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Abstract
There are two objectives in this study : (i) aerosols characterization using multi-wavelength
Mie-Raman lidar and (ii) the retrieval of aerosol properties through lidar and sun/sky photometer joint measurements. The measurements investigated were recorded in two observation sites : Lille (France) and M’bour, (Senegal). The measurements in M’bour were
conducted in the SHADOW2 (Study of SaHAran Dust Over West Africa) campaign, in
the framework of Labex CaPPA.
Aerosol characterization presented in this study concerns Saharan dust in M’Bour, longrange transported dust and Canadian smoke, as well as dust-smoke mixtures. Dust properties during the dry season and the transition period from dry to wet season, are characterized with lidar measurements in M’Bour. We found the contrast of dust properties during
the two periods, explained by the intrusion of marine aerosols. Long-range transported
Saharan dust in Lille showed distinct properties compared to the observations in M’Bour,
indicating the impact of the transport process. Transported Canadian smoke plumes were
detected at high altitude over Lille and exhibit surprisingly high depolarization ratios,
which is possibly caused by the smoke ageing process. Additionally, dust-smoke mixtures measured in M’Bour and Lille point out the differences of aerosol origins.
In the second part of this study, lidar volume linear depolarization ratio has been included in the aerosol retrieval algorithm GARRLiC/GRASP. Sensitivity tests are performed
to test the performance of GARRLiC/GRASP under different aerosol content, with different sphere fraction and with different error levels of molecular depolarization ratio and
calibration coefficient. Then GARRLiC/GRASP is applied to real sun/sky photometer
and lidar measurements and the retrievals are compared with results from independent
methods for verification. The comparison shows that GARRLiC/GRASP retrievals are
very consistent with the results from independent methods, but tend to produce lower
dust particle depolarization ratio compared to the lidar measurements.
Over all, our results are relevant to the European scientific community since GARRLiC/GRASP is being implemented in the ACTRIS data and service center. This work
will benefit to the evaluation of future European space missions.
Key words : Aerosol characterization ; remote sensing ; inversion algorithm
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Résumé
Les recherches que nous présentons ont principalement deux objectifs. D’une part la caractérisation des aérosols à l’aide du lidar Mie-Raman LILAS et d’autre part la restitution
des propriétés aérosols par l’inversion simultanée des mesures Lidar et photométriques à
l’aide l’algorithme GARRLIC/GRASP.
Les données analysées proviennent des super-sites d’observations de Lille (Hauts-deFrance) et M’Bour (site côtier, Sénégal). Les mesures de M’Bour ont été acquises pendant
SHADOW-2 (Study of SaHAran Dust Over West Africa), campagne réalisée dans le cadre
du labex CaPPA. L’étude porte, tout d’abord, sur les poussières sahariennes caractérisées
prés des sources (Sénégal), puis les aérosols sahariens transportés à longue distance, les
particules de fumée issues des feux de forêt canadiens, leur mélange caractérisés depuis le
site de Lille. Pendant la saison sèche et la période de transition (i.e. de la saison sèche à la
saison humide), les propriétés des poussières déduites du lidar LILAS opérant à M’Bour
présentent des différences, en partie explicables par l’intrusion d’aérosols marins. Les
poussières sahariennes transportées à longue distance et observées à Lille présentent des
caractéristiques bien distinctes de celles de M’Bour, témoignant de l’impact du transport.
A Lille, d’importants panaches de particules de fumée issus du Canada ont été détectés
jusqu’à très haute altitude et présentent des rapports de dépolarisation étonnamment élevés,
liés, en partie, au processus de vieillissement.
Dans la seconde partie de notre travail, nous nous sommes focalisés sur la validation, à
l’aide de plusieurs cas d’étude, et d’une méthode indépendante, de l’algorithme GARRLIC/GRASP. En particulier, nous avons étudié l’apport de la dépolarisation lidar sur la restitution des propriétés caractéristiques des aérosols restituées. La comparaison montre une
très bonne cohérence avec les résultats de méthodes indépendantes, sauf sur la dépolarisation
(biais de l’ordre de 10%). Ces cas d’étude ont également permis de mesurer les profils
d’absorption des aérosols, paramètre clef pour préciser leur impact radiatif. Nos résultats
démontrent l’intérêt de l’algorithme GARRLIC/GRASP, en cours d’implémentation au
Centre ICARE/AERIS, dans le cadre du projet et de l’infrastructure ACTRIS. Nos travaux aussi démontrent la pertinence des données du lidar et du photomètre sur les sites
remarquables de Lille et M’Bour, et de leur interprétation à l’aide d’algorithmes tels que
GARRLIC/GRASP pour la caractérisation fine des aérosols pour permettant leur impact
radiatif et pour l’évaluation des futures missions de l’Agence Spatiale Européenne.
Mots-clés : Caractérisation des aérosols ; télédétéction ; l’algorithme d’inversion
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Chapter 1
Introduction
“ I believe a leaf of grass is no less than the journey-work of the stars.”
– Walt Whitman

1.1

Context

Aerosols are suspending solid or liquid particles in the atmosphere. Natural aerosol
sources are widely spread on this planet, fires generated by solar radiation or lightning,
desert, volcanic eruptions and vast oceans are emitting significant amount of aerosol particles into the atmosphere. The human has lived with various aerosols for millions of year
since the beginning of our species. But it is after the industrial age that aerosols started
to attract the attention of the research community. Concerns about air quality and human health arose due to the dramatic increase of anthropogenic aerosols, as well as toxic
gases produced in industrial activities. There are several marked events in the history of
aerosol research. Arnold et al. [1990] found that aerosols can act as the reaction site of
heterogeneous chemistry thus promoting the destruction of stratospheric ozone in the polar region. The eruption of Mt Pinatubo in 1991 injected about 20 million tons of sulphur
compounds into the atmosphere and the global mean temperature dropped about several
tenths of a degree [Ansmann et al., 1997, Hansen et al., 1992, 1997] in 1992. After 2000,
intense and frequent haze events in Asia especially in China and India have threatened the
health of billions of citizens, flight safety and caused large economic losses [Menon et al.,
1
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2002, Garland et al., 2008, Huang et al., 2014]. Through these events people started realizing the impacts of aerosols on human health and the climate. However, the quantitative
estimation of aerosol impacts are still very uncertain, because the complexity of aerosol
properties and processes. Aerosol particles can absorb and scatter the incident solar radiation, thus directly affecting the earth radiative budget. Aerosols can also perturb the
vertical temperature profile and impact the cloud formation process, which is known as
the semi-direct effect [Hansen et al., 1997]. The suspending aerosol particles may act as
cloud condensation nuclei and ice nuclei, therefore, they impact the cloud formation process and cloud micro-physics, which is known as aerosol indirect impacts. The changes
in the cloud microphysics lead to the change of cloud macro-physical properties, for example the cloud albedo, lifetime and precipitation release [Jones et al., 1994, Storelvmo,
2017]. The main challenges of estimating the aerosol impacts on the radiative budget and
the climate are the characterization of aerosol particles, the understanding, parameterization and representation about aerosol processes and aerosol-climate interaction.

1.2

Aerosol sources

The origin of aerosols generally consists of two categories, natural source and anthropogenic source. No matter natural or anthropogenic aerosols, the particles are mainly
formed in two ways: the emission of primary particulate matter and the generation of secondary particulate matter from gaseous precursors. The main aerosol types in the atmosphere are mineral dust, inorganic species including sulphate, nitrate, ammonium, sea salt
and so on; organic aerosols (OA), black carbon and primary biological aerosols particles
(PBAP) [Boucher et al., 2013]. Mineral dust, sea salt and PBAP are usually primary particles, while nitrate, ammonium and non-sea-salt sulphate are mainly generated through
secondary formation process. Mineral dust particle, sea salt and PBAP are mainly from
natural source, while black carbon, nitrate and ammonium are mostly with anthropogenic
origins. The organic aerosols, including primary organic aerosols and secondary organic
aerosols, have both natural and anthropogenic sources.
Figure 1.1 displays the images of four aerosol samples in scanning electron microscope.
Aerosol particles are of different size, morphology and chemical compositions, depending
2
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on the nature of the particles. Mineral dust is the most abundant aerosol particles in the
atmosphere. Dust particles are produced mainly by wind erosion of soil particles [Gillette
and Passi, 1988, Shao, 2001, Zender et al., 2004]. The emission rate of dust depends on
the wind speed, characteristics of soils, such as soil moisture, vegetation and texture. The
major natural dust sources on earth are the Saharan desert, the Arabian peninsula, and
Asia (the Takla Makan and Gobi deserts) [Colarco et al., 2010]. Figure 1.2 shows the
plumes of Saharan dust observed in flight. Additionally, dust particles can be generated
by anthropogenic activities, such as road, constructions and land use. Recent studies suggest that the contribution of anthropogenic dust composes about 20–25% of the total dust
emission [Ginoux et al., 2012a,b]. Dust particles are mainly composed of particles with
radius larger than 0.6 µm [Dubovik et al., 2002a] and the shape of dust particles is highly
irregular as shown in Figure 1.1(b).

(a)

(b)

(c)

(d)

Figure 1.1. Aerosol particles in scanning electron microscope. (a) Feldspar particles, (b) Saharan
dust particles, (c) smoke particle, (d) volcanic ash particles. (a), (b) and (c) are from Volten et al.
[2001]. (d) is an image of an aggregation of soot particles from the Las Conchas fire (link).

Biomass burning aerosols originated from fire activities are another important aerosol
3
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Table 1.1. Key aerosol types in the troposphere. Terrestrial primary biological aerosol particles
(PBAPs), brown carbon and marine primary organic aerosols (POA) are particular types of organic
aerosols (OA) but are treated here as separate components because of their specific properties. The
table is adapted from Boucher et al. [2013].

Aerosol
species

Main source

Key Climate relevant properties

Sulphate

Primary: marine and volcanic emissions
Secondary: oxidation of SO2 , and other
S gases from natural and anthropogenic
sources

Light scattering. Very hygroscopic. Enhances absorption
when deposited as a coating
on black carbon. CCN active

Nitrate

Oxidation of NOx

Light scattering
Hygrospcopic. CCN active

Combustion of fossil fuels, biofuels and
biomass

Large mass absorption, efficiency in the shortwave. CCN
active when coated, maybe
IN active

Combustion of fossil fuels, biofuels and
biomass; continental and marine ecosystems, some anthropogenic and biogenic,
non-combustion sources

Light scattering. Enhances
absorption when deposited as
a coating on black carbon.
CCN active (depending on
aging time and size)

Combustion of fossil fuels, biofuels and
biomass; natural humic-like substances
from the biosphere

Medium mass absorption efficiency in the UV and visible.
Light scattering

Terrestrial ecosystems

Maybe IN active, may form
giant CCN

Wind erosion, soil resuspension. Some
agricultural practices and industrial activities (cement)

IN active. Light scattering
and absorption. Greenhouse
effect

Breaking of air bubbles induced e.g. by
wave breaking. Wind erosion

Light scattering. Very hygroscopic. CCN active, can include primary organic compounds in smaller size range

Emitted with sea spray in biologically active oceanic regions

CCN active

Black
carbon

Organic
carbon

... of which
brown carbon
... of which
terrestrial
PBAP
Mineral
dust

Sea spray

... of which
marine
POA

4
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(a)

(b)

Figure 1.2. Saharan dust observed from satellite and aircraft. (a) Saharan dust outbreak on 16
September 2017 (b) Marrakech city enveloped by dust plumes, this photo is taken by the author in
the flight from Paris to Marrakech on 16 August 2016.

type. The human evolution goes hand in hand with the use of fire. Smoke originated from
biomass burning has both natural and anthropogenic origin. The yearly outbreak of boreal
fires in summer in the northern hemisphere destroys a vast quantity of forest and emits
copious smoke, as well as trace gases into the atmosphere. Smoke originated from fossil
burning has gained the attention of the public since the last 2 centuries when the human
history moved into the industrial age. Satellite observations have shown increased levels of carbon monoxide (CO), ozone (O3 ) and other trace gases possibly originated from
biomass burning over South America, tropical Atlantic and Africa [Andreae and Merlet,
2001].
Black carbon is very effective in climate warming. Open burning of forests and savannas
is claimed to be the largest global source of atmospheric black carbon. Diesel engines,
industrial emission and solid fuels burning are also important sources of black carbon
[Bond et al., 2013]. To date, black carbon has reached almost every corner on the continent, even the Amazonian rainforest, one of the few remaining pristine places [Morgan
et al., 2014, Saturno et al., 2018].
Sea sprays are produced from the interaction of winds and waves. The bubbles generated
by breaking waves introduce sea salt and marine primary organic aerosol into the atmosphere. The sea spray process is a highly variable process depending on the wind speed,
5
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the state of the sea and the atmospheric conditions. The microphysics and chemical compositions of sea spay also have high uncertainties. Sea salt is usually big, spherical and
low absorbing particles. While the maritime POAs are found to be particles smaller than
0.2 µm [Leck and Keith Bigg, 2008, Russell et al., 2009]. Table 1.1 lists the source and
climatic properties of the main aerosol types that are found in the troposphere.

1.3

Current state of aerosol studies

Observations and modeling are two important fields of aerosol research. Researcher usually study aerosol through in-situ and remote sensing. In-situ measurements provides rich
and direct measurements about aerosol optical, microphysical and chemical characteristics. In-situ instruments are usually carefully calibrated and operated in a well-controlled
environment. The platform of in-situ measurements is restricted to the ground or on an
aircraft flying up to several kilometers over the ground level. In-situ measurements at very
high altitude have been conducted using a laser ionization mass spectrometer mounted onboard a high altitude research airplane [Murphy, 1988]. But this kind of measurements
are rarely realizable due to the cost and difficulties in operation. Unlike satellite data, insitu data are not advantageous in producing data in large quantity or scale. Additionally,
the data standardization, the sampling technique and expriment condition are, to some
extent, questionable issues that gaping the in-situ data and remote sensing data.
Passive and active remote sensing are two main branches in the remote sensing technique.
Passive instruments do not emit radiation but detect the radiation transmitted or scattered
by the targets, which could be aerosols, clouds and gases in the context of this study.
There are various passive remote sensing instruments aiming at different atmospheric
constituents. For example, the CIMEL sun/sky photometer was designed for measuring
the optical depth and sky radiances. The Pandora spectrometer was designed specifically
to measure ozone, nitrogen dioxide and formaldehyde in the atmosphere. Active remote
sensing instruments are usually radar 1 or lidar 2 , which detects the reflected or scattered
radiation. Lidar and radar provide distance-resolved information, which is helpful in
studying the aerosol or cloud distributions and dynamics. Lidar is a widely used tool
6
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in aerosol and cloud characterization. The development of lidar technique enhances the
information abundance of lidar measurements. Multi-wavelength Mie-Raman lidar with
polarization channels can derive multiple parameters at a single acquisition. To overcome
the sparse distribution of the ground-based observational site, networks are built to provide regional or global monitoring. The Aerosol Robotic Network (AERONET, Holben
et al. [1998]) is a global network based on CIMEL sun/sky photometers. AERONET provides long-term aerosol observations and retrievals over the world. Pandonia is a global
remote sensing network based on the instrument Pandora-2S. Lidar networks such as
the European Aerosol Research Lidar network (EARLiNET, Papayannis et al. [2005],
Wandinger et al. [2016]) and the Micro-pulse lidar network in the framework of NASA
(MPLNET) are regional networks for lidar observations.

