.0
t: 0.9

BASIC

Sph %

RRI

IRI

LR (sr)

1%

1.50
1.50
1.51
1.50
1.51

0.002
0.002
0.001
0.001
0.001

53
48
43
45
45

LR (sr)

AERONET
RRI

IRI

LR (sr)

1.48

0.002

1.52
1.51
1.51

0.001
0.001
0.001

57
52**
43
43
43

53

7

BASIC
GARRLiC

6

Height [km]

5
4
3
2
1
0
0

Figure 3. Dust event over Algeria on 29 March 2014.
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dV / dln r [μm3 μm-2]
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–1
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Figure 5. Aerosol extinction profiles at a wavelength 532 nm retrieved by the GARRLiC (green) and the BASIC (black) algorithms
for dust event over Lille on 30 March 2014.

AERONET
GARRLiC

CRI, higher SSA and reff of fine mode close to 0.1 µm would
consist of urban particles (Dubovik et al., 2002; Weitkamp,
2005). Unfortunately, no mass concentration profiles could
be obtained by the NMMB/BSC-Dust model.

0.15

0.1

4.2
0.05

0
0.1
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Figure 4. Volume size distribution retrieved by GARRLiC (pink)
and AERONET (black) on 30 March 2014 (07:40 UTC) in Lille
(AOD 440 nm ≈ 0.52; α ≈ 0.27 for 440/870 nm).
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Analysis of a heavy dust event in Dakar on 29
March 2015

The second event considered in this work was also a
dust event, but it occurred over the Dakar site during the
SHADOW2 campaign. Three time ranges were selected for
the analysis. Daytime data from 15:50 to 19:00 were selected
for the Raman technique. For the GARRLiC and LIRIC algorithms, lidar signals were averaged for 20 min at the time
of measurement by the sun/sky photometer (16:49 UTC). A
third data range was selected for the regularization and Raman methods from 23:30 to 01:10 during nighttime measurements. All aerosols were found in the boundary layer for
all time ranges. During the daytime measurements, the altitude of the boundary layer was 2.5 km, and it came down to
www.atmos-meas-tech.net/9/3391/2016/
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Figure 6. NMMB/BSC-Dust model over Africa and Europe on 29 March 2015. AOD values forecasted by the model ranged from 0.8 to 1.6
at 550 nm. (a) 18:00 UTC, 29 March; (b) 00:00 UTC, 30 March.

2 km at night. The daytime event was characterized by a high
aerosol load (AOD 440 nm ≈ 1.35 ± 0.20; α ≈ −0.04 ± 0.01
for 440/870 nm), and the nighttime event was characterized
by a lower aerosol load (AOD 440 nm ≈ 0.83 ± 0.03; α ≈
0.08 ± 0.02 for 440/870 nm). The NMMB/BSC-Dust model
showed a local dust event over the Dakar site with an AOD
range of 0.8–1.6 at the 550 nm wavelength (Fig. 6) for both
day- and nighttime measurements. A wind lidar instrument
was installed on the site during the SHADOW2 campaign
(Wang et al., 2014), and it captured vertically resolved wind
speeds and the direction of wind at the site for up to 2 km.
The lidar data showed the wind direction to be north–northeast with a speed of 5 to 10 m s−1 in the full altitudinal range
for the daytime measurements; the wind direction was northeast with a speed of 10 to 15 m s−1 in the altitudinal range
of up to 1.5 km, and lower speeds of 5 to 10 m s−1 were
present in upper altitudes for the nighttime measurements.
Therefore, while presumably the atmospheric conditions in
terms of aerosol types should have remained the same during
the event, the aerosol load decreased over the day- to nighttime measurement time frame. Also, the presence of marine
particles was not expected because of the lower wind speeds
and their northwardly direction during the day.
The aerosol properties retrieved by the GARRLiC and regularization algorithms for the day- and nighttime measurements, respectively, are presented in Table 2.
Single mode GARRLiC inversions were considered and
performed in this event because of the huge predominance of
coarse mode particles. The effective radius value is high and
close to 1.9 during the daytime and decreases to 1.1 µm at
night. The RRI values are high, being close to 1.58 ± 0.02
during the daytime measurements; then, values become
lower and close to 1.53 ± 0.05 at night. The IRI values decrease from 0.003 ± 0.002 to 0.002 ± 0.001 in the UV–nearinfrared range during the daytime and are higher at all wavelengths and close to 0.010 ± 0.005 at night. For both the day
and night cases, the Ångström exponent is close to 0. Re-
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garding absorption, the SSA values obtained by GARRLiC
increase from 0.87 ± 0.02 to 0.97 ± 0.01 in the UV–nearinfrared range. The daytime LR values are similar at 532 nm,
whereas the ones retrieved by GARRLiC are much lower.
The LR values at 355 nm during the daytime measurements
differ for all the algorithms, being close to 57, 82, and 37 sr
for the Raman, LIRIC, and GARRLiC algorithms, respectively. The Raman LR values slightly increase from ∼ 53 to
∼ 58 sr at 532 nm, and it significantly increases from ∼ 57
to ∼ 70 sr at 355 nm over the day- to nighttime measurement
time frame. Such a behaviour could be explained by the influence of marine aerosols during daytime. However, the depolarization ratio (Fig. 10) shows that there was at most very
little contribution of marine aerosol during daytime. Hence,
such a behaviour of retrieved aerosol properties points to inconsistency between the different methods.
It was observed that the IRI, SSA, SD, and reff retrieved by
GARRLiC were in good agreement with AERONET products. However, RRI values and parameter of particle sphericity differed. While the AERONET RRI is equal to 1.53 and
the sphericity is equal to 0 %, the RRI retrieved by GARRLiC
is close to 1.58 and the sphericity is ∼ 20 %. The differences
in the LR values are presented in Table 2 and are discussed
above.
Figure 7 shows that the SD values obtained from GARRLiC and AERONET are in good agreement. Figure 8
presents the aerosol volume concentrations, V , retrieved with
the GARRLiC, LIRIC, and regularization algorithms. Because of the use of single mode inversion by GARRLiC, only
the overall V profile was obtained; however, the LIRIC algorithm provided both fine and coarse mode volume concentrations. Because of a high background noise, the regularization
algorithm was not applied to daytime measurements; only
nighttime V is presented with this algorithm. The GARRLiC
and LIRIC volume concentrations are in good agreement.
Unfortunately, obtaining close V values using GARRLiC,
LIRIC, and regularization algorithms between the day- and

Atmos. Meas. Tech., 9, 3391–3405, 2016
lilliad.univ-lille.fr

Thèse de Valentyn Bovchaliuk, Lille 1, 2016

3398

V. Bovchaliuk et al.: Aerosol properties derived using some algorithms

Table 2. Aerosol properties during the dust event over the Dakar site on 29 March 2015. Here and further, the LR values marked by ** were
retrieved by using the LIRIC algorithm. Only the values given for all the wavelengths refer to the column-integrated property. Day: AOD
440 nm ≈ 1.35 ± 0.20; α ≈ −0.04 ± 0.01. Night: AOD 440 nm ≈ 0.83 ± 0.03; α ≈ 0.08 ± 0.02.
GARRLiC

355
440
532
675
870
1020
1064

reff (µm)

f: 0.2
c: 2.2
t: 1.9

Raman (day)

Sph %

RRI

IRI

LR (sr)

LR (sr)

LR (sr)