Figure 1.3. The map of global AERONET observation sites

Satellite remote sensing has a unique advantage in the spatial coverage compared to the
other remote sensing techniques. Depending on its orbit, satellite sensor can provide
observations with global coverage. A variety of sensors, including both passive and
active instruments, can be deployed on satellites. Instruments designed for aerosol research, such as the Moderate Resolution Imaging Spectrometer (MODIS, Remer et al.
[2005]), Polarization and Directionality of the Earth’s Reflectances (POLDER, Tanré
et al. [2011]) and so on, provide long-term and globally covered aerosol observations.
The Multi-viewing, multi-channel, multi-polarization Imager (3MI, Manolis et al. [2013],
1. Radar: RAdio Detection and Ranging
2. Lidar: LIght Detection and Ranging

7
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Marbach et al. [2013]) onboard EUMETSAT’s Metop-SG A satellite, which is scheduled
to be launched in 2021, is dedicated to aerosol characterization, climate monitering and
numerical weather prediction. The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO, Winker et al. [2009, 2003]) is a successful space-borne
lidar, following the first space lidar mission LITE (Lidar In-Space Technology Experiment). CALIPSO measures vertically resolved backscattered signal and depolarization
ratio, which provide important information for the profiling and classification of aerosols
and clouds in a global scale. The success of CALIPSO motivates the development and
applications of new active space borne sensors. The Cloud-Aerosol Transport System
(CATS) is lidar system installed on the International Space Station for short-term use.
One lidar and one radar will be onboard the Earth Clouds, Aerosols and Radiation Explore (EarthCare, Illingworth et al. [2015]) mission. The data will contribute to the studies
of aerosols, clouds, precipitation and other studies.

Figure 1.4. CALIPSO orbit and measured backscatter signal. The data is taken from CALIPSO
track at 01:30 UTC, 23 August 2017.

All the techniques mentioned above, including in-situ, ground-based and space borne remote sensing technique have both advantages and limitations. Bridging the gaps between
the datasets from different sources will definitively improve our knowledge about aerosols
and their climate influences. This intense interest has stimulated many field campaigns
devoted to different aspects of aerosol research. The Saharan Mineral Dust Experiment
8
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project (SAMUM) is focused on the properties and transport of Saharan dust, as well
as the interaction of dust with solar and terrestrial radiation. This campaign involved
in-situ, lidar, aircraft and satellite measurements. Fresh dust, aged dust and dust mixed
with marine aerosols were recorded and characterized in SAMUM campaign. Moreover,
the measurements served as input and constraints for the modeling the radiative forcing
effect of dust and for validating the output of dust model [Ansmann et al., 2009, Esselborn et al., 2009, Ansmann et al., 2011]. Following the success of the SHADE (Saharan
Dust Experiment, Tanré et al. [2003]) field campaign in 2003, the SHADOW2 (Study of
aerosol in Saharan dust over West Africa) took place in March, April, December 2015
and January 2016 in M’Bour, Senegal. SHADOW2 involved a comprehensive instrument sets, including in-situ, remote sensing and airborne measurements. The objective of
SHADOW2 is the characterization of dust particles near the source. About 42-day measurements were accumulated and the measurements involved not only dust observation,
but also dust mixed with marine aerosol and smoke. Several episodes are selected and
presented in this study.
Observational data are valuable and fundamental for studying the aerosol properties and
climatic effects. As mentioned above, there have been numerous contributions from different communities, in-situ and remote sensing, ground-based and space borne, laboratory measurements and field campaigns. These data are diverse in data quality, data type,
spatial and temporal resolution and coverage. As a result, it is a great challenge to integrate these various measurements. Many efforts have been made to better represent
and interpret aerosol properties based on modeling and data assimilation. In the past
decades, several models coupling the main aerosol species or dust only, have been developed for short, medium range or global scale. The NMMB-MONARCH model (NMMB:
Non-hydrostatic Multi-scale Model on the B grid; MONARCH: Multiscale Online Nonhydrostatic AtmospheRe CHemistry, Pérez et al. [2011], Di Tomaso et al. [2017]) is a
chemical weather forecast system operating in both regional and global scale. NMMBMONARCH is initially focused on mineral dust and sea salt. The implementation of other
aerosol species is under development [Spada et al., 2013, Badia et al., 2017]. The NMMBMONARCH model considers observational dataset of MODIS, OMI (Ozone Monitor-

9
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ing instrument, Levelt et al. [2006]) and AERONET measurements. NASA’s GOCART
model (Georgia Tech/Goddard Chemistry, Aerosol, Radiation and Transport, [Chin et al.,
2000, Ginoux et al., 2001]) is an online aerosol transport modeling system that incorporates atmospheric components of dust, sea salt, black carbon and organic carbon, and
sulphate aerosols. GOCART is driven by the GEOS-5 (Goddard Earth Observing System,
version 5) atmospheric circulation model and provides global distributions of aerosol concentrations, vertical profiles, and optical thickness of individual as well as total aerosols
[Chin et al., 2002, Colarco et al., 2010]. The MERRA-2 (Modern-Era Retrospective
Analysis for Research and Applications, version 2 [Gelaro et al., 2017, Buchard et al.,
2017]), is NASA’s latest reanalysis for the satellite era. MERRA-2 uses the GEOS-5
model and the aerosol module in GOCART. MERRA-2 assimilates observational datasets
from AERONET, MODIS, AVHRR, MISR. The products of MERRA-2 includes aerosol
optical properties, vertical concentrations and mixing ratio of each aerosol component,
as well as surface PM2.5. MERRA-2 is a helpful tool for the observation community,
as it provides additional information for better understanding and interpreting the observations. At the same time, observations are very useful dataset for the verification and
constraint of models. Veselovskii et al. [2018b] compared the Raman lidar observations
collected in SHADOW2 with the vertical profiles from MERRA-2 in a smoke episode.
Evaluation and comparison of MERRA-2 product with real measurements are studied by
researchers [Buchard et al., 2017, Song et al., 2018] and more contributions are needed.

1.4

Objectives of this study

The main objective of this study is to characterize aerosol properties using multiple wavelength lidar observations and to improve lidar and sun photometer synergy retrieval with
lidar measured depolarization ratio. To achieve this goal, the lidar system has been well
tested and upgraded to assure and improve the quality of the measurements. During the
SHADOW2 campaign and regular operation in Lille, abundant observational data were
accumulated and provide a rich observational dataset for aerosol and cloud study. In
this study we analyzed a series of aerosol observations, including Saharan dust, longtransported dust, smoke, as well as dust-smoke mixtures, which are among the main
10
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aerosol components in the atmosphere. Lidar observations provide an excellent dataset
for characterizing their optical and microphysical properties. Information from some extra
data sources such as models and satellite sensors are used to better interpret the observations and related processes.
The lidar measured depolarization ratio is for the first time included in GARRLiC/GRASP
GARRLiC/GRASP (GARRLiC: Generalized Aerosol Retrieval from Radiometer and Lidar Combined data, GRASP: Generalized Retrieval of Aerosol and Surface Properties )
algorithm to improve the retrieval of aerosol columnar and vertically resolved optical and
microphysical properties. Sensitivity tests are designed to investigate the performance
of GARRLiC/GRASP when including depolarization ratio and to answer the questions
related to the concerns of GARRLiC/GRASP users. Then GARRLiC/GRASP algorithm
is applied on real lidar and sun/sky photometer observations. The results are verified by
independent methods to demonstrate the strengths and limitations of GARRLiC/GRASP
retrieval.

1.5

Layout of this study

This thesis is divided into five chapters. The first chapter presents briefly the overview
and background of aerosol research and is then followed by the objectives of this study.
The second chapter presents firstly basic theories about molecular and particulate scattering. Then, the two main instruments, sun/sky photometer and multi-wavelength lidar
are introduced. The lidar related data processing methods are presented in the end of
the second chapter. The third chapter contains mainly lidar observations recorded in
M’Bour and Lille site. Dust seasonal features were detected by lidar and sun/sky photometer observations and retrievals. Additionally, long-range transported dust, smoke,
and dust-smoke mixture episodes are observed and analyzed. The fourth chapter presents
the implementation of sun/sky photometer and lidar joint retrieval, GARRLiC/GRASP ,
using linear depolarization ratio derived from lidar measurements. The strategy of GARRLiC/GRASP algorithm is introduced based on the work of Lopatin et al. [2013]. Four
groups of sensitivity tests are designed and performed to investigate the performance of
GARRLiC/GRASP . Then GARRLiC/GRASP is applied to real measurements collected
11
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in SHADOW2 campaign. The optical properties obtained from GARRLiC/GRASP are
compared with independent AERONET retrieval and Raman inversion. The fifth chapter
contains the conclusions and perspectives of this work. The supplementary materials and
published paper are added in Appendix A and B.

12
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Chapter 2
Instrumentation and methodology
“Real knowledge is to know the extent of one’s ignorance. ”
– Confucius

In this chapter, the basis of molecular and particulate scattering are firstly introduced for
better understanding the content of this thesis. Then the two main instruments: the sun/sky
photometer and multi-wavelength Mie-Raman lidar are briefly presented. We take the
CIMEL sun/sky photometer, CE318-N, as a model of all the serials of sun/sky photometers. Lidar is a unique instrument that is able to measure distance-resolved aerosol properties. LILAS (LIle Lidar Atmospheric Study) operated in LOA (Laboratoire d’optique
atmosphérique, Lille, France) is a multi-wavelength Mie-Raman lidar affiliated to EARLiNET network. The system of LILAS, the calibration and the data-quality check procedure and the lidar data processing are written without giving too many technical details,
in order to provide a concise introduction for lidar operation and lidar data treatment.

2.1
2.1.1

Light scattering
Molecular scattering

When a monochromatic radiation of frequency ν0 is incident on a molecular system, some
of the radiation is transmitted with frequency preserved and some is scattered to other
directions. The scattered light mostly preserves the frequency of the incident light, while
a frequency shift in a fraction of the scattered light is detected. The scattering without
13
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frequency change is called elastic scattering and the scattering with a shift of frequency
is named as Raman scattering. The elastic molecular scattering is sometimes mistaken
as Rayleigh scattering, named after the British physicist Lord Rayleigh. While the real
meaning of Rayleigh scattering is the sum of the Cabannes lines and rotational Raman
lines. In the time of Lord Rayleigh, Raman scattering has not been discovered and the
spectral resolution of optical filters is not sufficient to separate the Cabannes line and
rotational Raman lines which locate closely on both sides of the Cabannes lines [Young,
1982]. Raman scattering was firstly predicted by Smekal [1923] and then discovered by
Raman [1928]. Due to the variation of temperature, pressure and collective motion of
molecules, the spectrum of the elastically scattered light will be broadened. The exact
elastically scattered radiation is located within the Cabannes lines. Figure 2.1 illustrates
the principle of elastic and inelastic scattering.
The total Rayleigh scattering cross-section, including the Cabannes lines and rotational
Raman lines, per molecule is expressed as follows:
σR (λ) =

24π 3 (n2s − 1)2 6 + 3ρn
,
λ4 Ns2 (n2s + 2)2 6 − 7ρn

(2.1)

where λ is the wavelength of the incident light, Ns is the molecular density for standard
air, and ρn is the depolarization factor of molecules, the term

6+3ρn
6−7ρn

is often called the

‘King correction factor’ [Bucholtz, 1995]; ns is the refractive indices of standard air.
This formula is widely used in the calculation of molecular extinction and backscatter coefficients without distinguishing elastic scattering and rotational Raman scattering. Since
elastic scattering is several orders stronger than the rotational Raman scattering in the atmosphere, it will not cause big differences. But, for lidar depolarization measurements,
the Cabannes lines should be well separated from the rotational Raman lines because the
latter is strongly depolarizing (about 75%) and insufficient suppression of rotational Raman lines will contaminated the depolariziation measurements.
The phase function of Rayleigh scattering for unpolarized incident light is given below:
3
PR (Θ) = (1 + cos2 Θ),
4

(2.2)

14
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Figure 2.1. Elastic and inelastic scattering. The incident frequency is ν0 . The scattered light with
negative frequency shift -νm is called Stokes scattering and positive frequency shift νm is called
anti-Stokes scattering.

Figure 2.2. Scattering components from laser illumination of a diatomic molecular gas (e.g. nitrogen), at sequentially higher resolution [Miles et al., 2001].
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where Θ is the scattering angle, defined by the angle of the incident direction and scattering direction in the incident plane.
When the diatomic molecules, e.g. N2 and O2 , interact with linearly polarized light, the
polarization state of elastically or inelastically scattered light can be described by the average molecule polarizability ā and the anisotropy of the polarizability γ. For example,
the incident light is linearly polarized and the direction of the electric component is vertical to the scattering plane, if elastically scattering light is mostly polarized in the same
direction while the anisotropy of molecules can cause a fraction of horizontally polarized
light. The ratio between the two orthogonal polarized light is called the linear depolarization ratio. The depolarization of Raman scattering is more significant than the elastic
scattering and their expressions are:
δvC =
δvR =

3
180 + 4
3
4

,
(2.3)

,

Where the superscript ‘C’ and ‘R’ denote the Cabannes line and rotational Raman lines,
and  = (γ/ā)2 . For air, the weighted average accounting for N2 and O2 gives about
 = 0.222, with very weak wavelength dependence. The subscript 0 v 0 represents that
the polarization direction of the incident light is vertical with respect to the scattering
plane. If we take into account the Cabannes line and rotational Raman lines, the total
depolarization ratio will be:
δvT =

3
45 + 4

.

(2.4)

Table 2.1 presents the relative intensity of Rayleigh and Raman scattered light. The table summarizes unpolarized light, linearly polarized light with electric component in the
vertical or horizontal plane, and for any scattering angle Θ. The letters, ‘C’, ‘W’ and
‘T’ represent the Cabannes line, entire rotational Raman wings and the sum of the two.
The superscripts on the left represent the polarization direction of the incident light and
subscript on the right present the polarization direction of the scattered light. ‘V’ and ‘H’
represent respectively the linearly polarized light with electric vector vertical and parallel
to the scattering plane. ‘0’ denote the unpolarized incident light or scattered light.
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Table 2.1. Relative Rayleigh and Raman scattering intensity [Kattawar et al., 1981]

V polarization in

H polarization in
Sum (natural light in)
Cabannes line
V
0
CV = 180 + 4 H CV = 3
CV = 180 + 7
V
H
2
0
CH = 3
CH = 3 + (180 + ) cos Θ
CH = 6 + (180 + ) cos2 Θ
V
H
2
0
C0 = 180 + 7
C0 = 6 + (180 + ) cos Θ
C0 = 12 + (180 + )(1 + cos2 Θ)
Raman lines
V
H
0
WV = 12
WV = 9
WV = 21
V
H
2
0
WH = 9
WH = 9 + 3 cos Θ
WH = 18 + 3 cos2 Θ
V
H
0
W0 = 21
W0 = 12 + 3 cos2 Θ
W0 = 36 + 3(1 + cos2 Θ)
Total
V
0
TV = 180 + 16 H TV = 12
TV = 180 + 28
V
H
2
0
TH = 12
TH = 12 + (180 + 4) cos Θ TH = 24 + (180 + 4) cos2 Θ
V
T0 = 180 + 28 H T0 = 24 + (180 + 4) cos2 Θ 0 T0 = 48 + (180 + 4)(1 + cos2 Θ)

2.1.2

Particle scattering

The interaction between electromagnetic wave and particles strongly depends on the ratio
of the particle size to the wavelength of the incident light, which is also called size parameter, x = 2πr/λ. The size parameter is defined as a reference to separate the scheme
of scattering. For particles or molecules with x  1, Rayleigh scattering is considered;
while for x ≥ 1, the scattering is called Lorentz-Mie scattering. Lorentz and Mie independently derived the exact solution for the interaction between electromagnetic wave and
homogeneous or radical stratification spheres [Lorentz, 1890, Mie, 1908]. The mathematical theory about Lorentz-Mie scattering can be found in Born and Wolf [2013]. Figure
2.3 shows the angular pattern of Lorentz-Mie scattering for particles with different size.
The exact solution for the interaction between the electro-magnetic field and particles can
be derived only for a few geometrical shapes [Mishchenko et al., 2002]. However, the
morphology of real particles is highly diverse and difficult to be mathematically represented. Hence, the modeling of optical properties of non-spherical particles is still a challenge. Many efforts have been made in modeling the optical properties of non-spherical
particles. Draine and Flatau [1994] presented that the discrete dipole approximation permits calculations of scattering and absorption with accuracy to within a few percent. Yang
17
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et al. [2000] used the finite-difference-time domain technique for calculating the scattering. In principle, the two methods have no obvious limitations, but they require excessive computing time, which limits the usage of these methods. Mishchenko et al. [1997]
presented that the randomly oriented spheroids with varying sizes and aspect ratios can
reproduce the phase function of desert dust with adequate accuracy. The spheroid model
has been applied on aerosol retrieval using remote sensing dataset [Dubovik et al., 2002b,
2006, Veselovskii et al., 2010, Lopatin, 2013]. The spheroid model is also used in the
sun/sky photometer and lidar joint inversion method in Chapter 4.
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Figure 2.3. The scattering pattern calculated from Lorentz-Mie scattering. The incident light
wavelength is 0.5 µm (in vacuum), and the particle diameter is (a) 0.1 µm, (b) 1.5 µm, (c) 5.0 µm.

The Stokes vector [Chandrasekhar, 2013] is a set of values that describe the intensity and
polarization of a radiation. The effect of an optical system or object on polarizing light
can be represented by applying a scattering matrix (also called Müeller matrix) on the
Stokes vector of the incident light. More theoretical details about Stokes vector and scattering matrix can be found in the publications of van de Hulst [1981], Bass et al. [1995],
Mishchenko et al. [2002] and Goldstein [2003]. The scattering process of aerosols is described by the scattering matrix P ij (Θ). Specifically, the transformation of the Stokes
vector of incident light into the scattered light is written as below:


Is





P11 (Θ) P12 (Θ)

0

0



Ii



  
 
  
 
Qs  P12 (Θ) P22 (Θ)
0
0  Qi 
 ∝
 
  
 
 Us   0
0
P33 (Θ) P34 (Θ)  Ui 
  
 
Vs
0
0
−P34 (Θ) P44 (Θ)
Vi

,

(2.5)
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where Pij is the matrix element, Θ is the scattering angle, I, Q, U, V are the four elements
of the Stokes vector and the subscript 0 s0 and 0 i0 represent the scattered light and incident
light, respectively. Expression 2.5 is a characteristic representation of any ensemble of
randomly oriented particles with equal number of particles and their mirror-symmetric
counterparts [Dubovik et al., 2006]. Each element in the scattering matrix is determined
by the incident wavelength, the complex refractive index, the scattering angle and the
morphology of the scattering particles. The element P11 (Θ) in the scattering matrix is
called the phase function. The phase function follows the normalisation rule:
1
2

Z

π

sin(Θ)P11 (Θ)dΘ = 1.

(2.6)

0

For spherically symmetric particles, i.e. homogenous or radically inhomogeneous spherical particles [van de Hulst, 1981, Mishchenko et al., 2002], the scattering matrix can be
further simplified by:
P11 = P22 , P33 = P44
Figure 2.4 shows the fitting of the elements in the scattering matrix of a Feldspar samples (at 0.441 µm) using spheroid model. Volten et al. [2001] measured the scattering
matrices of a Feldspar sample, which is composed mostly of irregular particles. The size
distribution and axis ratio distribution retrieved using spheroid model fit well with the
measurements. The figure is taken from Dubovik et al. [2006].
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Figure 2.4. The fitting of feldspar scattering matrix at 0.441 µm. The simulations for spheres and
spheroids use the same size distribution and complex refractive index, which are retrieved using
the spheroid model. The retrieval is based on the measurement of scattering matrices of irregular
Feldspar particles [Volten et al., 2001].
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Sun/sky photometer

The sun/sky photometers (in Figure 2.5, https://www.ncas.ac.uk/en/cimel-sun-photometer)
deployed in the AERONET network are developed by the French company CIMEL Electronique. It is a multi-channel, automatic and solar-powered radiometer that measures
both the solar irradiance and angular radiance on the surface of the Earth. The standard
CE318-N sun/sky photometer uses 340, 380, 440, 500, 675, 870, 937, 1020 and 1640 nm
filters. The measurements that will be introduced in this chapter are based on CE318N model. In addition to the standard sensor head, four other sensor types: polarized,
seaprism, BRDF (Bidirectional Reflectance Distribution Function) and BRDF with 12 filters are also available on the presence of additional filters and mechanics.

Figure 2.5. A Cimel sun/sky photometer operated at M’bour, Senegal.

The sun/sky photometer measurements consist of two types: the direct sun measurements
and sky radiance measurements. The direct sun measurements are performed on 9 different wavelengths: 340, 380, 440, 500, 675, 870, 937, 1020 and 1640 nm. The direct
sun measurement determines the spectral attenuation of the atmosphere when the incident
sunlight goes from the top of the atmosphere to the planet surface, reaching the detector of
the photometer. The total attenuation of the atmosphere τ (λ) consists in the contribution
21
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of aerosols, molecules and absorbing gases. This can be expressed as follows:
τ (λ)

I(λ) = I0 (λ)e− cos(θ)

(2.7)

τ (λ) = τaer (λ) + τmol (λ) + τgas (λ),
where τ is the total optical depth, and τaer , τmol and τgas represent the optical depth of
aerosols, molecules and gases. I0 and I represent the incoming light flux at the top of the
atmosphere and the light flux reaching the surface of the detector. The angle θ represents
the zenith angle of the detector. The direct sun measurements should be performed under a cloud-free condition to avoid the attenuation of clouds. The wavelengths of direct
sun measurements are carefully selected at the band where low or no absorption of atmospheric gases is expected, except for the 937 nm channel where a water vapor absorption
peak locates. The measurements at 937 nm are used to derive the total water vapor content. The number of the wavelengths depends on the model of the instruments, while the
minimal dataset of the spectral direct sun measurements contains 440, 675, 870 and 1020
nm.

(a) Almucantar measurements

(b) Principal plane measurements

Figure 2.6. CIMEL sky radiance measurements: almucantar and principal plane measurements.
The plots are adapted from Lopatin [2013]. The angle θs represents the solar zenith angle, ϕa
represents the azimuth angle.

The sky radiance measurements consist of two different protocols: the almucantar and
principal plane measurements. The schematic of almucantar and principal plane measurements is plotted in Figure 2.6. The almucantar technique consists in measuring the
sky radiance in aerosol channels, keeping a constant zenith angle equal to the zenith solar
angle θs with varying azimuthal angle ϕa . The principal plane technique keeps a constant azimuthal angle (180◦ or 0◦ ) and varying zenith angles [CIMEL, 2015]. According
22
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to the configuration of the standard CE318-N photometer, the almucantar and principal
plane measurements are performed on the same wavelengths: 440, 500, 675, 870, 1020
and 1640 nm. In the almucantar measurements, the azimuthal angles vary from 0.0 ◦ to
180.0 ◦ for the right side and from 0.0 ◦ to -180.0 ◦ for the left side. Assuming that the
atmosphere is homogenous, almucantar measurements on the left and right side should
be symmetrical. If this condition is met, the two measurement sets will be averaged at
corresponding azimuthal angles (whose absolute values are the same). If not, the two
values will be discarded. The reason causing the asymmetry is possibly due to clouds or
non-homogeneity of the atmosphere. For the principal plane measurements, the zenith
angle varies from -6 ◦ to 150.0 ◦ . It is worthy to mention that the origin of the azimuthal
angle is at the position where the photometer is pointing to the sun. More technical details can be found in the user’s manual in CIMEL [2015]. The relationship between the
scattering angle Θ and the viewing angles (θv , ϕv ) and the solar zenith angle and azimuth
angle (θs , ϕs ) is [Nakajima et al., 2007]:
Almucantar: cos(Θ) = cos2 (θs ) + sin2 (θs ) cos(ϕv − ϕs )
Principal plane: cos(Θ) = cos(θv ∓ θs )
π
θs , θv ∈ [0, ], ϕv , ∈ [−π, π]
2

(2.8)

In principle, the scattering angle reaches its maximum when
θs =

π
, and ϕv = ±π,
2

however, this condition is not fulfilled in the real measurements because θs is restricted to
be smaller than π2 . So it is to say that the backward scattering cannot be measured, which
is a great limitation for the almucantar measurements and a gap between the photometer
measurements and lidar measurements. At current stage, the results retrieved from direct sun, almucantar and principal plane measurements are available in the AERONET
database. A new scanning scenario, HYBRID, has been developed for new photometer models and the inversion products have recently been released on the AERONET
database. The strategy of AERONET retrieval (using the direct AOD and almucantar
measurements) will be introduced in Chapter 4.
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Lidar instrument
General description of lidar

The first application of lidar dated back to 1963 [Goyer and Watson, 1963] when a conceptual possibility of laser application to the meteorology was described. Depending on
the interaction processes that lidar emission interacts with the atmospheric constituents,
lidar can be used to profile the temperature, pressure, wind, humidity, clouds, trace gases
as well as aerosols [Wandinger, 2005]. The wavelengths used by a lidar system are selected according to the applications and the wavelength range varies from the ultraviolet to the mid-infrared. The Nd:YAG (Neodymium-doped Yttrium Aluminum Garnet;
Nd:Y3 Al5 O12 ) lasers are widely used by the lidar community. The Nd:YAG crystal emits
radiation typically at 1064 nm which can be converted into 532 nm and 355 nm by means
of frequency doubling and tripling, respectively. 266 nm radiation can also be obtained by
frequency quadrupling. Nd:YAG laser can operate in both continuous and pulsed mode.
Other laser source such as ruby, CO2 , excimer are also widely used in different lidar applications.
A basic lidar setup consists of two parts: the emitting system and the receiving system.
The emitting system is composed of laser source, beam expander as well as the emitting
optics; the receiving system is composed of a telescope, receiving optics and the data
acquisition. The laser beam emitted by the laser source is usually highly collimated and
quasi-monochromatic. The beam expander is used to reduce the divergence and expand
the diameter of the laser beam. The beam divergence after the beam expander can often
reach few hundred micron radian. A telescope is used to collect the scattered photons.
The Field-of-View (FOV) of the telescope has to be carefully selected. The FOV is determined by the size of a field stop that locates in the focal plane of the receiving optics. The
increase of the FOV help to decrease the overlap range which is caused by the fact that in
the near range the emitted beam is not completely covered by the FOV of the telescope.
At the same time, the increase of the FOV of the telescope will increase the background
light, thus decreasing the signal-to-noise ratio, and increase the possibility of detecting
multiple scattered photons. Different lidars may have different ranges of interest, so the
24
© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Qiaoyun Hu, Université de Lille, 2018

2.3. LIDAR INSTRUMENT

25

FOV of the telescope is selected according to different usage. For example, lidars for
cloud observation need very small FOV to avoid multiple scattering; stratospheric ozone
lidar can use chopper to completely avoid the strong backscattered signal in the troposphere and only collect signal in the stratosphere; aerosol lidars need to find a balance for
the choice of FOV to achieved a favorable performance of lidar system.

Figure 2.7. A schematic drawing of a photomultiplier tube, the figure is from Internet 1 . The
photomultiplier consists of a photocathode, several dynode and a anode. Incident light reaching
the surface of the photocathode will generate electrons as a consequence of photoelectric effect.
The generated electrons are directed onto the dynodes and multiplied by the secondary emission.

The receiving optics consist mainly dichroic mirrors that split light by the wavelength,
polarizing beam splitters that separate light by the polarization state, wave plates as well
as density filters. The dichroic mirror reflects or transmits light depending on the wavelength. Interference filters are mainly used to transmit the backscatter light in the band
of interest and suppress the light out of this band. The polarizing beam splitter splits the
incident light into two beams with different polarization orientation. Half wave-plate is
used to change the polarization orientation of the incident light. Density filters are used
to regulate the amplitude of the backscattered signal in order to fit the dynamic range
of the detector. The development of optical technique enables not only the detection of
the intensity of the backscattered radiation but also the polarization state. Many atmospheric lidars can measure the particle linear depolarization ratio in order to characterize
the shape of the aerosol particles or clouds phase. The measurement of the depolarization
ratio does not require any additional optics in the emitting system as the laser beam used
in a lidar system is usually linear polarized. Polarizing beamsplitters are used in the re1. To see the original webpage, please click here.
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ceiving system to split the backscattered light into parallel-polarized and cross-polarized
channels. The two channels need to be calibrated to account for the optical and electronic
gain between them. The calibration procedure will be introduced in the following section.
The backscattered signal is detected by the photomultiplier tubes (PMTs) or photodiodes.
The photon-counting technique enables the detection of an individual photon, hence, this
technique is very sensitive to very weak signals. It is intrinsic for a detector to have
limited sensitive range and the signal should be properly corrected especially when the
incoming signal is strong. Due to this limitation of the photon-counting technique, the
analog detection is preferable for strong backscattered signal . The analog detection measures the averaged current generated by the incident photons and converts it into digital
signals. The data acquisition system usually records the time-averaged backscattered signal at corresponding range level. The number of averaged laser pulses varies from a few
to a few hundreds, depending on the repetition rate of the laser.