0.003
0.003
0.002
0.002
0.002
0.002
0.002

37
33
28
25
24
22
22

82**
74
58**
43
37
35
34**

∼ 57

20 %

1.59
1.59
1.59
1.58
1.57
1.56
1.56

reff (µm)

RRI

IRI

∼ 58
1.1

7

AERONET
GARRLiC

Height [km]

7
LIRIC coarse
LIRIC ﬁne
GARRLiC total

LIRIC total
GARRLiC
NMMB\BSC
Night
RR
NMMB\BSC

5

4
3

0.010

Day

6

Night
RR

5

1

1.53

Day

6

LR (sr)
∼ 70

∼ 53

1.5

dV / dln r [μm3 μm-2]

Raman and regularization (night)

Height [km]

λ (nm)

AERONET

4
3

0.5

0

2

1

1

0

0.1

1
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Figure 7. GARRLiC (pink) and AERONET (black) SD on 29
March 2015 (16:49 UTC) over the Dakar site (AOD 440 nm ≈
1.35 ± 0.20; α ≈ −0.04 ± 0.01).

nighttime is not possible because of a significant decrease in
the AOD values. The relative uncertainty in V obtained from
the regularization method was expected to be about 20 %; the
GARRLiC and LIRIC uncertainties are plotted in Fig. 8.
The extinction profiles (Fig. 9) at all the wavelengths were
found to be in reasonable agreement. The nighttime values of
σ are lower in accordance with the lower AOD values. The
top boundary of the dust layer decreases from 2.5 km during
the day to 2 km at night. The GARRLiC extinction profiles
are much smoother because lidar signals were reduced by
averaging into 60 points during the data preparation phase.
The daytime Raman LR values (Fig. 10) increase with altitude and, therefore, correct σ profiles; however, GARRLiC
and LIRIC retrieved only the column-integrated LRs in this
case (GARRLiC retrieved vertically resolved LRs in the case
of fine and coarse modes inversion). The particle depolarAtmos. Meas. Tech., 9, 3391–3405, 2016
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Figure 8. Volume (Vol conc) and mass (Mass conc) concentration
profiles for an event over the Dakar site on 29 March 2015. The
abbreviation RR corresponds to V retrieved by using Raman and
regularization algorithms.

ization, presented in Fig. 10, is lower during daytime (close
to 29 %) and higher at nighttime when no marine particles
are expected (close to 34 %). These LRs and particle depolarization values are common for mineral dust, especially at
nighttime. The reff profile retrieved by regularization is close
to 1.1 µm at the 0.9–1.6 km altitudinal range, and higher values up to 1.4 µm were observed below 0.9 km, whereas lower
values close to 0.8 were observed above 1.6 km. The regularization CRI profiles are stable at all altitudes; the averaged
values are presented in Table 2 as column-integrated values.
The α ext profile for 355/532 nm is close to 0 at all altitudes.
For the comparison with NMMB/BSC-Dust model, the
mass concentration profiles were obtained (Fig. 8). To keep
the figure clear, uncertainties of mass concentration profiles
are not presented. In the case of GARRLiC because of high
www.atmos-meas-tech.net/9/3391/2016/
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Figure 9. Raman, LIRIC, and GARRLiC extinction profiles during
the day (AOD 440 nm ≈ 1.35 ± 0.20; α ≈ −0.04 ± 0.01) and night
(AOD 440 nm ≈ 0.83 ± 0.03; α ≈ 0.08 ± 0.02) on 29 March 2015.

predominance of coarse aerosol mode, particle density was
taken to be equal to 2.6 g cm−3 . In the case of LIRIC, both
particle densities 1.5 and 2.6 g cm−3 were taken for fine and
coarse aerosol modes respectively. To keep the figure clear
and similar to other parameters, only total LIRIC values are
presented in Fig. 8. The mass concentration profiles obtained
by GARRLiC and LIRIC algorithms are 1280 ± 500 µg m−3
and 1170 ± 180 µg m−3 respectively at 1.5 km, which is
slightly higher in comparison with the NMMB/BSC-Dust
model result (∼ 900 µg m−3 ). The nighttime mass concentration is close to 500 ± 100 µg m−3 , whereas the modelled
value is close to 1700 µg m−3 at the same altitude of 1.5 km.
4.3

Analysis of a heavy dust event in Dakar on 10 April
2015

The third and the last dust event considered in our study
was observed on 10 April 2015 over Dakar (11 days later).
Three time ranges were selected for the analysis: the first
two during daytime (15:00–19:00 for Raman and 16:01–
16:19 for GARRLiC and LIRIC) and the third during nighttime (21:00–04:00 on 11 April 2015 for regularization).
The atmospheric conditions were stable, but the height of
the aerosol layer containing almost all the aerosols increased from 3 to 4.5 km from the day- to nighttime measurements. The daytime event was characterized by a high
aerosol load (AOD 440 nm ≈ 1.53±0.04; α ≈ 0.02±0.01 for
440/870 nm). Unfortunately, there were no lunar-photometer
measurements because of the lunar phase. However, AOD
derived by the integration of the σ profile obtained by the
Raman method at 532 nm wavelength is equal to 0.83. It
should be noted that such an estimation of AOD does not
www.atmos-meas-tech.net/9/3391/2016/
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Figure 10. Lidar ratio and depolarization ratio during day- and
nighttime measurements for an event on 29 March 2015 over the
Dakar site. GARRLiC and LIRIC LR column-integrated values are
shown at the beginning of the profiles.

include aerosols located in incomplete overlap zone of lidar. The NMMB/BSC-Dust model forecasted a dust event
over the Dakar site with AOD values ranging from 0.8 to 1.6
at 550 nm for both day- and nighttime (Fig. 11). Unfortunately, no measurements could be obtained from the wind
lidar. However, a sea breeze was observed at the ground
level during daytime measurements. Back-trajectory analysis showed that during the daytime event, the sources of
air masses that came to the observational site changed from
north (coast of Mauritania) at 0.5 km to east (north-west of
Mali) at 2.5 km (Fig. 12). Additionally, during the night, air
masses were coming from the northeast direction (Sahara region) at all altitudes. The GARRLiC and Raman plus regularization aerosol retrievals for the day- and nighttime measurements are presented in Table 3.
GARRLiC single mode inversion was used because of the
huge predominance of coarse mode particles. As in the previous event, daytime reff is high and equal to 2.0 µm, and
the value decreases to 0.9 µm at night. The daytime columnintegrated RRI is close to 1.59 ± 0.02 and stays rather stable
at nighttime (1.54 ± 0.06). The IRI slightly decreases during the daytime from 0.004 ± 0.002 to 0.002 ± 0.001 in the
UV–near-infrared range and is close to 0.008 ± 0.004 at the
nighttime. The GARRLiC SSA increases from 0.85 ± 0.03 to
0.95 ± 0.01 in UV–near-infrared range. The maximum of SD
is shifted to higher radii (Fig. 13). However, in general, RRI,
IRI, SSA, and SD retrieved by GARRLiC are quite comparable to AERONET values. However, reff and particle sphericity differ. AERONET reff is equal to 1.6 µm and sphericity
Atmos. Meas. Tech., 9, 3391–3405, 2016
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Table 3. Aerosol properties during the dust event over the Dakar site on 10 April 2015. The LR values marked by ** were retrieved by the
LIRIC algorithm. Only the values given for all the wavelengths refer to the column-integrated property. Day: AOD 440 nm ≈ 1.53 ± 0.04;
α ≈ 0.02 ± 0.01. Night: AOD 532 nm ≈ 0.83; α ≈ 0 by Raman.
GARRLiC
λ (nm)
355
440
532
675
870
1020
1064

reff (µm)

f: 0.2
c: 2.4
t: 2.0

AERONET

Raman (day)

Sph %

RRI

IRI

LR (sr)

LR (sr)

LR (sr)

0.004
0.003
0.003
0.002
0.002
0.002
0.002

20
17
14
13
12
13
13

70**
62
49**
39
32
31
30**

∼ 25

57 %

1.60
1.60
1.60
1.60
1.59
1.58
1.58

Raman and regularization (night)
reff (µm)

RRI

IRI

LR (sr)
∼ 59

∼ 23

∼ 50
0.9

1.54

0.008

Figure 11. NMMB/BSC-Dust model results over Africa and Europe on 10 April 2015. AOD values forecasted by the model ranged from 0.8
to 1.6 at 550 nm. (a) 18:00 UTC, 10 April; (b) 00:00 UTC, 11 April.