θ

Telescope

Receiving
op6cs

Data acquisi6on

Filed
stop

Laser

Beam
Expander

O(z)

Figure 2.8. The principle setup of a bi-axial lidar system. The function O(z) is the overlap function
of the lidar system. θ is the half-angle of FOV. ∆R is the range resolution of the lidar signal. ∆R
1
is determined by the light speed c and the frequency (= ∆t
) of the data acquisition.

Figure 2.8 presents a typical lidar system. The general form of the lidar backscattered
26
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signal can be expressed as:
R(r, λ) = P (r, λ) r2

(2.9)

= A O(r) β(r, λ) T (r, λ) ,
where R(r) is the range-corrected lidar signal and P (r) is the recored raw signal detected
by the data acquisition system, without range correction. The factor A is determined by
the characteristics of the lidar system. In reality, this factor is dependent on the laser
source and the emitting optics. Also A should be wavelength-dependent, however, in a
simplified form, A is assumed to be constant. β(r) is the backscatter coefficient of the
scatters interact with the laser beam. T (r) is the round-way transmission as the photons
propagate 2r distance. The overlap function, O(r), is related to the size, divergence and
shape of the laser beam, the displacement between the laser beam and the center of the
telescope, the FOV of the telescope, the optics before the detector as well as the homogeneity of sensitivities of the PMT surface.
In the atmosphere, the scatters that interact with the laser beam are usually gas molecules,
aerosol particles and cloud particles. While aerosols and clouds make no difference in the
expression of lidar equations when assuming no presence of multiple scattering. Considering elastic scattering, the lidar equation can be written as below:
R(r, λ) = P (r, λ) r2
Z
= A O(r) [βmol (r, λ) + βaer (r, λ)] exp{−2
0

r

[αmol (r0 , λ) + αaer (r0 , λ)]dr},
(2.10)

where α and β represent the extinction and backscatter coefficient, respectively. The
subscripts 0 mol0 and 0 aer0 denote molecule and aerosol. When the polarization of the
backscattered light is measured, the backscatter coefficient βmol/aer (r) should be writk

⊥
ten as βmol/aer (r) or βmol/aer
(r), depending on the polarization direction of the incom-

ing backscattered light. In practice, the transmission term is regarded as polarizationindependent although it might be possible that the transmission through certain anisotropic
particles, e.g. uniformly oriented ice particles, is correlated with the polarization state
[Weitkamp, 2006].
As to Raman scattering, usually the constant atmospheric constituents in the atmosphere,
27
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i.e. N2 and O2 , are used as the reference molecules. Other molecules, such as water vapor H2 O, methane CH4 and CO2 ...etc, are also used as reference molecules of Raman
scattering. The Raman lidar equation can be written as:
R(r, λR ) = P (r, λR ) r2
Z
= A O(r) βR (r, λR ) exp{−

r

[αmol (r0 , λ) + αaer (r0 , λ) + αmol (r0 , λR ) + αaer (r0 , λR )]dr},

0

(2.11)

where βR represents the backscatter coefficient of the Raman scattering and λR is the
wavelength of the Raman radiation. The difference in the transmission term between
Equation 2.10 and 2.11 is due to the fact that the laser emitted radiation keeps the wavelength before interacting with the Raman scatters and then the Raman radiation is emitted
and returned to the receiving optics of the lidar system. Thus, the transmission term expands to four sub-terms.

2.3.2

LILAS system

The multi-wavelength Mie-Raman lidar – LILAS has three emitting wavelengths, 355,
532 and 1064 nm and three Raman wavelengths, including two nitrogen and dioxygen
Raman channels at 387 and 530 nm, as well as one water vapor channel at 408 nm. The
530 nm is a rotational Raman channel [Veselovskii et al., 2015] and 387 and 408 nm
are the vibrational-rotational channels. During the development of the instrument, the
number of polarization channels varied from 1 to 3. At current stage, the system has 3
polarization channels at the three elastic wavelengths. Figure 2.9 displays LILAS system in LOA (left) and the laser beam of LILAS during the field campaign in 2015–2016
(right). LILAS uses a Nd:YAG laser produced by Spectra Physics. The pulse energy is
90/100/100 mJ at 355/532/1064 nm and the repetition ratio is 20 Hz. LILAS is biaxial
system with a Newton telescope of 40 cm diameter. Figure 2.10 presents the scheme of
the LILAS system. The laser source is installed on the back of the telescope. The laser
beam emitted from the laser source is with a diameter of 3 mm and with divergence of 0.5
mrad. A beam expander is used to decrease the divergence of the laser beam with a factor
of 5. The laser beam coming out of the beam expander is rotated by a beam rotator by
28
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(a)

(b)

Figure 2.9. LILAS lidar system operated by LOA. (a) LILAS in Lille, (b) Laser beam of LILAS
in M’bour during SHADOW2 campaign.

90◦ and redirected to the center of the telescope. As a result, one part in the north of the
telescope is covered by the brace of the beam rotator. The backscattered light collected by
the telescope is directed into the receiving optics and then split by the dichroic mirrors and
polarizing beam splitters into different channels. PMT is used as the detector for all the
channels except 1064 nm, which uses the avalanche photodiodes (APD). Water-cooling is
used to suppress the thermal noise in 1064 nm channel. The polarization calibrator (PC)
is applied in the polarization procedure and removed when making normal measurements.
In 355, 387, 532 and 530 nm channel, both analog and photon-counting data are recorded
by the data acquisition system. In 408 nm channel, only photon-counting is used and in
1064 nm only analog signal is recorded. The combination of analog and photon-counting
signal enables the high-quality detection of the backscattered signal both in the near and
far range, thus expanding the dynamic range of the lidar signal. A gluing method should
be applied to attach the two analog signal and photon-counting signal.
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Figure 2.10. The schematic drawing of LILAS system.

E1–4
MP
MS
AM
L1

Dichroic mirrors in the beam expander and beam rotator
Primary mirror
Secondary mirror
Aluminum Mirror
Collimating lens, f =69 mm, Φ = 30 mm
Focusing lens, L2–4, f =80 mm;
L2–10
L5–9, f =80 mm; L10,f =100 mm
IF1–7
Interference filters
D1–6
Neutral density filters
W1–3
Half wave plates
P1–3
Polarizing beam splitters
PC
Polarization calibrator, only used in the calibration procedure
DM
Dichroic mirror
Table 2.2. Optical elements in the scheme of LILAS system
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Lidar data quality assurance

As known, the lidar systems are diverse, differing from the wavelength, laser power, detecting objects as well as the optical and electronic setup. As a results, there is a need of
lidar product standardization and the lidar data quality assurance. In EARLiNET, standard procedures are designed to evaluate the performance of the lidar systems This section
presents the results of Rayleigh fit, telecover test and polarization calibration that are performed on LILAS system.

Rayleigh fit
The Rayleigh-fit check is comparing the lidar signal with the calculated molecular scattering signal in a clean atmosphere. The molecular extinction and backscatter coefficients
can be obtained from the Rayleigh scattering model. The air density profile can be calculated from the temperature and pressure profile measured by radiosonde measurements
or from standard atmospheric model. The Rayleigh fit is the only absolute calibration for
the lidar signal [Freudenthaler et al., 2018].
Figure 2.10 presents the Rayleigh fit of LILAS system. The lidar signal is accumulated at
00:00–00:30 UTC, 07 November 2017. Standard atmospheric temperature and pressure
profiles are used for the calculation of the air density profile. The molecular extinction
and backscatter coefficients are then calculated using the formulas presented in the study
of Bucholtz [1995]. The normalized lidar signal and molecular profile, as well as the
deviation are defined as follows:
Rlid (r, λ)
Rmol (r, λ)
R̂mol (r, λ) =
R̄lid
R̄mol
R̂mol (r, λ) − R̂lid (r, λ)

R̂lid (r, λ) =
devi =

R̂mol (r, λ)
rn
X
Rlid (r, λ)
R̄lid (λ) =
n
r=r

(2.12)

1

rn
X
Rmol (r, λ)
R̄mol (λ) =
n
r=r

r1 , . . . , rn are in the normalization range,

1
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where R̂lid and R̂mol represent the normalized range corrected lidar signal and molecular
signal, respectively. R̄lid and R̄mol are the mean signal of lidar and molecular scattering in
the specified range [r1 , rn ]. The range is sometimes called calibration range and is always
selected in a clean zone where no presence of aerosol is expected. The range-corrected
lidar signal and molecular signal are normalized in the selected calibration zone where the
deviation between the normalized lidar signal and molecular signal should be very small.
A smoothing window of 20 points are used to vertically average the profiles, hence, the
vertical resolution of the profile is 150 m (the original vertical resolution is 7.5 m). The
lidar signal is normalized in the range of 5000–6000 m. For each channel, the comparison of normalized lidar signal and molecular profile is plotted with lognormal scale
in the left panel; the deviation of the two profiles are plotted in the right panel. Most
aerosols concentrate below 2000 m and there is still a fraction of aerosol between 2000
m and 4000 m. The negative values of the deviation in the boundary layer are due to the
concentration of aerosols. These negatives values mostly appear to the analog channels
because, the photon-counting channels are saturated in the boundary layer (except 532
cross-polarized channel) so that the corresponding deviations are positive. The positive
deviations occurring to Raman analog channels in the boundary layer are due to the incomplete overlap range, which is approximately 1500 m for the two channels. All the
analog channels show deviation less than 10% till at least 10000 m. The analog channel
of 532 nm parallel-polarized and 530 nm go up to 20000 m with deviation less than 10%.
The two cross-polarized channel at 1064 nm shows relatively worse performance, with
approximately 10% deviation at 11000 m. All the photon-counting channels can go up to
20000 m with deviation smaller than 5% or even less.
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(d) Raman channels: 387 nm and 530 nm

Figure 2.10. Rayleigh fit of LILAS system, 07 November 2017. The lognormal scale of the
normalized lidar signal (red) and molecular signal (black) are plotted on the panel. The deviation
is plotted on the right in red solid line. The black dash-dotted line represent zero.
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Telecover test
Due to the non-ideal optics or misalignments of the optical or mechanical elements, the
signals collected by different parts of the telescope may differ, especially for the near
range signal. Unlike the signal coming from the far range, the near range signal comes
with relatively greater incident angle. The difference in the incident angle possibly leads
to difference in the transmission of the dichroic mirrors, interference filters and beam
splitters. Moreover, the light coming with different incident angles falls on different position on the surface detector whose spatial sensitivity is expected to be not ideally homogeneous. The laser tilt, telescope misalignments, displacement of the aperture stops,
as well as the optical coating effects are all possible reasons causing the angle-dependent
effects on the backscattered signal.

Figure 2.11. The division of the telescope for telecover test. The telescope is divided into four
sectors, denoted as north (N), east (E), south (S) and west (W). A plate that covers three quarters
of the telescope and passes light from the other one quarter is used.

In the telecover test, the telescope is divided into four symmetric sectors as displayed in
Figure 2.11. It is worthy to be noted that one part of the northern sector is blocked by
the brace of the beam rotator, indicated in Figure 2.11, so signal received by this sector
should be less than the other two sectors. A plate blocking 3 quarters of telescope is specially designed to make the telecover test. The plate is rotated in order to pass light in
different sector of the telescope. Fives acquisitions, following the order: north (N1), east
(E), south (S), west (W) and north (N2), are made. The comparison of N1 and N2 is an
35
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indication of the stability of the atmosphere. The results of telecover test are plotted in
Figure 2.12–2.15. The range-corrected signals are normalized in 3000–4000 m range and
plotted in the upper panels. The deviations of the normalized signals from the mean are
plotted in the lower panels. All the profiles are vertical smoothed of 10 points, i.e. the
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Figure 2.12. Telecover test of 355 nm channel, 07 November 2017.

In the 355 nm cross-polarized channel, the south sector receives more signal than the
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Figure 2.13. Telecover test of 532 nm channel, 07 November 2017
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other sectors. The deviation below 1000 m range is more than 10% and falls to under
10% between 1000 and 10000 m, approximately. In the 355 nm parallel-polarized channel, the deviation is less than 10% below 500 m and stays less than 10% in 500–8000 m
range. For both the cross- and parallel-polarized, signals in the south and west sector are
stronger than in the northern and east sector in the near range. In the 532 nm parallelpolarized channel, the deviation is less than 10% up to 10000 m. While in the 532 nm
cross-polarized channel, the signals are noisy because the telescope is partially blocked
and cross-polarized backscattered signal is much weaker than the parallel-polarized one.
The deviation in 532 nm cross-polarized channel exceeds 10% when the range is further
than 5000 m. The increase of deviation is due to the very weak signal in the far range.
In the 1064 nm channel, a spike in the deviation is detected at about 800 m, it is possibly
caused by the variation of the aerosols during the period of telecover test. The deviation is
less than 10% between 1000 m and 5000–6000 m. The signal in 1064 nm cross-polarized
channel is noisy above 6000 m. Two mains causes should be responsible: the reduction
of the telescope and the low cross-polarized signal in the far range.
1064 nm, parallel-polarized

1064 nm, cross-polarized
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Figure 2.14. Telecover test of 1064 nm channel,cross (left) and parallel polarized (right), 07
November 2017

The 387 nm channel shows an anomaly in the west sector. Much less signal is received
in this sector compared to the other three sectors. The deviation is about 10% at 1500
m in both analog and photon-counting channel. At 500 m, the deviation reaches 35% in
38
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the analog channel and 15–20% in the photon-counting channel. The difference of the
deviation in analog and photon-counting is possibly caused by the different sensitivity of
the two detecting technique. This anomaly of 387 nm channel is improved in the afterward optics adjustment by adjusting the reflecting mirror (DM3 in Figure 2.10) of 387
nm channel. The 530 nm channel shows excellent performance with the deviation less
than 10% up to 9000–10000 m in the analog channel and 10000–12000 m in the photoncounting channel. In the near range, the 530 nm analog channel shows the deviation less
than 10% in 400–1000 m range.
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Figure 2.15. Telecover test of 387 nm and 530 nm channel, 07 November 2017
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Polarization calibration
The purpose of polarization lidar is to measure the parallel-polarized and cross-polarized
backscattered light with respect to the polarization plane of the incident laser beam. To
get the ratio between the two coupled channels, which is called as volume linear depolarization ratio (VLDR), a calibration coefficient is needed to account for the ratio of optical
and electronic gain between the two channels.

Figure 2.16. A scheme of polarization detection in lidar system. This figure is adapted from
Freudenthaler et al. [2009]. .

Figure 2.16 draws the scheme of the lidar polarization channel. Pk and P⊥ represent the
signal scattering by aerosols or molecules in the parallel and crossed direction with respect to the polarization of the incident laser beam. The backscattered signal is directed
to the polarizing beam splitter (PBS) and then separated into parallel and cross channels.
Pp and Ps are the signal with respect to the incident plane of the PBS. The angle ϕ is the
angle between the polarization plane of the emitted laser beam and the incident plane of
the PBS. When adjusting the lidar polarization channel, ϕ needs to be adjusted to 0◦ or
90◦ to align the polarization plane of the emitting laser beam and the incident plane of the
PBS and to separate the parallel and cross-polarized light. In LILAS system, a half wave
plate is used to adjust this angle into 0◦ or 90◦ . The signal transmitted or reflected by the
PBS is then directed to the detectors and recorded by the data acquisition system. PR and
PT are the signals recoreded by the data acquisition system in reflected and transmitted
channels, respectively. Variables VR and VT represent the optical and electronic amplifi41
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cation factor in the reflected and transmitted channels. The ratio of variables VR to VT is
the calibration coefficient that needs to be determined.
The polarization calibration of LILAS system follows the ±45◦ procedure proposed by
Freudenthaler et al. [2009]. The calibration procedure requires two extra acquisitions before the normal measurements start. A sheet polarizer is inserted in the optical path after
the pinhole, as shown in Figure 2.10, to rotate the polarization plane of the backscattered
light by +45◦ and -45◦ . Then the calibration coefficient is calculated as below:
V∗ =

Tp + Ts p ∗
VR
=
δ (+45◦ ) × δ ∗ (−45◦ )
VT
Rp + Rs

(2.13)

where Tp and Ts represent the transmittance of the parallel and cross-polarized light of
PBS; Rp and Rs represent of reflectance of the parallel and cross-polarized light. The
relation of the values of transmittance and reflectance is: Ts + Rs = 1, Tp + Rp = 1 .
δ ∗ (±45◦ ) represents the two acquisitions performed with the polarizer. Once the calibration coefficient is known, the volume linear depolarization ratio δv can be determined:
when ϕ = 0◦

P⊥
Ps
=
Pk
Pp
P⊥
Pp
δv =
=
Pk
Ps

δv =

when ϕ = 90

◦

(2.14)

More detailed information and formula derivation about the polarization calibration can
be found in Freudenthaler et al. [2009]. As long as the δv is determined, the particle linear
depolarization ratio (PLDR) δp can be calculated as below:
(1 + δm )δv R − (1 + δv )δm
(1 + δm )R − (1 + δv )
βm + βa
R=
βm

δp =

(2.15)

where δm is the molecular depolarization ratio, R is the backscattering ratio.
A standard for estimating the performance of a polarization channel is the molecular depolarization ratio. The molecular depolarization ratio is a stationary property of molecular
scattering and its theoretical value is calculated. Here the concept of scattering is limited
to the Cabannes line. As N2 and O2 are the two main atmospheric constituents, compos-
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ing 99% of the atmospheric gases. The calculation is based on the behavior of diatom
molecules in the external radiation field. Details about the calculation can be found in
Miles et al. [2001] and Freudenthaler et al. [2018]. The theoretical value of molecular
depolarization ratio is about 0.4%, with negligible spectral dependency. However, due to
the imperfection of the optics and misalignment of the polarization plane, the measured
volume depolarization ratio in the aerosol-free zone is usually higher than the theoretical
value. Another possible error source is the leakage of rotational Raman scattering which
is strongly depolarizing. The displacement of the real measured molecular depolarization
ratio to the theoretical values is an important parameter for estimating the performance of
a polarization lidar.

8 0 0 0

R a n g e [m ]

7 5 0 0

7 0 0 0

1 0 6 4
5 3 2 n
3 5 5 n
R e fe r

6 5 0 0

n m
m
m
e n c e

6 0 0 0
0 .0

0 .5

1 .0

V L D R

1 .5

2 .0

[% ]

Figure 2.17. Molecular depolarization ratio measured by LILAS system. The dash-dotted line
represent the theoretical value of the molecular depolarization ratio.

Figure 2.17 shows the measured volume depolarization ratio in a clean atmosphere on
07 November 2017. The light-colored lines are without smoothing and the deep-colored
lines represent 10-point vertically averaged results. The molecular depolarization ratios
measured by LILAS are about 0.75%, 1.0% and 1.2% at 1064, 532 and 355 nm, respectively. All these values are higher than the theoretical value. In the historical records, the
minimum depolarization ratio LILAS has obtained is about 0.6% at 1064 nm, 0.8% at 532
nm and 1.2% at 355 nm. Apart from the optics and alignment, errors in the calibration
coefficient are also an error source of the measured molecular depolarization ratio.
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2.3.4

Lidar data processing

Data preparation

There are five steps, as listed below, to prepare the raw lidar data before the calculation of
aerosol optical properties.
1. Trigger delay correction
2. Dead-time correction (only for photon-counting channel)
3. Electronic noise subtraction
4. Signal glueing
5. The combination of parallel and crossed signal
A trigger delay is the time between the actual laser emission to the assumed ‘zero’ range
bin. This value can be measured in the laboratory. The dead-time is an intrinsic characteristic of photon-counting detection mode and the value of the dead-time provided by
the manufacturer is 3.85 ns. The detector is regarded as a non-paralyzable system and the
dead-time correction follows:
S=

N
,
1 − N τd

(2.16)

where N and S are the measured and corrected count rate. τd is the dead-time.
The electronic noise is measured by recording the signal with the telescope completely
covered. This kind of acquisition is regularly performed. The analog in the near range
is glued with the photon-counting signal in far range to obtain the glued signal that has
large dynamic range. Linear regression is applied in the range of [2, 12] MHz in the
photon-counting channel to find a glueing factor that re-scale the analog signal to ‘photoncounting’ signal. The combination of parallel and crossed signal gives the total backscattered signal:
Ptot (λ, h) = Pk (λ, h) + C ∗ P⊥ (λ, h)

(2.17)

where C ∗ is the calibration coefficient, Ptot , Pk and P⊥ are the total signal, parallel and
crossed polarized signal, respectively.
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Klett inversion
Raman inversion [Ansmann et al., 1992] and Klett inversion [Klett, 1985] are two widely
used methods for the retrieval of extinction and backscatter coefficients. Klett inversion
uses the elastic signal and retrieves extinction and backscatter coefficients. There are
two unknowns to be resolved in the elastic lidar equation, thus a priori assumption of the
aerosol lidar ratio Saer is needed. The calculation is expressed in Equation 2.18.
βaer (r, λ) =

exp{R0 (r, λ) − R0 (rm , λ)}
Z rm
exp{R0 (r0 , λ) − R0 (rm , λ)} 0
−1
β (r) + 2
dr
Saer (r0 )
r

(2.18)

αaer (r, λ) = βaer (r, λ) Saer (r, λ)
and
R0 (r, λ) − R0 (rm , λ) =ln[R(r, λ)] − ln[R(rm , λ)]
Z rm
Z rm
2
βaer (r0 , λ) 0
0
0
+
βmol (r )dr − 2
dr
Smol r
Saer (r0 , λ)
r

(2.19)

Aerosol lidar ratio is a parameter related to the aerosol type and could vary at different
vertical levels. An accurate assumption of lidar ratio requires not only the information
about aerosol type but also aerosol vertical distributions. Both conditions are very difficult
to meet because aerosol types are diverse and vertical aerosol distribution is a dynamic
process. The retrieved extinction and backscatter coefficients are strongly dependent on
the assumption of lidar ratio, especially the extinction coefficient. Thus an improper lidar
ratio can introduce significant errors into the Klett inversion.

Raman lidar inversion
Raman inversion uses both the elastic signal and Raman signal to retrieve the extinction
and backscatter coefficients, the extinction coefficient is calculated as follows:
d
ln[NR (r)/R(r, λR )] − αmol (r, λ) − αmol (r, λR )
αaer (r, λ) = dr
,
1 + (λ/λR )k

(2.20)
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where NR is the air density of the reference gas(es), which can be computed using the
pressure and temperature profile defined by a standard atmospheric model or from radiosonde measurements. k is the extinction Angström exponent, between the elastic
wavelength λ and Raman wavelength λR . Since the Raman line, especially the rotational Raman line is close to the elastic wavelength, thus k is usually assumed to be 0.
The backscatter coefficient of aerosols is expressed as:
βaer (r, λ) + βmol (r, λ) = [βaer (rm , λ) + βmol (rm , λ)]
P (rm , λR )P (r, λ)NR (r)
P (rm , λ)P (r, λR )NR (rm )
(2.21)
Z r
0
0
0
[αaer (r , λR ) + αmol (r , λR )]dr }
exp{−
rm
Z r
×
exp{−
[αaer (r0 , λ) + αmol (r0 , λ)]dr0 }

×

rm

The calculation of backscatter coefficient requires a reference zone, rm , where no aerosols
are present so the scattering in this zone is completely due to molecules, i.e. βaer (rm , λ)
is approximately 0. The molecular extinction and backscatter coefficients can be calculated using Rayleigh scattering model [Bucholtz, 1995]. The Raman technique enables
reliable calculation of the extinction profile and this technique has been widely applied
to atmospheric lidar systems for aerosol and trace gases detections. After the calculation of backscatter coefficient and volume linear depolarization ratio, the particle linear
depolarization ratio can be computed using Equation 2.15.

Water vapor mixing ratio

Water vapor is an important gas in the atmosphere and strongly impact the convection
process. The water vapor mixing ratio is defined as the ratio of the mass of water vapor
to the dry air in a unit volume. The calculation of water vapor mixing ratio requires the
signals of one Raman channel of permanent gas and the water vapor channel. The water
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vapor mixing ratio can be calculated as follows [Ansmann et al., 1992]:
P (r, λH2 O )
P (r, λR )
Z r
[αaer (r0 , λR ) + αmol (r0 , λR )]dr0 }
exp{−
Z r0
×
[αaer (r0 , λH2 O ) + αmol (r0 , λH2 O )]dr0 }
exp{−

W V M R(r) =Kw

(2.22)

0

where Kw is the calibration coefficient of water vapor mixing ratio. The molecular extinction coefficient at λR and λH2 O can be calculated according to the Rayleigh scattering
model. Additionally, the aerosol extinction coefficient at λR or λH2 O , as well as the
Angström exponent are needed to calculate the exponential term. The aerosol extinction
coefficient at λR can be calculated using the Raman signal. For the widely used lidar
systems, as well as LILAS, the elastic wavelength is at 355 nm, the nitrogen and water
vapor Raman wavelengths are at 387 nm and 408 nm. The wavelength shift between the
water vapor channel and the elastic channel is approximately 3650 cm−1 , which is not
very significant. The extinction Angström exponent can be chosen in the range of [0, 1].
Information about spectral extinction coefficient derived from Raman signals can be used
to choose a better extinction Angström exponent, between λR or λH2 O . Generally, there
are two ways to calibrate the water vapor channel, using water vapor mixing profile derived from collocated radiosonde measurements or model data; the other one is to use
the columnar water vapor content measured by other instruments, spectrometer or photometer. The calibration of the water vapor channel is studied in Bovchaliuk [2016]. It
is needed to be mentioned that the Raman scattering has certain temperature dependence.
The correction of temperature dependence is studied in Whiteman [2003]. In our study,
the temperature dependence is not considered.

2.4

Chapter summary

This chapter presents mainly the two main instruments: sun/sky photometer and lidar
LILAS. Information about the sun/sky photometer is based in the CE-318N model. The
main measurement types of this model are the direct sun measurements, almucantar and
principal plane measurements. Standard inversion products are available in the AERONET
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site. The quality check, calibration and signal processing are presented based in LILAS
system following the procedure proposed in EARLiNET. The data-quality check demonstrates that LILAS system is well maintained regarding the Rayleigh fit, telecover test
and polarization capability. The Rayleigh fit indicates that LILAS signal can reach about
20000 m with the deviation to molecular scattering under 10%. The telecover test shows
that, above 1000 m, LILAS system is of good symmetry except for the 387 nm channel.
It is due to the misalignment of the mirror for 387 nm. After adjusting, this anomaly has
been diminished to some extent. The polarization calibration procedure is explained in
detail and the molecular depolarization ratio of LILAS system is satisfactory. At last, we
present the lidar signal correction,the calculation of aerosol parameters and water vapor
mixing ratio.
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Chapter 3
Aerosol observation and analysis
“ Problems are not stop signs, they are guidelines. ”
– Robert H. Schuller
This chapter presents lidar observations of cirrus clouds and aerosols, including Saharan
dust, long-range transported dust and smoke, as well as dust and smoke mixtures. The
cloud measurements provide characterizations for ice, mixed-phase clouds and supercooled liquid water (SCLW) clouds. The obtained PLDRs at 2–3 wavelengths make these
measurements particularly valuable because these parameters are rarely measured by lidar
systems and are important parameters for improving the knowledge about clouds formation and optical properties. Also, the cloud observations are tests and verifications for the
performance of the lidar system. Dust is the one of the main aerosol types presented in
this chapter. Saharan dust observed near the source in M’Bour (14.95◦ N, 16.95◦ W) and
long-range transported dust observed in Lille (50.61◦ N, 3.15◦ E), are studied in this chapter. The observations in M’Bour are taken from SHADOW2 campaign which took place
in March, April, December 2015 and January 2016. Two events of dust-smoke mixture
are presented in this chapter. In the first case, dust from Saharan desert mixing with smoke
from west or middle Africa was observed in M’Bour on 19–20 January 2016. In the second case, long-range transported dust from Saharan mixing with smoke originated from
Portugal was observed in Lille on 16–18 October 2017. Additionally, an unprecedented
Canadian fire activity took place in the summer of 2017. Fire emissions were injected into
the upper troposphere and lower stratosphere by the pyro-cumulonimbus clouds. LILAS
detected aerosol layers both in the stratosphere and the troposphere in distributed days in
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August and September 2017. The highlight of this event is the high depolarization ratios
of smoke particles in the stratosphere in comparison with the low depolarization ratios of
smoke in the troposphere. The causes of this curious optical properties of smoke particles
have not been well resolved.

3.1

Cirrus observation

Cirrus clouds normally present in the upper troposphere and sometimes extend to the
lower stratosphere. Cirrus plays an important role in the radiation budget in the earthatmosphere system and the climate changes [Hansen et al., 1997]. However, the radiative
effect of cirrus clouds is highly uncertain due to the poor representation of the cloud particle shape, cloud process, as well as the inadequate parameterization of the radiation-cloud
interaction. Unlike the low-level clouds which mostly have a cooling effect on the surface, cirrus clouds can cool the surface by scattering the solar radiation and warm the
surface by reflecting back the terrestrial radiation. The role of cirrus clouds depends on
the thickness, altitude and physics of the cloud particles. Considerable observational and
modeling efforts are required to improve the knowledge about cloud physics and many
efforts have been done in the lidar community [Nazaryan et al., 2008, Sassen et al., 1985,
Sassen, 1995, Veselovskii et al., 2017].
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Figure 3.1. Cirrus observations at 22:00–24:00 UTC, 24 August 2017, Lille. (a) Backscatter coefficients and PLDRs at 355, 532 and 1064 nm. (b) Temperature profile from radiosonde measurements at 21:00 UTC, 24 August 2017 in Beauvechain, Belgium. The Lidar is with 4◦ inclination
with respect to the zenith.