∼ 0 %, while the GARRLiC algorithm retrieved 2.0 µm for
reff and 57 % of sphericity particles.
Volume concentration profiles are presented in Fig. 14. Because of different AOD values and altitudes of the boundary
layer, day- and nighttime V obtained using different methods
are not comparable. The LIRIC and GARRLiC daytime V
are different, especially below 2 km, which can be explained
by LIRIC usage of both 532 nm parallel and perpendicular
signals whereas GARRLiC used total backscattered signal
only. However, obtained uncertainties are high and data are
overlapped. Extinction profiles (Fig. 15) at all wavelengths
are close to each other in respect to the retrieval algorithm.
Differences between LRs retrieved by the algorithms are very
high, but, nevertheless, σ profiles of different algorithms do
not have such high differences. The GARRLiC LRs for 355
and 532 nm are 20 ± 11 and 14 ± 21 respectively. The Raman LR values at 532 nm increase from ∼ 23 to ∼ 50 sr over
the day- to nighttime measurement time frame, and LR at
355 nm also increases from ∼ 25 to ∼ 59 sr (Fig. 16). Such
an increase in LR from day- to nighttime measurements can
be explained by the contribution of marine particles during
the daytime (i.e. sea-breeze effect). Particle depolarization is
lower during daytime (29 %) than during nighttime (32 %).
Atmos. Meas. Tech., 9, 3391–3405, 2016
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The Raman αext profile at 355/532 nm is close to 0 and does
not change with altitude (this is not shown in the figures). The
profile of the effective radius retrieved with regularization decreases from 1.2 to 0.6 µm at the altitude range of 1–4.5 km.
Regularization RRI and IRI profiles remain stable through all
altitudes, and column-integrated values, which are presented
in Table 3, have been taken as averaged values.
The volume concentration profile at 2 km is much higher
during the daytime measurements than the one obtained at
night. For comparison with NMMB/BSC-Dust model results,
the mass concentration profiles were obtained (Fig. 14). Similar to the previous event, the particle density was taken
to be equal to 2.6 g cm−3 according to the NMMB/BSCDust model for GARRLiC result. And total LIRIC mass
concentration defined as sum of fine and coarse aerosol
modes values. The obtained mass concentration profiles
at 2 km are close to 1225 ± 400 and 1020 ± 90 µg m−3
for GARRLiC and LIRIC, respectively. This is at least 2
times higher in comparison with the value produced by the
NMMB/BSC-Dust model (∼ 550 µg m−3 ). The calculated
Raman nighttime mass concentration (310 ± 60 µg m−3 )
shows good agreement with the NMMB/BSC-Dust model
(∼ 300 µg m−3 ) at 2 km.
www.atmos-meas-tech.net/9/3391/2016/
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Figure 13. GARRLiC (pink) and AERONET (black) SD for 10
April 2015 (16:11 UTC) over the Dakar site (AOD 440 nm ≈ 1.53±
0.04; α ≈ 0.02 ± 0.01).
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Figure 12. Backward trajectories of air masses for an event over the
Dakar site on 10 April 2015.
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Conclusions

As mentioned previously, the main objective of this article
is to compare aerosol properties retrieved by different algorithms. This helps to know to what extent these algorithms
can be used in a complementary way for long-term day–night
aerosol observations and data processing.
Three dust events were selected from LILAS measurements. The first event over Lille on 30 March 2014 was charwww.atmos-meas-tech.net/9/3391/2016/
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Height [km]

Height [km]

5

Raman and GARRLiC daytime LRs indicate very likely
the measurements of marine particles, but at the same time
the depolarization ratio indicates at mineral dust. The GARRLiC results are more consistent with mineral dust, but at the
same time the retrieved sphericity (57 %) is too high for dust
and LR values at all wavelengths are too low.
Such a complex event, which includes several types of particles with similar radii, can cause difficulties in retrieving,
interpreting, and comparing the results. The GARRLiC and
LIRIC height-resolved aerosol properties are incompatible
with the NMMB/BSC-Dust V and Raman σ profiles. That
is why, to avoid inconsistencies between the results of different methods, GARRLiC should be only implemented in
cases (i) where a single aerosol type is present or (ii) when
the investigated aerosols can be separated into two different
types of fine and coarse modes.
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Figure 14. Volume (Vol conc) and mass (Mass conc) concentration profiles for an event over the Dakar site on 10 April 2015. The
abbreviation RR corresponds to V retrieved by using Raman and
regularization algorithms.

acterized by transported mineral dust particles from the Saharan region. Three different layers of aerosols were observed:
(i) assumed urban particles up to 2.5 km, (ii) dust layer in the
altitude range of 2.5 to 6 km, and (iii) cirrus clouds with a
negligible AOD impact at heights of 11 to 12 km.
The second and third events over Dakar were characterized by a layer consisting of a dust and marine (small contribution) aerosol mixture during the daytime and only dust
Atmos. Meas. Tech., 9, 3391–3405, 2016
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Figure 15. Raman, LIRIC, and GARRLiC extinction profiles during the day (AOD 440 nm ≈ 1.53±0.04; α ≈ 0.02±0.01) and night
(AOD 532 nm ≈ 0.83; α ≈ 0 by Raman) on 10 April 2015.

particles during the nighttime. In both cases, AOD values decrease over the day- to nighttime measurement time frame,
and, therefore, it was not possible to compare the day- and
nighttime σ . GARRLiC, LIRIC, and Raman daytime σ profiles are in agreement on 29 March. However, σ profiles retrieved by the same algorithms on 10 April differ. The latter
was a more complex event with different types of particles
in the same size range. Development, such as introducing
depolarization profile into the GARRLiC algorithm, should
enhance the algorithm and make it possible to distinguish
aerosols with different shapes inside one mode. In both dust
cases, reff were found to be higher during daytime in comparison with the nighttime cases. Raman LRs increased over the
day- to nighttime measurement time frame, which could be
caused by the absent of marine particles at night. However,
depolarization ratios were always indicative of dust particles.
GARRLiC LR values were always lower than the ones obtained by LIRIC and Raman. Also, GARRLiC sphericity was
always higher than the one obtained by AERONET. Also,
the presence of marine particles should decrease RRI values during the day, but daytime RRI values were higher in
comparison with the nighttime ones. However, daytime IRI
values were lower in comparison with the ones obtained at
night, which agrees with the presence of marine particles,
which absorb less than dust particles. These features indicate
the challenges in description of optical properties of nonspherical particles in backscattering, on top of possible inconsistencies between the retrieval algorithms used herein.
The studies by (Müller et al., 2013), (Wiegner et al., 2009),
and (Kokhanovsky, 2015) suggest that the difficulties with
reproduction of the observations relate to inaccuracies in the
spheroidal model in reproduction of scattering properties in
Atmos. Meas. Tech., 9, 3391–3405, 2016
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Figure 16. Lidar ratio and depolarization ratio during day- and
nighttime measurements for an event on 10 April 2015 over the
Dakar site. GARRLiC and LIRIC LR column-integrated values are
shown at the beginning of the profiles.