50
© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Qiaoyun Hu, Université de Lille, 2018

3.1. CIRRUS OBSERVATION

51

Figure 3.1 shows the backscatter coefficients and PLDRs at 355, 532 and 1064 nm retrieved from lidar observations. The observations are recorded at 22:00–24:00 UTC, 24
August 2017 in Lille. The cirrus layers spread from 9000 to 13000 m above the ground
level. The backscatter coefficients and PLDRs at three wavelengths do not exhibit noticeable spectral dependence. The optical depth at 355 and 532 nm is about 0.17, calculated
from the attenuation of molecular scattering from the cloud base to the cloud top. The
backscatter coefficients at 355 and 532 nm are calculated by Raman inversion and at 1064
nm Klett inversion is used with lidar ratio assumed to be 20 sr. The mean lidar ratios at
355 and 532 nm are about 20±4 sr [Veselovskii et al., 2017]. The PLDRs are 41±2%
without significant vertical variations. The observed lidar ratios and particle linear depolarization ratios are typical for cirrus clouds [Reichardt et al., 2002, Whiteman et al., 2004,
Veselovskii et al., 2017]. Radiosonde measurements in Beauvechain (50.78◦ N, 4.77◦ E),
Belgium, which is about 120 km in the north-east of Lille provide the temperature profile
at 21:00 UTC, 24 August 2017. The temperature within the cloud layer distributes between -35 ◦ C and -60 ◦ C. At such temperatures, cloud particles mostly are in ice phase.
West Africa is a favorable region for the study of mixed-phase cloud due to the fact that
warm and moist air mass originated from the equatorial region can stimulate the formation of SCLW clouds [Ansmann et al., 2009]. SCLW clouds were detected over M’bour
observation site on 16 December 2015 during SHADOW2 campaign. Figure 3.2 shows
the lidar range-corrected signal and PLDR at 532 nm. The lidar quicklook depicts two
cloud layers in the 7000–11000 m height range. The rising cloud layer during 21:00 and
22:00 UTC is characterized by PLDR of about 40%, which indicates the presence of ice
particles. In contrast, PLDR less than 10% is observed within the horizontal cloud layer
at 22:00–23:00 UTC, indicating the presence of liquid cloud droplets. Measurements in
the period of 21:00–21:24 are averaged and plotted in Figure 3.3. The ice cloud observations reveal negligible spectral dependence of the backscatter coefficients and extinction
coefficients. The lidar ratios at 355 at 532 nm are 20±3 sr and the PLDRs are about 40%,
which is consistent with the observations in Lille on 24 August 2017. The PLDRs do not
show significant spectral dependence or vertical distribution below 10500 m. The LRs
do not show spectral dependence at 355 and 532 nm, while some vertical variations are
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observed. The vertical variation of LRs maybe not a sign of the variation of ice particle
properties but the effect of the smoothing applied on the extinction coefficient. The difference of smoothing between extinction and backscatter coefficient is able to cause ‘fake’
vertical variations to the LRs, especially for the profiles of complicated vertical structures.

PLDR [%], 532 nm

RCS, 532 nm

(a)

(b)

Figure 3.2. Lidar observations on 16 December 2015, M’bour
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Figure 3.3. Ice clouds on 16 December 2015, M’bour. (a) Extinction and backscatter coefficients,
(b) PLDR and LR at 355 and 532 nm. The Lidar is with 47◦ incliation with respect to the zenith..

Figure 3.4 presents a cloud layer characterized by strong backscattering but low PLDR.
The 10% PLDR is much lower compared to ice clouds but still not negligible. For liquid
clouds, 1–5% are more expectable values for the PLDRs as the droplet are mostly spherical. The increase of PLDR is possibly caused by multiple scattering or mixing with ice
particles. It should be more rigorous to call it mixed-phase cloud. It is certain that SCLW
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Figure 3.4. Mixed-phase cloud observations on 16 December 2015, M’bour. (a) Backscatter
coefficient, PLDR and LR, (b) temperature profile on 00:00 UTC 17 December 2015, Dakar,
Senegal. The lidar observations are averaged at 22:00–23:00 UTC, 16 December 2015.

survives under this cold condition and is an important composition of the observed clouds.
The backscattering coefficient is 15 times higher than the ice cloud in Figure 3.3. The LRs
at 355 and 532 nm are 15±3 sr, lower than ice particles. The PLDRs at 355 and 532 nm
rise from approximately 5% at 8750 m to 12% at 9250 m. The vertical increase of PLDR
can be caused by multiple scattering or the increase of the fraction of ice particles, or
both. The SCLW cloud layer lasts for over 1 hour, from 22:00 to 23:30 UTC. The temperature profile is obtained from radiosonde measurements at 00:00 UTC from Dakar station.
Within the SCLW cloud layer temperatures vary from -25 ◦ C to -38 ◦ C, which is generally
higher than the limit temperature below which homogeneous ice nucleation starts. Below
the SCLW cloud layer, the virga of clouds shows high depolarization ratios, indicating the
formation and sedimentation of ice particles. In West Africa the Saharan desert is a permanent dust source and biomass burning aerosols are also frequently observed in the dry
season between November and March. Aerosols can act as the ice condensation nuclei at
temperatures higher than -38 ◦ C before the homogeneous nucleation begins [Koop et al.,
2000, Cziczo et al., 2013], which is consistent with our observations.
Many previous observations, although diverse in measuring geometry and geographical
locations, are quite consistent with our results. Sassen and Benson [2001] found the depolarization ratio (at 694 nm) of cirrus cloud rises from 25% to 45% when the temperature
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decreases from about -17.5◦ C to -77◦ C for cirrus in midlatitude. Reichardt et al. [2002]
observed cirrus depolarization ratio ranging from 15% to 60% at 67.9◦ N, near the polar
region. For depolarization ratio of about 40%, the corresponding LR (at 355 nm) is 20 sr,
showing good agreements with our observations. However, the radiosonde and the lidar
is not collocated, we are not sure if the temperature profile can well represent the real
temperatures within the clouds. This is a big limitation that prevents us from obtaining
more unambiguous conclusions.
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Saharan dust observation in M’Bour, Senegal
Seasonal features of Saharan dust

Maritime aerosol, dust and smoke are three aerosol types that are commonly observed
in M’Bour due to its specific location (Figure 3.5). In M’Bour, dust is a permanent
aerosol component in the atmosphere. It could mix with maritime aerosols, smoke or
other aerosol types. Both optical and microphysical properties will be modified if dust
mixes with other aerosols. In this study, we do not distinguish dust by the exact chemical
composition because remote sensing instruments, like lidar and sun/sky photometer do
not measure the chemical compositions of aerosols. We define ‘dust’ by the extinction
Angström exponent (EAE) lower than 0.1 and PLDR at 532 nm greater than 30%. These
values are typical characteristics for dust according to field campaign measurements [Esselborn et al., 2009, Tesche et al., 2009, Ansmann et al., 2011, Veselovskii et al., 2016].

Figure 3.5. The location of M’Bour, Senegal

M’Bour is influenced by the Sahelian climate cycle that is composed of dry and wet
season. The Sahelian climate cycle is controlled by the seasonal displacement of the Intertropical Convergence Zone (called ITCZ hereafter), which corresponds to the ascending part of the Hadley cell and where the water vapor concentration is maximum [Glickman, 2000]. The Hardley cell is an atmospheric circulation pattern between the tropics
which produce easterly trades. The circulation is driven by solar energy and moved seasonally as the subsolar point moves. The advance and retreat of the ITCZ are related
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to the changes of the pressure, surface wind convergence, cloudiness, sea surface temperature and precipitation [Grodsky et al., 2003, Sultan and Janicot, 2000, Janicot et al.,
2008]. Different from the ITCZ, the Inter-tropical Front (ITF) is the wind discontinuity
that separates the warm and moist southwesterly monsoon flow and the hot, dry and high
dust-laden Harmattan flow coming from the Saharan region [Slingo et al., 2008, Issa Lélé
and Lamb, 2010]. The ITF lies about 300 km in the north of the ITCZ and plays an
important role in the establishment of the West African monsoon. Although, arguments
exist for the precise concept of the ITCZ, our results and conclusions do not depend on
the detailed definition of ITCZ and ITF.
The seasonal movement of ITCZ and ITF is coupled with the change of wind directions
and convergence, thus impacting the motion of air mass. Figure 3.6 is taken from the
study of Hastenrath and Lamb [1977]. Figure 3.6(a) shows the surface flow over the eastern equatorial Atlantic in July/August in 1911–1970. The south-eastern trades from the
south Atlantic recurve to south-western direction after crossing the equator. When they
meet the north-eastern Harmattan, a wind discontinuity is formed, which is the ITF, as
denoted with the heavy dashed line in Figure 3.6(a). A band of convergent zone extends
zonally from the ITF. Figure 3.6(b) shows the meridional-vertical transect for equatorial
eastern Atlantic-West African sector, as indicated by the thin dotted vertical line in Figure 3.6(a). The hatched area represents the divergent zone and the arrows represent the
direction of air motion. In the convergent zone, the air mass ascends from the surface to
higher altitude, and in the divergent zone, the air mass descends from high altitude to the
surface.
Slingo et al. [2008] studied the long-term annual movement of the ITF in West Africa and
presented that the ITF reaches at 14◦ N in the first dekad of May. Although M’Bour is
not included in the investigated area in West Africa, the results provide indicative results
about the seasonality of the meteorology in West Africa. Kaly et al. [2015] studied 5-year
observations in M’Bour and defined the dry season as the period from November to April,
the wet season as the period from May to October and the transition as the period from
April and May. The results are generally consistent with Slingo et al. [2008].
Figure 3.7 shows the mean positions of the ITF in the three dekads in April 2015. The
maps are provided by USGS/EROS (United States Geological Survey’s Center for Earth
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Figure 3.6. (a) Surface circulation, (b) transect of of the meridional in (a). The stippled areas
represent the convergent zone. The solid lines represent the streamlines. The heavy dashed lines
represent the discontinuity of the surface wind, which is the ITF. The dash-dotted line represents
the speed maximum and the dotted line represent the convergence maximum, which is referred to
the ITCZ. PE, D, B and A indicate radiosonde stations Port Etienne, Dakar, Bamako and Abidjan,
respectively.

Resources Observation & Science). The ten-day mean position of the Africa ITF has
been monitored since 1988 for the region from 15◦ W to 35◦ E. Daily analyses of the ITF
position are based on the surface measurements and GDAS (Global Data Assimilation
System) modeled surface wind streamlines. Dekadal ITF positions are calculated from
the averages of daily positions. In the first two dekads, the western end of the mean ITF
position is at about 10◦ N, and in the third dekad, it progresses to about 14◦ N, which is
close to M’Bour. Given that the convergent zone expands zonally from where the ITF
lies, we can speculate that M’Bour is entering into the convergent zone in April and till
the third dekad of April, it has fully entered the convergent zone. It is worthy to mention
that a certain range of vibrations of the convergent zone, as well as the ITF or ITCZ are
normal, especially in the coastal region.
The NOAA HYSPLIT back trajectory analysis [Stein et al., 2015, Rolph et al., 2017] allows to determine the source and track the transport path of air mass at different vertical
levels. GDAS dataset is used as the meteorological input of HYSPLIT model and the
vertical velocity of air mass is modeled using vertical motion velocity calculation. Figure
3.8, 3.9 and 3.10 display the back trajectories in March, April and December 2015 at 500
m, 1000 m, 2000 m and 3000 m levels. The starting time of the back trajectories is 00:00
UTC for each day and the duration of each trajectory is 72 hours. The trajectory paths in
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Figure 3.7. The position of ITF in April 2015. (a) 1–10 April, (b) 11–20 April, (c) 21–30 April.
RFE represents ‘Rainfall estimates’.
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red, blue and green represent the first, second and third dekad in the month, respectively.
In the first dekad of March (red solid lines in Figure 3.8(a)), the air mass at 500 m, 1000
m and 2000 m are mostly from the desert region in the north-east. In the second and
third dekad, air mass from North and East Atlantic, as well as the coast of Guinea and
Côte d’Ivoire in the south-west are the main sources and could bring certain amount of
maritime materials. The air mass at 3000 m comes mostly from the Atlantic and coastal
region nearby. And the vertical motion of the air mass, in Figure 3.8(b) shows that downward convection is frequently observed in March, especially for 500 m and 1000 m in
the first two dekads. This downward convection could bring air mass from high altitude,
which is more likely to contain maritime materials, to the lower altitude. At 2000 m, both
downward and upward convections are observed. At 3000 m, the occurrence of convection is not significant.
The back trajectories in April, shown in Figure 3.9, indicate that at 500 m, air mass
northerly from North Atlantic and south-westerly from East Atlantic near Guinea-Bissau
are of high occurrence. At 1000 m and 2000 m, air mass from the desert region and North
Atlantic are both observed. While at 3000 m, the air mass comes mostly in the east where
the Saharan desert lies. The most eye-catching feature of the wind map is the vertical
convection. The ascending trend is obviously shown in Figure 3.9(b). At 1000 m, about
60% trajectories are traced back to altitude no greater than 500 m within the three-day .
At 2000 m and 3000 m, about 87% and 50% trajectories are respectively originated from
altitudes lower than 1000 m. The air mass at or below 500 m can be lofted to 1000 m,
2000 m or even 3000 m in half a day when approaching the coastal region. The enhancement of the upward convection is likely related to the advance of the ITCZ and ITF in
April. The ascending air could bring the air mass near the surface which is most likely to
contain maritime materials to higher altitude.
As to December 2015, the back trajectories at 500 m and 1000 m are all from the desert
region in the east and north-east. At 2000 m and 3000 m, air mass is also mainly from
the desert but a small fraction of trajectories originated from the Atlantic are found. Convections from the surface to high altitude are not significant in December. At 1000 and
2000 m, vertical convections are still seen, but both the intensity and occurrence are much
reduced compare to April. Some downward convections are seen at all the four vertical
59
© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Qiaoyun Hu, Université de Lille, 2018

60

3. AEROSOL OBSERVATION AND ANALYSIS

levels. All in all, 124 back trajectories are made for December and only 15 trajectories
originate from or pass over the oceanic region. Hence, aerosols observed in December
are not likely to mix with maritime aerosols.
An AERONET photometer has been set up at M’Bour site since 1996. From the historical
AERONET products, we get a glimpse of the seasonal feature of aerosols. Figure 3.11(a)
plots the AOD at 440 nm and the Angström exponent (AE) between 440 and 870 nm
in 2014, 2015 and 2017 (Level 2.0 data, Version 3). Figure 3.11(b) displays the SSA at
440 and 675 nm. Due to the insufficient data quantity, the results in 2016 are not shown.
The AE annual average in 2014, 2015 and 2017 are approximately 0.35, 0.31 and 0.34,
respectively. During the wet season, the AE is of high possibility to be lower than the
annual average. Especially in the period from April or May to August, the AE is about
0.15, 50% lower than the annual average and this low value is very stable during this period. The annual averages of SSA at 440 nm are about 0.900, 0.912 and 0.897 in 2014,
2015 and 2017, respectively. Correspondingly the annual mean SSA at 675 nm are 0.974,
0.979 and 0.972. During the period from mid-April or May to October, the SSA at 440
nm are higher than the annual average, indicating that the aerosols are less absorbing in
the wet season than in the dry season. This increase of SSA at 440 nm starts mostly from
mid-April or the beginning of May in the investigated three years, which coincides with
the time of the transition from dry season to wet season. It is probably a stationary change
coupled with the seasonal and meteorological changes. SSA at 675 nm also shows similar
tendency but not as significant as 440 nm.
During SHADOW2 campaign, plenty of dust episodes have been recorded, the timeline
covers March, April, December 2015 and January 2016. During the campaign, no precipitation occurred at the observation site and all the observations are made in the dry season
and the transition season. The data are selected by the criteria:
EAE ≤ 0.1,
PLDR532 ≥ 30%.
Figure 3.12 displays the lidar ratios at 355 nm and 532 nm for dust observations during
SHADOW2. The color ratio is defined as the ratio of lidar ratios at 355 nm and 532 nm.
A marked characteristic is the bi-modal distribution of the color ratio, one at 1.0–1.1 and
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(a)

(b)

Figure 3.8. Back trajectory in March 2015 at 500, 1000, 2000, 3000 m. (a) Back trajectory
direction, (b) vertical motion.
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Figure 3.10. Back trajectory in December 2015 at 500, 1000, 2000, 3000 m. (a) Back trajectory
direction, (b) vertical motion.
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Figure 3.11. AERONET products for M’Bour site in 2014, 2015 and 2017. (a) AOD and AE, (b)
SSA at 440 and 675 nm.
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the other one at about 1.3. In dust episodes, 60–75 sr and 48–60 sr at 355 nm and 532 nm,
respectively are observed in December 2015 and January 2016. Whereas, from mid-April
to the end of April 2015, as well as some days in March 2015 the lidar ratios at 355 nm
and 532 nm are approximately 50–60 sr, with very weak spectral dependence. Additionally, the decrease of the spectral dependence of lidar ratio in the last two dekads of April is
accompanied by the increase of the backscatter Angström exponent (BAE) between 355
nm and 532 nm, as well as the increase of the water vapor mixing ratio in the investigated
aerosol layers. The EAE and PLDR at 532 nm do not exhibit significant changes. March
is usually classified as dry season in West Africa, but, some disturbances are detected. For
example, the 22 March, the retrieved SSA in daytime is higher than the annual average
and the lidar ratios detected in the early morning of 22 March are about 55 sr at 355 and
532 nm, show similar behaviors with the observation in the end of April. The signatures
of lidar ratios and the time coincidence suggest that in April (also some days in March)
the decrease of absorption in shortwave is correlated with the decrease of lidar ratio at
355 nm and these changes are possibly resulted from the transition of the meteorological
environment from dry to wet season.
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Figure 3.12. (a) LR and PLDR, (b) color ratio between 355 and 532 nm.
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Case study

Three cases are selected from the observations in SHADOW2 campaign to show the seasonal feature of dust. On 19 December 2015, the lidar LILAS had two polarization channels at 355 and 532 nm. On 11 and 21 April 2015, only one polarization channel at 532
nm was available.

19 December 2015, M’Bour
The observations on 19 December 2015 are a representative case of dust in the dry season.
Figure 3.13 displays lidar observations from 19:37 UTC, 19 December to 06:40 UTC, 20
December 2015. The boundary layer height is about 2000–2500 m. The water vapor
mixing ratio shows that the boundary layer is well mixed. The PLDR at 532 nm increases
gently as the altitude decreases. A layer rises from below 500 m to 1000 m from in the
period of 22:00–07:00 UTC. This layer is optically thick and shows no difference with the
air mass at other altitudes in the particle linear depolarization ratio and the water vapor
mixing ratio.
Lidar observations averaged between 19:35 and 21:07 UTC are processed and plotted in
Figure 3.14. The water vapor mixing ratio is about 2.5 g/kg within the boundary layer
then rapidly decreases to 0.5 g/kg at the top of the boundary layer. The relative humidity
within the boundary layer is less than 20%. The extinction coefficient is about 0.15 km−1
at 1000 m and decreases to 0.10 km−1 at 2200 m. The EAE is about 0.0 and shows
no noticeable vertical variations. The BAE reaches its minimum, -0.5, at 1500 m and
then increases gently as the altitude decreases. The PLDR is about 25% at 355 nm and
30–34% at 532 nm. The lidar ratio is approximately 55±5 sr at 532 nm and 65±5 sr at
355 nm. The measured lidar ratio and PLDR at 532 nm are rather consistent with the
results from SAMUM-1 and SAMUM-2 campaign [Müller et al., 2010a, 2007, Tesche
et al., 2009]. The measured PLDR at 355 nm agrees well with the reported value, about
24%, from SAMUM campaign [Müller et al., 2010a,b]. But the measured lidar ratio
at 355 nm is obviously higher than the value, 55±6 sr, reported in SAMUM campaign.
Veselovskii et al. [2016] also presented lidar ratio at 355 nm as high as 70 sr, accompanied
with negative BAE in the observation on 29 March 2015 during SHADOW2 campaign.
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67

Figure 3.13. Lidar observations on 19–20 December 2015, M’Bour. (a) Backscatter coefficient
(km−1 sr−1 ), 532 nm, (b) extinction coefficient (km−1 ), 532 nm, (c) PLDR (%) at 532 nm, (d)
WVMR (g/kg).
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Figure 3.14. Averaged lidar observation at 19:35–21:07 UTC, 19 December 2015. (a) Extinction
and backscatter coefficient, (b) PLDR, LR, EAE and BAE, (c) WVMR (g/kg).
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Veselovskii et al. [2016] explained that the decrease of BAE is related to the increase of
absorption of dust particles.
Figure 3.15 presents the five-day back trajectory for vertical levels at 1000 m, 1500 m and
2000 m. The air mass at 1500 and 2000 m originate from the desert region in Mali and
the air mass has been lofted to 2000–2500 m on 15 December. The air mass at 1000 m is
originated from near the surface in the northwest of Nigeria and during the transport, the
air mass travels below 1200 m. In the dry season, fire activities are frequent, even lidar
NOAA HYSPLIT MODEL

observation does not
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The fire and thermal anomalies are from MODIS observations. Fire maps from 13 to 19 December
are overlaid.

11 April 2015, M’Bour
Figure 3.16 shows the backscatter, extinction coefficient, particle linear depolarization
ratio and water vapor mixing ratio observed on 10–11 April 2015. The boundary layer
height is about 4000–4500 m. The extinction colormap indicates that the aerosol loading
decreases from around 20:00 UTC, 10 April to 06:00 UTC, 11 April 2015. However, the
PLDR at 532 nm is stable, vary in the 30–35% range. The WVMR shows that the layer
68
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between 2500 m and 4000 m is well mixed, while below 2500 m, a layer characterized
by increased water vapor mixing ratio is observed, meaning the intrusion of a humid air
mass.

(a)

(b)

(c)

(d)

Figure 3.16. The colormaps of Lidar observations on 10–11 April 2015. (a) Backscatter coefficient
(km−1 sr−1 ), 532 nm, (b) extinction coefficient (km−1 ), 532 nm, (c) PLDR (%) at 532 nm, (d)
WVMR (g/kg).

Figure 3.17 presents the optical properties retrieved from the averaged Lidar observations
in the night of 10–11 April 2015. In the 2500–4000 m range, aerosols are well mixed, as
the PLDR, lidar ratios and water vapor mixing ratio are almost vertically constant. The
PLDR at 532 nm is about 33%, indicating that dust is the dominant component. The lidar
ratio is about 53±3 sr at 532 nm and 68±4 sr at 355 nm. The BAE varies between -0.5
and -0.7. Compared with the observation on 19 December 2015, the PLDR, lidar ratios
and Angström exponent in 2500–4000 m range are very consistent. Given that the relative
humidity increases from about 20% to about 60%, while the lidar ratios, PLDR, BAE and
EAE do not change, we can conclude that dust is not hygroscopic under this condition.
Below 2500 m, increased water vapor mixing ratio is observed with its maximum at about
2000 m. The PLDR at 532 nm reaches its local minimum of 32% in the 2000–2500 m
range. The BAE also shows a sharp enhancement at 2500 m, while the EAE does not
69
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Figure 3.17. Averaged Lidar observation 23:00–01:57 UTC, 10–11 April 2015. (a) Extinction and
backscatter coefficient, (b) PLDR, LR, EAE and BAE, (c) WVMR (g/kg).
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show noticeable variations. As the altitude decreases from 2500 m to 1200 m, the lidar
ratio at 532 nm increases from about 48 sr to 54 sr. And at the same time the lidar ratio
at 355 nm decreases with a more noticeable speed, from about 67 sr to 57 sr. The derived
lidar ratio, PLDR as well as the BAE are rather consistent with the observations reported
in SAMUM campaign [Müller et al., 2010a, 2007, Tesche et al., 2009]. On the other hand,
these features emphasize the diversity and complexity of dust properties.
The increase of water vapor in the1500-2500 m range may lead to a question: are the
comparisons of dust properties in 1500–2500 m and 2500–4000 m caused by the hygroscopic effect? Kaaden et al. [2009] studied the dust samples collected in SAMUM-1
campaign and concluded that mineral dust particles (with diameter larger than 720 nm) are
completely hydrophobic. Kaaden et al. [2009] presented that mixing with anthropogenic
material makes mineral dust more hygroscopic. Twohy et al. [2009] studied Saharan dust
acting as cloud condensation nuclei and concluded that hygroscopic materials can also be
present naturally in dust particles. However, in this case, even the water vapor increases
below 2500 m, the relatively humidity is still very low, less than 40%. Whereas, hygroscopic growth is expected at much higher relative humidity. The intrusion of air mass
coming from a different source should be a more reasonable explanation for the distinct
optical properties observed below 2500 m.
Four-day back trajectories of air mass at 1500, 3000 and 4500 m are plotted in Figure
3.18. The air mass at 1500 and 3000 m is originated from the desert region in Mauritania
and Mali. The former is transported close to the surface and then lofted to 1500 m in less
than 6 hours. While the latter is transported at higher altitudes, between 1000 and 3000 m.
As introduced in previous section, air mass near the surface in M’Bour are mostly coming
from the North and East Atlantic. When air mass is approaching the observation site with
low altitudes, it is very possible to mix with maritime aerosols. And this air mass is then
lofted to higher altitudes by strong upward convection.

21 April 2015, M’Bour
Figure 3.19 displays the lidar observations in the night of 20–21 April 2015. The atmospheric boundary layer height is 4200–4500 m. Multiple layers with water vapor mixing
71
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ratio greater than 3.0 g/kg are detected at 1000, 3000 and 4000 m. The particle linear
depolarization ratio at 532 nm shown in Figure 3.19(c) is nearly homogeneous in the
boundary layer and displays no temporal variation in the night. A slight decrease of particle depolarization ratio is detected at about 4000 m at 23:00–01:00 UTC.

(a)

(b)

(c)

(d)

Figure 3.19. The colormaps of Lidar observations on 20–21 April 2015. (a) Backscatter coefficient
(km−1 sr−1 ), 532 nm, (b) extinction coefficient (km−1 ), 532 nm, (c) PLDR (%) at 532 nm, (d)
WVMR (g/kg).

Aerosol optical properties retrieved from averaged lidar observations at 23:40–01:00 UTC
are plotted in Figure 3.20. The extinction coefficient at 1000–4000 m varies in 0.2–0.3
km−1 range at both 355 and 532 nm. The BAE is about 0.0 and does not show noticeable vertical variations. The profile of WVMR enhances at 1000, 1500 and 4000 m. The
PLDR at 532 nm is about 32% and is almost vertically constant in the range of 1500–
3800 m. A slight increase, about 1–2% is observed below 1500 m. The lidar ratios at
355 and 532 nm are 50±5 sr and change in the same manner in 1000–3500 m range. As
the altitude approaches 4000 m, the depolarization ratio decreases to about 28%, the lidar
ratio decreases at 532 nm to about 48 sr, while the lidar ratio at 355 nm stays at 55±5 sr
and the relative humidity increases to around 90%.
72
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Figure 3.20. Averaged lidar observation 23:40–01:00 UTC, 21 April 2015. (a) Extinction and
backscatter coefficient, (b) PLDR, LR, EAE and BAE, (c) WVMR (g/kg).

Five-day back trajectory in Figure 3.21 indicates that the air mass at 1000 m and 2000 m
is originated from nearly the same region, the desert between Niger and Chad. The air
mass is westwardly transported at altitude lower than 1000 m and then elevated to higher
altitude when approaching the coastal region in West Africa. Whereas the air mass at
3000 m is originated from the area between Senegal and south-west of Mali. The air mass
NOAA
descends from above 5000 m to 3000
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75

Discussion

The selected three cases show the comparisons of the two different dust types. The lidar
measured WVMR can be used as a tracer for air mass coming from different origins. Lidar observation in the three cases point to that the dust layers with reduced lidar ratio at
355 nm are characterized with enhanced WVMR, meaning that they are possibly mixed
with maritime aerosols which is an important moist aerosol source for M’Bour site. Rivellini et al. [2017] studied the chemical composition of non-refractory sub-micron particles
during SHADOW2 campaign and found a significant contribution of air mass from sea
breeze in March and April 2015. And the air mass brought by sea breeze is characterized
by relatively high concentration of organic and sulphuric matter. Although the study is
specific to the ground-level measurements and sub-micron particles, it supports and confirms, to some extent, our speculations that dust in March and April is likely to mix to
maritime aerosols.
It is not surprising that maritime aerosol will dilute the absorption of dust because it contains usually low absorbing or non-absorbing materials such as sea salts and sulphates.
Whereas, the spectral absorption of dust particles is highly variable and uncertain, and the
mixing of dust and maritime aerosols is a complex subject. More efforts are needed in
both observations and modeling. Here a simple modeling work is performed to illustrate
the possible impacts of low absorbing maritime aerosols on dust properties. A size distribution dominated by coarse particles is simulated to represent the size distribution of dust.
The particles are composed of 10% spheres and 90% spheroids. The real part of the complex refractive indices is assumed to be 1.50. The imaginary part varies from 0.0005 to
0.01. The EAE and BAE between 355 and 532 nm (in Figure 3.22(a)) are simulated with
wavelength-independent refractive indices. The EAE does not show obvious sensitivity to
the changes of the imaginary part of the refractive indices when the size distribution and
real part is fixed. While BAE decreases from -0.3 to -0.55 as the imaginary part increases
from 0.0005 to 0.01. Figure 3.22(b) plots the lidar ratios at 355 and 532 nm. Lidar ratio
at 355 nm decreases from 120 sr to 50 sr as the imaginary part decreases from 0.01 to
0.0005, and lidar ratio at 532 decreases from 86 sr to 40 sr. Apparently lidar ratio at 355
nm decreases faster than 532 nm when the imaginary part decreases by the same value.
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(a)

(b)

Figure 3.22. Modeled BAE, EAE and LR versus the imaginary part of the complex refractive
index. The insert in (a) shows the particle size distribution that is used in the simulation. The real
part of the refractive indices is fixed to 1.50 for both 355 and 532 nm. Varied imaginary parts are
used in the range of 0.0005–0.01.