backwards direction. However, those studies are focused on
observations of desert dust particle depolarization that were
not used in GARRLiC and LIRIC analysis of this study. At
the same time, it is worth mentioning that recent research
by (Veselovskii et al., 2016) has reported very encouraging
agreement of spheroidal model with dust observations. More
events should be analysed in order to distinguish the inconsistencies between the algorithms. The second phase of the
SHADOW2 campaign will be taking place in December–
January 2016.
In future studies, it will be interesting to select morning measurements excluding see-breeze and marine particles. GARRLiC development (for instance, by incorporating the Raman technique and/or depolarization profile into
the code) will make it possible to distinguish vertically resolved aerosol optical properties more accurately, i.e. improved extinction and volume concentration profiles. After
such improvements, similar studies should be carried out
and, again, the algorithm results should be compared to determine whether they are able to complement each other for
long-term day–night measurements.
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Data availability

AERONET data for Dakar and Lille instrumentation sites are
available at http://aeronet.gsfc.nasa.gov/. Lidar data available at http://www-loa.univ-lille1.fr/index.php/observation/
lidar.html.
www.atmos-meas-tech.net/9/3391/2016/
lilliad.univ-lille.fr
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The Supplement related to this article is available online
at doi:10.5194/amt-9-3391-2016-supplement.
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Conclusions

The primary objective of the study was to compare aerosol properties retrieved using
different algorithms to answer a simple question: can these algorithms be used in a
complementary way for long-term day–night aerosol observations and data processing? In other words, do methods provide same results?
Three events have been selected and analyzed. First one over Lille on 30 March 2014
was characterized by transported mineral dust particles from the Saharan region. The
second and third events over Dakar were characterized by a layer consisting of a dust
and marine (small contribution) aerosol mixture during the day-time and only dust
particles during the night-time. In general, comparisons have shown inconsistencies in the retrieved LiDAR ratios. However, other aerosol properties were found
to be generally in close agreement with the AERONET products. Inconsistencies indicate the challenges in description of optical properties of non-spherical particles in
backscattering (Müller et al., 2013; Wiegner et al., 2009; Kokhanovsky et al., 2015).
In general, GARRLiC development (for instance, by incorporating the Raman technique and/or depolarization profile into the code) will make it possible to distinguish
vertically resolved aerosol optical properties more accurately, i.e. improved extinction
and volume concentration profiles. After such improvements, similar studies could
be done, and, hopefully, the algorithms can be used in a complementary way for longterm day–night aerosol observations and data processing.
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Chapter 6

Water vapor mixing ratio profile.
Calibration and application
6.1

Water vapor and Raman LiDAR measurements

The relevance of water vapor observations and modelling were outlined in Chapter 2.5. This chapter presents the results and discussion of two calibration techniques
which have been implemented for LILAS measurements.
All LiDAR studies dedicated to water vapor are based on ratio between 408 and
387 nm channels which directly represents water vapor mixing ratio (MR or w(z),
Eq. 2.35). Both channels are Raman, hence accumulation and/or averaging of LiDAR
signal are frequently used for data analyses. In this work, we discuss two calibration
techniques, both use accumulation and LiDAR signal averaging with moving mean
procedure. The average with moving mean was applied in such altitude ranges:
• below 1 km height there are no averaging;
• between 1 and 2 km, 2 points (∼ 11 m) of LiDAR signals were used for moving
mean window;
• between 2 and 4.5 km, 10 points (∼ 55 m) were used;
• between 4.5 and 6 km, 24 (∼ 130 m) points were used;
• between 6 and 8 km, 50 (∼ 260 m) points were used;
• between 8 and 10 km, 120 (∼ 650 m)points were used.
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Above 10 km, data was not used for water vapor analyses because of weak signals
above this altitude. Averaging procedure above 1 km is used by the circumstance that
LiDAR observation mainly carried out in some angle (∼ 47o ) from zenith direction,
hence, actual altitudes of measurements are lower, and averaging procedure helps to
smooth LiDAR signal at higher altitudes.
Application to real data using obtained calibration constants (Section 6.2) are presented in Section 6.3.

6.2

LiDAR mixing ratio calibration

Herein two calibration techniques are presented. Intercomparison with radiosonde
(RS) measurements is a well know method (Leblanc and McDermid, 2008; NavasGuzmán et al., 2014) which can achieve high accuracy (according to Foth et al., 2015,
the uncertainties are at the order of 5%) (Turner and Goldsmith, 1999; Madonna et al.,
2011). Such high accuracy can be achieved for stable atmospheric condition (no RS
wind drift or it is very slow) and if coincident observations in time and space provided by the instruments. In such cases LiDAR WVMR might be obtained by intercomparison with RS WVMR at predefined altitude ranges. Then, averaged value of
calibration constant and its standard deviation can be defined from all values in predefined altitude ranges. In our case, distance between LiDAR and RS sites is close to
120 km for Lille measurements and 70 km for Dakar measurements, such normalization procedure can cause high inconsistencies in lower altitudes where major part of
water vapor is located. Better results might be obtained by intercomparison between
LILAS and RS mixing ratio in higher altitudes (for instance, from 6 km to 10 km).
In such case, differences in lower altitudes caused by distance between observational
sites are lower. Nevertheless, the results of such comparison were not satisfactory for
the following reasons:
• High uncertainties can be due to small signal to noise ratio, which is frequent for
higher altitudes;
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• RS can be drifted by the wind in opposite direction to LILAS site, which increases
inconsistencies between MR profiles of both instruments;
• MR values at higher altitudes are small, and, hence, defined calibration constant
is sensitive to atmospheric variability, this can cause high uncertainties.
Events with good agreement in higher altitudes can be selected manually and analyzed. But, we are more interested in defining an approach routine, which would
calculate calibration constant each time when consistent RS and LILAS measurements
appear. The procedure for such routine is presented along with calibration method in
Section 6.2.1.
The main problem of such type of calibration is caused by the distance between the observational sites of RS and LILAS. The second calibration technique is based on lunarphotometer data. Both, Lille and Dakar sites are equipped with lunar-photometer.
It provides total precipitable water content (TPW) for all clear nights for the lunar
phases, from half to full moon. The more accurate description is presented in Section 6.2.2.

6.2.1

Intercomparison with radiosonde measurements

The intercomparison was done for the entire of LILAS dataset. Data of the nearest
radiosounding stations have been selected for the comparison. In case of Lille, Beauvechain radiosounding observational station in ∼120 km from LILAS site was taken.
In case of Dakar, Dakar station in ∼70 km from the site was taken.
Comparison has been done under the assumption of equality of total water vapor content measured using radiosonde and LiDAR, variability of N2 was neglected. Altitude
range was selected in respect to have most water vapor content in the column. Hence,
several assumptions regarding the altitude range in respect to LiDAR measurements
were applied: (i) it should not be lower the altitude where incomplete overlap can be
found and (ii) it should not be higher altitudes where low signal to noise ratio can
cause high uncertainties. Hence, altitude range from z1 = 1 to z2 = 6 km were chosen.
Calibration constant was calculated as follows:
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R z2
C1 = Rzz12
z1

wRS (z) dz
L (z) dz
wnc

(6.1)

where C1 is the calibration constant (hence it is a ratio of the same values it does
not have a unit), wRS is the water vapor mixing ratio measured by radiosonde and
L is the non-calibrated water vapor mixing ratio obtained from LiDAR signal ratio
wnc

(Eq. 2.50). Integral of MR shows a total abundance of water vapor relative to nitrogen content in some altitude range. Hence, comparison of the same values at different
locations we assume an equality of water vapor and N2 content within predefined altitude range. Such procedure of calibration has shown satisfactory results for obtaining
calibration coefficient. Defined C1 has higher accuracy and temporal stability (Fig. 6.2)
than methods discussed in Section 6.2.
More than one hundred (103) simultaneous events were found during two years of
LILAS operations. Only 60 events were selected for the analysis, rest of them were
rejected by following criteria:
• Midday measurements were rejected because of low LiDAR signal to noise ratio
at upper altitudes (17 events);
• LiDAR signals were too noisy at the upper altitudes, mainly caused by the clouds
or because of the flash lamp degradation. Criterion which used to identified such
events is: signal to noise is less than 1 in the altitude range 5.5 – 6 km (14 events);
• Human/instrumental reason (no measurements from one of the channels, measurement angle were changed during the observations, etc.) (7 events);
• Some RS measurements started only above 3 km, such cases were rejected to
avoid small integral values (4 events);
All these criteria have been integrated into computation routine. Therefore calibration
coefficients were not calculated for the rejected events. Our results (MR profiles) with
uncertainties were stored into files for further usage. Relative uncertainty of obtained
C1 consist from uncertainties of RS and LiDAR measurements. Relative uncertainty
of LiDAR measurements was found as a ratio of accumulated value of MR standard
deviation to integrated value of mixing ratio. Accumulation of standard deviation
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was done at predefined altitude range (from z1 = 1 to z2 = 6 km, due to moving mean
procedure) of MR profile. Unfortunately, RS data are provided without highlighted
uncertainties, hence, the relative uncertainty of RS measurements is estimated as ±5%
(Miloshevich et al., 2009). Total relative uncertainties of wL profile are assumed equal
to relative uncertainties of C1 .
For instance, Figure 6.1 presents wL obtained by intercomparison with radiosonde
data. Total relative uncertainty equals 23%. Here and below, MR at ground level
was calculated using meteorological measurements (p(z), T (z) and RH) at Dakar site
according to Eq. 2.36–2.38.
10,000

MR Radiosonde
MR by intercomparison with RS
MR at ground level
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F IGURE 6.1: Mixing ratio profile obtained using intercomparison technique for midnight of 3 June 2015. Blue curve presents calibrated LILAS
MR, black curve is radiosonde measurements.

Figure 6.2 presents temporal variability of calibration constants obtained by intercomparison with radiosonde measurements. During the SHADOW-2 campaign (Phase 2,
December 2015 – January 2016) improvements in the receiving module for 387 and 408
nm channels were done, the exact period of enhancements is 16–23 of December 2015.
23th December was additionally excluded from the analysis. This moment is represented by black line in the Figure 6.2, dash-dotted lines indicate moments when LILAS
was moved between observational sites Lille to Dakar and back. Obtained calibration
constants have high uncertainty. It can be due to several reasons:
• Atmosphere spatial variability;
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• Low radiosonde spatial resolution in some events might lead to over- or underestimation of the obtained calibration constant.

F IGURE 6.2: Calibration constants obtained using intercomparison
technique. Dash-dotted lines indicate moments of LiDAR moves between observational sites Lille and Dakar and back. Black line indicates
a moment of enhancements in receiving module, red and blue points
show calibration constants obtained before and after the enhancements.
Green line shows calibration constant drift with time.

Drift of calibration constant has been found for the first period of observations (up to
16 December 2015). The linear fit of the drift was found using a least square method.
The equation for the fit can be written as: C1 = 25.660 · x − 51555.565, where x - is
decimal year of an event. Residual standard deviation equal 36.577.
There are not enough measurements to repeat similar analysis after improving the
receiving modules (23 December 2015 - nowadays). Calibration constant was found
as averaged value and it is equal to 261.45 ± 54.80.
Relative standard deviation of C1 values equal 23% and 21% respectively for the first
and second period of measurements.
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Calibration by TWP using lunar-photometer measurements

As was mentioned above, both sites, Lille and Dakar, are equipped with lunar-photometers
(LP) which provide TPW for clear nights for the lunar phases, from half to full moon.
Equation 2.34 can be rewritten as:

Z

1
TPW =
g

z2

z1

w(z)
dz
1 + w(z)

(6.2)

where w(z) - is mixing ratio, g - is standard acceleration of free fall. As was mentioned
above, non-calibrated MR can be directly obtained from the signal ratio of 408 and 387
nm channels. Hence, it can be rewritten:

C2
TPW =
g

Z

z2

z1

wnc (z)
dz
1 + wnc (z)

(6.3)

where wnc (z) - not calibrated mixing ratio profile, C2 - calibration constant which do
not depend on altitudes and can be easily calculated using lunar-photometer TPW
data:

TWP · g
C2 = R z w (z)
2
nc
z1 1+wnc (z)

dz

(6.4)

At the same time, integrands should be equal:

wnc (z)
w(z)
= C2
1 + w(z)
1 + wnc (z)

(6.5)

Now, one can obtain MR as a function of C2 and wnc as follows:

w(z) =

C2 wnc (z)
1 + (1 − C2 )wnc

(6.6)

The main advantage of this technique is that there are no uncertainties due to the inaccurate integration of radiosonde measurements caused by its low spatial resolution.
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Also, in our case, LILAS and lunar-photometer are collocated, hence lower uncertainties could be observed due to the much lower atmosphere spatial variability. Nevertheless, measurements were carried out in a different direction and the incomplete
overlap at lower altitudes was present in LiDAR observations. However, the former
can be neglected. Overlap functions for both, 387 and 408 nm channels, assumed to
be equal above 750 m. Below this altitude water vapor content were assumed to be
constant and equal to its value at the altitude of 750 m. Also, water vapor content was
neglected above 10km. Hence, altitude range from the surface to 10 km was taken into
account for all events.
Temporal resolutions of lunar-photometer and LiDAR measurements are high, one
hour averaged data were used for calibration. Hence, for the clear nights maximum
6-12 events can be found depending on a date of year (night duration) and duration of
LiDAR observation (not for all nights measurements were carried out during whole
nights). For this calibration technique, accumulation of LiDAR signal was decreased to
one hour, in comparison to previous one. The same moving mean window procedure
was used for the signal averaging. To be consistent with LILAS measurements, lunarphotometer data were averaged in the same time ranges (lunar-photometer provides
up to 60 measurements per hour). Among 108 potential events, 71 were selected for
calibration. Such criteria were used to reject inappropriate events:
• Events occurred during of the enhancements in receiving module (16-23 December) were excluded from the analysis (20 events);
• Noisy signal in upper altitudes, mainly because of clouds or with flash lamp
degradation. Such events were identified by standard deviation of the noncalibrated MR. All events with standard deviation higher than 0.04 were skipped
in behalf to keep uncertainties caused due to low signal to noise ratio lower (15
events);
• Human/instrumental reason (no measurements from one of the channels, measurement angle was changed during the observations, etc., 3 events).
It should be mentioned, that the level 1.5 data of lunar-photometer was used. Similarly to sun/sky-photometer observations, these measurements are cloud free. Also, it
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should be mentioned, night AOD is produced by AERONET-Europe processing system.
Obtained constants can be divided into two groups. Constants of the first group are
obtained during same nights, and the second group consists of constants obtained for
different nights. Latter are obtained by averaging all of constants from the first group
at each night. It should be mentioned, that calibration constants of the first group have
similar undefined water vapor content inside the incomplete overlap function.
Figure 6.3 presents a temporal evolution of the constants (first group) obtained by
making use of LP TWP calibration technique. A similar drift of the values were
observed for the first period of observations. Linear fit obtained using least square
method results in C2 = 0.039·x−79.141, residual standard deviation equals 0.013. Like
in previous technique, x - is decimal year of an event. To avoid the influences from the
number of events occurring during the different nights, the linear fit was obtained using calibration constants from the second group. For the second period of time, linear
fit was not analyzed. Averaged calibration constant equals C2 = 0.227 ± 0.037.
The relative "uncertainties" of C2 calibration constant result in relative uncertainties of
LP and LiDAR measurements. Relative uncertainties of LP were calculated as a ratio
of standard deviation of TPW data to its averaged value. The relative uncertainty of
LiDAR measurements, like it was done in previous technique, was found as a ratio
of accumulated value of standard deviations at selected altitudes (from z1 = 750 m to
z2 = 10 km, due to moving mean procedure) to integrated value of MR.
For instance, MR obtained using LP TWP calibration technique for 22th December
2015 is presented in Fig. 6.4. Event with high uncertainty (93%) caused by twilight
(19:00–20:00 UTC) were chosen.
Relative standard deviation of C2 values was found to be 10% and 16% respectively
for the first ans second period of measurements.
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F IGURE 6.3: Calibration constants obtained using LP TPW calibration
technique (first group, all C2 for all nights are presented). Dash-dotted
lines indicate moments of LiDAR moves between observational sites
Lille to Dakar and back. Black line indicates a moment of enhancements
in receiving module, red and blue points show calibration constants
obtained before and after the enhancements, green line - linear fit of
calibration shift.
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F IGURE 6.4: Mixing ratio profile obtained using LP TWP calibration
technique. Observations were carried out during 19:00–20:00 UTC in
Dakar, 22 December 2015.
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Comparison of obtained calibration constants

Nine events were found to be coincident for both calibration techniques. In Table 6.1
main parameters for both techniques are presented. TPW values were chosen for representation since it can be easily obtained using wC1 (Eq.6.2). Hence, Table 6.1 consists
of TPW values obtained from radiosonde and lunar-photometer measurements and
TPW calculated from calibrated mixing ratios.
Date
2014.05.16
2014.05.18
2014.06.13
2015.12.25
2016.01.18
2016.01.19
2016.01.20
2016.01.23
2016.01.25

T P WRS cm
1.103
1.812
1.880
2.377
1.528
1.370
1.400
1.721
1.940

2014.05.16
2014.05.18
2014.06.13
2015.12.25
2016.01.18
2016.01.19
2016.01.20
2016.01.23
2016.01.25

T P WLP cm
1.054 ± 3%
1.626 ± 5%
1.842 ± 1%
2.290 ± 4%
1.527 ± 15%
1.460 ± 3%
1.698 ± 3%
1.756 ± 2%
2.049 ± 2%

Radiosonding
C1
115.7 ± 18%
124.6 ± 15%
162.7 ± 25%
319.1 ± 27%
325.6 ± 20%
292.6 ± 17%
211.1 ± 35%
270.8 ± 20%
233.2 ± 22%
Lunar-photometer
C2
0.080 ± 20%
0.090 ± 16%
0.130 ± 39%
0.212 ± 36%
0.287 ± 30%
0.273 ± 20%
0.283 ± 45%
0.232 ± 14%
0.222 ± 16%

T P WLILAS cm
1.207 ± 19%
1.861 ± 16%
1.930 ± 27%
2.471 ± 30%
1.533 ± 21%
1.621 ± 260%
1.517 ± 40%
1.805 ± 22%
3.042 ± 25%
T P WLILAS cm
1.054 ± 20%
1.626 ± 16%
1.842 ± 39%
2.290 ± 36%
1.527 ± 30%
1.460 ± 20%
1.698 ± 45%
1.756 ± 14%
2.049 ± 16%

TABLE 6.1: Calibration constants and TPW obtained using calibrated
LILAS MR for both calibration techniques. Radiosonde and lunarphotometer TPW are presented for comparison reasons. Relative uncertainties are presented for all values except RS TPW where it is assumed
the same and equals 5%.

High value of error on 19 January 2016 for LILAS TPW obtained using intercomparison calibration technique was caused by cloud at 8 km altitude. The cloud was above
the site from 22:00 UTC 18 January to 01:00 UTC 19 January. LP TPW calibration technique took the nearest period of LP and LiDAR measurements without cloud (form
1:00 to 2:00 of 19 January). It should be reminded, signal to noise criteria (intercomparison technique) checks last 500 m of calibration altitude range (5.5–6 km). Hence,
the cloud was not detected by this criterion and calibration constant was calculated
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properly. But TPW calculation includes cloud region, and, hence, produces an error in
260%.
Obtained calibration constants using both calibration techniques have comparable errors. Nevertheless, advantages of LP TWP calibration technique are revealed in the
variability of C2 : standard deviation on C2 variability are lower than for C1 . And,
as was mentioned above, greater distance between sites shows higher uncertainties.
Distance between Lille and Beauvechain is close to 120 km, and decrease in relative
uncertainties of C variability equals 14% while decrease in C relative uncertainties
equals 5% for Dakar sites with 70 km distance between them.
For instance, Figure 6.5 presents mixing ratio profiles measured by radiosonde and
obtained using both calibration techniques are presented.
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F IGURE 6.5: Mixing ratio profiles obtained by intercomparison with
radiosonde (RS, blue) and using TPW measured by lunar-photometer
(LP, red), 25 January 2016. Radiosonde mixing ratio presented by green.
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Applications
Application to measurements over Lille site

One event was chosen to present LILAS MR measurements (Fig. 6.6). Three different
layers were presented during the night-time measurements on 24–25 November 2014.
The highest one started from 23:00 UTC and located between 3–4.5 km. It can be a
continentalized maritime trade wind which according to backward trajectory analysis
has an oceanic origin (Fig. 6.7). The second level, observed during all night and located
between 1500–2200 m, consists of dry air masses which were transported from a Great
Britain. This layer has low MR values which are close to ∼0.1 g/kg. The third layer
(below 1500 m) is considered as the boundary layer.

F IGURE 6.6: Height–temporal distribution of LILAS MR (by color) for
period of time from 20:00 UTC 24 November to 05:00 UTC 25 November
2014. High values above 4.5 km altitude caused by the clouds.

MR profile is presented in Fig. 6.8, results are averaged over the 02:40–03:40 UTC 25
November 2014 temporal interval. Aerosol amount was very weak (AOD equals 0.1
at 440 nm), hence aerosol optical properties were not calculated.
Height-temporal distribution and averaged profile of MR were obtained using linearly
fitted C2 for 25 November 2014 data.
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F IGURE 6.7: backward trajectories for the air mass in Lille at altitudes
of 1300, 2000, and 2500 m on 25 November 2014 at 04:00 UTC.
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F IGURE 6.8: Vertical profile of water vapor mixing ratio on 25 November 2014. Results are averaged over the 02:40–03.40 UTC temporal interval.

6.3.2

Application to measurements over Dakar site

Many LILAS observational sessions have been done during the Phase 1, SHADOW-2
campaign. Two papers with the results of LILAS measurements have been already
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published Bovchaliuk et al., 2016 and Veselovskii et al., 2016. The first article presents
an analysis of the aerosol optical and microphysical properties and does not include
water vapor analysis (it was presented in Section 5).
The second paper is considering optical and physical properties of the Saharan dust,
and includes water vapor analysis. Detailed meteorological characteristics of an observational site is presented for the night 15–16 April 2015. Same night have been chosen
in order to compare MR results obtained using intercomparison at higher altitudes
(from the paper) with ones obtained using LP TWP calibration technique (described
in Section 6.2.2).
For the period from 23:00 to 07:00 UTC on 15–16 April 2015 night, the height–temporal
distribution of the extinction at 532 nm, particle depolarization, mixing ratio and LiDAR ratio are presented in Fig. 6.9. During the campaign, the wind field within the
lower troposphere (< 5 km) was measured by an eye-safe scanning wind lidar (Windcube).
According to Veselovskii et al., 2016 four different layers were presented during this
observational period:
• First one (indicated as Layer A in Fig. 6.9), located between 1 and 3 km (at 00:00
UTC), is associated with a slow northerly wind speed (< 5 ms−1 ) in the lower
part of the layer, and a slightly faster easterly wind speed (> 5 ms−1 ) above
2 km. This layer was considered to be a continentalized maritime trade wind
which is one of oceanic origin that has been progressively altered by continental
trade (CT in Fig. 6.9). Backward trajectories are shown in Fig. 6.10. Therefore,
this layer was characterized by a mixture of maritime and continental air;
• The second one, located between 0.4 and 0.8 km, rises at the beginning of the
period up to 0.7–1 km by the end of the period. This layer is characterized by
high aerosol loading and northeasterly winds. According to the backward trajectories, this air mass was transported from a continental area (Mali) and was
mainly advected by a southeasterly continental wind. It is well seen starting
from 03:00 UTC (layer B in Fig. 6.9)
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• The third one, is a nocturnal low-level jet (LLJ). The jet core height is between 250
and 400 m with a maximum jet speed exceeding 15ms−1 . The LLJ was observed
throughout the night with a thickness that progressively increased with time,
perhaps being the causative mechanism for the corresponding increase in height
of the second layer;
• The discontinuity of the fourth layer which is approximately 0.2–0.3 m indicates
to the boundary layer (Seibert et al., 2000). It is not shown, but it characterized by
high LiDAR signal values and by small northerly or northwesterly wind speed
(< 5ms−1 ).

F IGURE 6.9: Height–temporal distribution of (a) AOT at 532 nm, (b)
mixing ratio, (b) particle depolarization, and (d) LiDAR ratio over
Dakar on 15–16 March 2015. Taken from Veselovskii et al., 2016.

Height–temporal distribution of mixing ratio were derived using intercomparison calibration technique at higher altitudes and in Fig. 6.11 MR using LP TWP calibration
technique (C1 were defined from linear fit) is presented. The particle extinction coefficient σ at 532 nm in layer A increases after 03:00 UTC while w is decreasing in all
altitudes. This may indicate that continental air-mass advected by continental trade
has become dominant. Particles associated with continental trade has LR at 532 nm
close to 55 sr while for continental-maritime particles as observed during the first part
of the observation period, it is lower (about 45 sr). Layer A has δ at 532 nm close to
30% and depolarization ratio increases up to 35% for layer B. Should be mentioned,
that for the air masses which were considered as continentalized maritime the particle
depolarization ratio is in excess of 25%, implying a significant amount of dust even in
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F IGURE 6.10: Back trajectories of the air masses ending in Mbour on 16
April 2015 at 2500 m (02:00 and 06:00 UTC), 700 m (00:00 UTC), and 900
m (06:00 UTC). The first two back trajectories correspond layer A from
Fig. 6.9, while the last two back trajectories correspond layer B from the
same figure. Taken from (Veselovskii et al., 2016).

this layer.

F IGURE 6.11: Height–temporal distribution of LILAS MR (by color) for
period of time from 23:00 UTC 15 March to 06:30 UTC 16 March 2015.
MR was obtained using linearly fitted value of C2 for 16 March 2015.
Scale of MR was selected the same as in Fig. 6.9.

MR vertical profile averaged over the period 05:00–06:00 UTC is presented in Fig. 6.12.
It shows that layer B contains continental air mass (at 1 km MR close to 5 g kg −1 ). MR
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in Layer A is in range 5–8 g kg −1 with lower values (5–6 g kg −1 ) at altitude range 2–3
km where continental trade was progressively altered into continentalized maritime
trade, and with higher values (7–8 g kg −1 ) at altitude range 1.2–1.8 km caused by mix
of continental trade particles with marine particles.
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F IGURE 6.12: Vertical profile of water vapor mixing ratio on 16 April
2015. Results are averaged over the 05:00–06:00 UTC temporal interval.

6.4

Conclusions

Two calibration techniques were presented and analyzed. Both showed similar results
and comparable uncertainties. The latter is mainly caused by the accumulative error
due to larger altitude range which has been selected for deriving calibration constant.
Nevertheless, lunar-photometer TPW calibration technique has advantages because
both instruments are placed at the same sites. This evinced in lower variability of calibration constant. Hence, it will bring lower uncertainties (20–30%) for events within
two or more calibration events. In such case interpolation of C1 will have lower uncertainties. That is why calibration constant obtained using LP TPW calibration techniques were used in both cases in application section. Main disadvantages of such
calibration method caused by the altitude restriction of LiDAR measurements. Neglecting the water vapor content above 10 km and using the assumption of equality of

© 2016 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Valentyn Bovchaliuk, Lille 1, 2016

6.4. Conclusions

115

water vapor below 0.75 km can bring under- or overestimation of MR profile. Additional measurements of MR in incomplete overlap range should be made to enhance
this calibration technique. For instance, MR at ground level can be added to the calibration technique to define more accurately MR profile.
Application section has shown that water vapor can be used as a convenient tracer to
separate dry continental air masses from oceanic air masses. The latter one is characterized by higher vapor content which is distinctly seen in both examples.
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Conclusions and perspectives
This work is contributing to the improvement of our knowledge of aerosols properties, especially their vertical distribution, thanks to an innovating synergetic approach
combining primary measurements of sun/sky-photometer and multi-wavelength Raman LiDAR. Our efforts are part of ambitious European (ACTRIS), national (CaPPA)
and regional (CPER CLIMIBIO) activities. In this thesis, efforts have covered several
complementary aspects summarized hereinafter.
First of all, instrumental efforts have been devoted to the characterization of LILAS
(the new French multi-wavelength Raman polarized LiDAR) set up at the Lille atmospheric platform. Since 2005, LOA is developing expertize in micro-LiDAR (CAML)
technologies in cooperation with CIMEL SME. This single wavelength micro-LiDAR
is routinely operated, however, the amount of height-resolved information is limited
to the vertical distribution of aerosols extinction coefficient and effective LiDAR ratio.
Thanks to a fruitful cooperation between Physics Instrumentation Center of General
Physics Institute (Russia), CIMEL (Paris) and LOA (Lille), a multi-wavelength Raman polarized LiDAR has been designed and built. This new system is offering an
important step forwards to investigate regional aerosols more precisely. Additionally, LILAS being transportable, can joint field campaigns like during SHADOW-2,
in Africa. An important contribution has been focused on the data quality assurance. Thanks to EARLINET/ACTRIS protocols and recommendations (Lille is now
part of that network and recently started data submission) and thanks to networking
activities performed within ACTRIS-1/2, we improved the instrument characterization, data quality and data pre-processing and preparation. In 2016, rotational Raman
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channel has been introduced (Veselovskii et al., 2015). This modification is improving
Raman signals and the associated retrievals during night-time and day-time as illustrated during the SHADOW-2 campaign. During the thesis, several improvements of
LILAS technical environment have been introduced, especially several devices were
set up to enable remote control of LILAS when the operator is not in the laboratory.
This was requested to maximize the amount of observations.
A second effort was made on the observation side, with the frequent operation of
LILAS in various atmospheric situations both in Lille and Dakar sites. During the
thesis, we operated LILAS continuously during more than one month at IRD Center, Senegal, in various atmospheric situations. Despite the difficult local conditions
(warm, dust, humidity, insects, etc) we have obtained a very valuable data set, partly
analyzed by Bovchaliuk et al., 2016; Veselovskii et al., 2016.
This new observational capability is extremely valuable for Haut-de-France region
since this region is affected by local pollution but also by transported anthropogenic
(Belgium, The Netherlands, Germany, Poland, even Canada) and natural aerosols (Sahara, Canada, Southern Europe). The observation effort has therefore also contributed
to ORAURE/ATMOS/ACTRIS-FR database located at AERIS/ICARE Data Processing Center. LILAS is a unique operational system devoted to tropospheric aerosols,
water vapor and cirrus observations. SIRTA observation, close to Paris, is developing
a similar system that would start the operational phase in 2017.
Finally, important efforts have been made in the aerosol retrieval with the improvement and use of GARRLiC/GRASP algorithm. On the algorithmic side, several improvements were introduced into GARRLiC retrieval preparation procedure. For example, a normalization procedure simplifying the data preparation and enabling more
automation of the retrieval has been addressed and defined. Several aerosols events
detected both at Lille and Dakar sites have been analyzed and published (Bovchaliuk et al., 2016; Veselovskii et al., 2016). Comparisons of aerosol optical and microphysical properties retrieved by different algorithms (LIRIC, GARRLiC, BASIC, Raman+Regularization) have been performed and analyzed. Aerosol column integrated
properties were found to be generally in close agreement with AERONET standard
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products. However, some differences were found for derived LiDAR ratio and complex refractive index. These issues are widely discussed within the scientific community and may be linked to the limit of the spheroidal model to explain the scattering
properties in the backward direction. Development of the forward model for particles
scattering in backward direction is needed, especially for the polarized light which is
widely used for non-spherical particle detection and characterization.
Since the interpretation of retrieved aerosol properties and their time evolution can be
linked to the atmospheric humidity, the retrieval of water vapor mixing ratio profile is
quite relevant and has therefore been addressed in our work. Water vapor can be used
as a convenient tracer to separate dry continental air masses from oceanic air masses.
The latter is characterized by higher vapor content that was distinctly seen from the
LILAS data (use of 408 nm water vapor Raman channel). Two different techniques
were used to calibrate LILAS. The first standard tehcnique is the direct comparison
with close in time and space radiosounding. In our work, we propose a new method
that has been tested and first results are presented. Since Raman channel used for
water vapor mixing ratio profiling are more accurate during the night, this second
method is based on the Total Precipitable Water content obtained by lunar-photometer
measurements. Both calibration techniques give similar results with similar associated
uncertainties. The main advantage of the lunar approach is that both instrument, are
collocated in space and time whereas radiosoundings are rare and expensive.
In terms of perspectives, several important issues must be outlined.
A fraction of the SHADOW-2 campaign data has been analyzed and not all parameters measured by LILAS were considered. For example, spectral depolarization is
not considered yet in the inversion scheme. GARRLiC is expected to provide added
value parameters such as absorption coefficient profile. Some results have already
been obtained by several groups using GRASP/GARRLiC in the framework of ACTRIS JRA-1 activity, but deeper investigation and validation are requested (see PhD
thesis, Q.Y. Hu, LOA, in progress).
At both Lille and Dakar sites, additional in situ ground-based measurement are routinely performed (scattering coefficient from nephelometer, absorption coefficient from
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aethalometer, size distribution from GRIMM or similar granulometer, ACSM (aerosols
chemical speciation), high spectral resolution infrared spectrometer (CHRIS), air quality standard measurements (PMx). The corresponding boundary “conditions” could
be considered in a future version of GRASP/GARRLiC version so as to better describe
aerosol properties in the boundary layer with such LiDAR (see PhD thesis, Q.Y. Hu,
LOA, in progress).
Up to now, GARRLiC inversion is performed at one given time. The retrieval concept
can involve simultaneous inversion of measurements performed at different times,
including night-time where only spectral AOD could be obtained in the best case.
First attempts have been performed in the framework of ACTRIS-2/JRA-1 (Lopatin et
al., 2016, in progress).
In this thesis, we report only the GARRLiC retrievals performed with the LILAS elastic
channel (355, 532, 1064 nm). However, single wavelength LiDAR signal and sun/skyphotometer data can also be simultaneously inverted. Now, about 10 years of continuous collocated photometer/LiDAR data in Lille and Dakar can be reprocessed using
GRASP/GARRLiC data. Both BASIC and GARRLiC approach could even be compared more extensively in both sites (SHADOW-2 campaign). Since GARRLiC can
also be considered for night-time retrievals, the possibility to include Raman channels in the GARRLiC approach is currently under investigation. The forward model
has to be enhanced to include Raman signal simulation (A. Lopatin, Q.Y. Hu, work
in progress). Regarding aerosol chemical properties, several studies are under investigation (PhD thesis, Lei Li, LOA, is progress). An enhanced forward model included
in the GRASP/GARRLiC inversion is currently under development and evaluation.
To describe the chemical composition, the inputs of this model are no more aerosols
refractive index (real and imaginary) but fractions of a set of predefined aerosol types
(BC, BrC, Water, Dust, Iron). In this case, the retrieval is expected to provide the fraction of these elementary aerosol compounds. This work is under progress.
Although our work was mostly focusing on aerosols retrievals, frequent cirrus layers
occur. Clearly, the system such as LILAS has a potential for studying aerosols properties in the vicinity of clouds (low level and high level clouds). Relevant observations have been performed during SHADOW-2 campaign (aerosols properties (mostly
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dust), water vapor and ice crystals) and a paper is under preparation (Veselovskii et
al., 2017).
Finally, we would like to outline the importance of designing a processing system
which is able to inverse multi-source data jointly, it could based on GRASP developments. Such an operational system coupled to EARLINET SCC (Single Calculus
Chain) software will be extremely valuable for a wide community. This is one of the
central concept/project that France is promoting for the future ACTRIS-Research Infrastructure. Additionally, ESA is willing to support the initiative, since current advances in atmospheric composition measurements from space require access to independent, high-quality, global atmospheric composition ground-based data for the validation of the upcoming European EO missions and payloads S3, S5p, ADM-Aeolus,
EarthCARE, S4, S5, MERLIN, GOME-2c, 3MI. Additionally, the flexible inversion concept of GRASP approach can involve both satellite and ground-based co-located data,
which will open a new area of very promising multi-source aerosol retrievals. It will
enhance present studies on joint ground-based and airborne retrievals (Amiridis et al.,
2012; Amiridis et al., 2015). Also, it is possible to adapt and use GRASP/GARRLIC to
reprocess CALIOP data together with PARASOL/MODIS data.
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