Figure 3.23 presents the lidar ratios of dust mixtures. The aerosol model is taken from
MERRA-2 [Buchard et al., 2017, Gelaro et al., 2017, Randles et al., 2017]. MERRA2 provides modeled aerosol properties based on five aerosol components: black carbon,
dust, organic carbon, sea salts and sulphates. The released data provide 1980 onward data
reanalysis with 1◦ ×1◦ spatial resolution and 3-hour time resolution. The aerosol model
in MERRA-2 is borrowed from GOCART model [Colarco et al., 2010]. The lidar ratio
for dust is about 66.8 sr at 355 nm and 40.7 sr at 532 nm. At 355 nm, the simulated
lidar ratio is quite consistent with the lidar observation in the dry season. But at 532 nm,
the simulated lidar ratio is about 10–15 sr lower than the lidar observation. One possible
explanation is that MERRA-2 uses 0.0026 for the imaginary part of refractive indices at
532 nm, whereas this values is lower than the values obtained from field campaign studies
[Ansmann et al., 2011]. We calculate the lidar ratios of dust externally mixed with sea
salt, sulphates, and both sea salt and sulphate. The extinction ratio of the three mixtures
are respectively 10:1, 10:1 and 10:1:2. The ratio of extinction coefficient for each aerosol
component is used as weight when calculating the extinction and backscatter coefficients
of the mixtures, from which the lidar ratios are calculated. When dust mixes with sea salt
with extinction ratio of 10:1, the lidar ratio decreases to 53.2 sr at 355 nm and 35.3 sr
76
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at 532 nm. When dust mixes with sulphate with extinction ratio of 10:1, the lidar ratio
increases to 66. 8 sr at 355 nm and 42.5 sr at 532 nm. When dust mixes with sea salt and
sulphate with extinction ratio 10:1:2, the lidar ratio decreases to 55.5 sr at 355 sr and to
38.5 sr at 532 nm. The change of lidar ratio at 355 nm is consistent with the trend observed by lidar, but lidar ratio at 532 nm does not show significant change and is always
lower than the observations. This is an illustration of the changes of lidar ratio when dust
is mixed with sea salts and sulphates,
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Figure 3.23. Modeled LR using aerosol components from MERRA2. DU: dust, SS: sea salt, SU:
sulphate.
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Long-range transported aerosols
Long-range transported dust observed in Lille

As the largest dust source on the Earth, Saharan desert exports large quantities of dust
into the atmosphere every year. The maximum of dust outbreak is usually in spring and
the minimum is in winter [Papayannis et al., 2005, Nastos, 2012]. Transported Saharan
dust has been reported in northern Europe [Ansmann et al., 2003], central Europe [Müller
et al., 2003], and eastern Europe [Papayannis et al., 2008]. The study of Doherty et al.
[2008] shows that, with the influence of displacements in the Azores and Hawaiian anticyclones, Saharan dust can cross the Atlantic ocean and reach the Caribbean area. The
outbreak of Saharan dust is controlled by multiple meteorological factors, such as the precipitation, the absence of depression and thermal conditions. On 10 and 11 March 2017,
large-scale transported Saharan dust was detected by LILAS system over Lille. Nighttime
lidar observations show complicated dust stratifications distributing in the range of 2000–
8000 m. A optically thick aerosol layers near the surface is observed between 22:00 and
05:00 UTC in the night of 10–11 March 2017.
The four-day back trajectory shown Figure 3.25(a) indicates that the dust layers are originated from East Atlantic near the north-west coast of Africa. An outbreak of Saharan dust
is detected by MODIS imager on 08 March 2017. Figure 3.25(b) shows the true color image obtained from MODIS. The dust plume near the coast of West Africa can be clearly
seen in the image. The back trajectory indicates that the air mass has travelled over the
north-east Atlantic before arriving at the observation site. Lidar observations averaged between 21:00 UTC and 23:00 UTC are plotted in Figure 3.26. The maximum of extinction
coefficient reaches approximately 0.07 km−1 . Both the extinction and backscatter coefficients have no noticeable spectral dependence between 355 nm and 532 nm. The lidar
ratios are both about 50–60 sr at 355 and 532 nm, with negligible spectral dependence.
The PLDR is approximately 25–28% at 532 nm and 17–21% at 1064 nm. Unlike the dust
observed in M’Bour, the PLDR of transported dust at 532 nm decreases by 2-5%, while
the PLDR at 355 nm remains the same with the observations in M’Bour. The changes
may be linked with the processes that dust particles underwent during the transport.
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(a)

(b)

Figure 3.24. Lidar observations on 10–11 March 2017. (a) Backscatter coefficient at 532 nm, (b)
VLDR at 532 nm.
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Figure 3.25. Four-day back trajectory for 23:00 UTC, 10 March 2017 and MODIS image. (a)
Four-day back trajectory, (b) dust plumes observed on 08 March 2017.

As known, the dust deposition process, including wet and dry deposition, is size dependent. The dominant deposition factor differs depending on the size of dust particles.
Gravitational sedimentation is significant for super-micrometer particles and Brownian
diffusion is important for sub-micrometer particles [Osada et al., 2014]. Dust size distributions near the source and after long transport are expected to be different due to the
deposition process. If we consider the dust observed in Lille is originated from the coast
of West Africa, the transport distance is more than 5000 km. Given that these dust are possibly lofted and transported from the Saharan desert to the coast and then are transported
to Lille crossing the Atlantic ocean, the transport distance could be even larger than 6000–
7000 km. Figure 3.27 presents the monthly averaged size distributions in March 2017 for
Dakar (14.39◦ N, 14.96◦ W) and Tamanrasset (22.79◦ N, 5.53◦ E), as well as the size distribution derived at 16:04 UTC, 10 March 2017. The size distributions are derived from the
AERONET Version 3.0 data and normalized to 0–1.0 range. Tamanrasset site is located
in the center of Saharan desert. Dakar is located in the westward transport pathway of
Saharan dust. In Dakar, local dust could also be injected into the atmosphere from the exposed sand on the surface. The effective radii of the three AERONET size distributions in
Tamanrasset, Dakar and Lille are 0.79 µm, 0.74 µm and 0.45 µm. The averaged 2α + 3β
data are inverted using regularization algorithm [Müller et al., 1999, Veselovskii et al.,
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2002] and the obtained size distribution is plotted in Figure 3.26 in green solid line. The
effective radius of the lidar retrieved size distribution is about 0.86 µm. The size distribution retrieved for the dust layer looks more ‘concentrated’ as it loses both some very small
particles and bigger particles compared with the AERONET retrieved size distribution in
Lille. The size distributions in Tamanrasset and Dakar show a pronounced coarse mode
and a negligible fine mode with peaked radius at 2.3 µm. While the size distribution in
Lille has a peaking radius at 1.3 µm and a non-negligible fine mode. Additionally, an
altitude-dependent tendency of the particle depolarization ratio is observed in the dust
layer. It could be a signature of hygroscopicity. As the dust plumes are transported over
the ocean at low altitudes, it is very possible that they mix with hygroscopic maritime
materials. At 3500 m, the relative humidity reaches about 70%, at which hygroscopic
growth of sea salt is expected.
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Figure 3.26. Averaged observations at 21:00–23:00 UTC, 10 March 2017. (a) Extinction and
backscatter coefficient, (b) PLDR and LR, (c) WVMR and RH.
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Long-range transported Canadian smoke

In the summer of 2017, intense wildfires have been observed in the west and north Canada.
MODIS recorded the strong pyro-cumulonimbus clouds generated by the severe wildfires
(see the link). The pyro-cumulonimbus cloud has the potential to transport fire emissions
to the Upper Troposphere/Lower Stratosphere (UTLS) [Luderer et al., 2006, Trentmann
et al., 2006]. Previous researchers [Fromm et al., 2000, Fromm and Servranckx, 2003]
have reported smoke aerosols lofted to the UTLS by strong convection. On 12 August
2017, the GOES-15 detected five pyro-cumulonimbus clouds over the British Columbia
in the west of Canada. Figure 3.28 shows the true color image of MODIS on 16 August
120°W

90°W

60°W

30°W

0°

2017. The green dashed line represents the area covered by smoke. CO is one product
of the combustion process and can be taken as a tracer for smoke [Haskins and Kaplan,
60°N

1992]. Figure 3.29 displays the columnar CO concentration from the Atmospheric Infrared Sounder (AIRS, [Texeira, 2013]) in the period of 11–29 August 2017. The evolution of the CO plumes indicates that they are originated from the British Columbia on
30°N
12 August
and transported to Europe. We select six positions on the map, labeled as a–f

in Figure 3.28. The six locations are intendedly selected following the transport pathway
of the CO plumes. Figure 3.30 plots the profiles of backscatter coefficient and PLDR
measured by CALIPSO over these six locations. CALIPSO detects aerosol layers in the
UTLS over all the six locations. In Figure 3.30(d), a thin mixed phase clouds is detected
at 5–10 km. LILAS detected the Canadian smoke layers in the UTLS during distributed
120°W
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Figure 3.28. The surface reflectance from MODIS observation on 16 August 2017

days in August and September 2017. Figure 3.31 shows the observed aerosol layers on
83
© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Qiaoyun Hu, Université de Lille, 2018

84

3. AEROSOL OBSERVATION AND ANALYSIS

120°W

90°W

60°W

30°W

11 August

0°

120°W

60°N

60°N

30°N

30°N

(a) 11 August
120°W

90°W

60°W

30°W

0°

60°N

30°N

30°N

60°W

30°W

120°W

0°

60°N

60°N

30°N

30°N

90°W

60°W

30°W

120°W

60°N

30°N

30°N

60°W

90°W

60°W

30°W

0°

30°W

0°

30°W

0°

30°W

0°

17 August

19 August
90°W

60°W

21 August

90°W

60°W

25 August

(h) 25 August

(g) 23 August
90°W

15 August

23 August

0°

60°N

120°W

0°

(f) 21 August

(e) 19 August
120°W

13 August
30°W

(d) 17 August

(c) 15 August
90°W

60°W

(b) 13 August

120°W

60°N

120°W

90°W

30°W

120°W

0°

60°N

60°N

30°N

30°N

27 August
90°W

60°W

29 August

(j) 29 August

(i) 27 August

× 1017

Figure 3.29. The columnar CO concentration from AIRS product
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24–25, 29 August and 01 September 2017. The aerosol layers distributed at 16–20 km
and on 29 August, the thickness of the aerosol layer reached 3–4 km. The aerosol layers
are at very high altitude where the signal-to-noise ratio of the Raman signal is not sufficient to obtain high quality extinction coefficient. Klett method [Klett, 1985] is chosen to
invert the lidar elastic signal. The optical depth of the smoke layer, τ smoke , is obtained by
calculating the transmittance below and above the smoke layer and then used as an additional constraint of Klett inversion. We test a series of lidar ratios in the range of 10–120
sr, with a step of 0.5 sr and apply independent Klett inversions with each assumed lidar
ratio. The integral of the extinction coefficient within the UTLS layer, expressed below,
is compared with the pre-calculated optical depth τ smoke .
i

Z

rtop

αa (λ, r)dr

τ (λ) =

(3.1)

rbase

where τ i is the integral of extinction coefficient αa , derived from Klett inversion, r is the
distance, the subscripts ’top’ and ’base’ represent the top and base of the UTLS aerosol
layer and λ is the elastic lidar wavelength. The lidar ratio resulting in the best fit optical
depth are accepted. To exclude the impact of tropospheric aerosols, Klett inversion is only
apply to the smoke layers in the UTLS.

Figure 3.31. The smoke layers observed in August 2017, Lille

Table 3.1 summarizes the derived optical depth τ smoke , lidar ratios at two wavelengths
and PLDRs at three wavelengths. Between 16:00 and 18:00 UTC, 29 August 2017, the
aerosol optical depth reaches 0.20±0.04. Lidar ratios vary between 54 ± 9 sr and 58 ± 23
sr at 532 nm and between 31 ± 15 sr and 45 ± 9 sr at 355 nm. In the night of 31 August,
the error of lidar ratio is about 30 − 35%, relatively higher than the other days because
of the low optical depth. Although the error varies, the mean values of derived lidar ra86
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tio are relatively stable. At 1064 nm channel, the PLDR is very stable, varying in the
4.0 ± 0.6% to 5.0 ± 0.8% range. At 532 nm, the PLDR varies from 18 ± 3% to 20 ± 3%.
The PLDR at 355 nm increased from 23 ± 3% on 24 August, to 28 ± 8% on 31 August. However, the increase is merely within the range of the uncertainties, thus making
it difficult to conclude. The PLDR at 532 nm agrees well with CALIPSO observations
in Figure 3.30(c)–(f). Haarig et al. [2018] and Ansmann et al. [2018] also observed the
UTLS aerosol layers on 22 August 2017 and they measured 23.4%, 18.4% and 4.2% at
355 nm, 532 nm and 1064 nm. It is worthy to mention that this section is based on the
study of Hu et al. [2019] (see the Appendix B). The error calculation is presented in detail
in the paper and not repeated in this study.
Table 3.1. Optical depth, lidar ratio and particle depolarization ratio of smoke layers in the UTLS
in Summer 2017. The values on the right of the symbol ‘±’ represent the errors of the values on
the left. The calculation of errors is presented in Hu et al. [2019].

Date
24 August
Time
2200 –
(UTC)
0030
smoke
0.12±0.02
τ355
smoke
0.13±0.02
τ532
LR355 (sr)
35 ± 6
LR532 (sr)
54 ± 9
PLDR355 (%)
23 ± 3
PLDR532 (%)
20 ± 3
PLDR1064 (%) 5.0 ± 0.8

29 August
1300 –
1600 –
1600
1800
0.18±0.04 0.20±0.04
0.16±0.04 0.22±0.04
45 ± 9
41 ± 7
56 ± 12
54 ± 9
24 ± 4
24 ± 4
18 ± 3
19 ± 3
4.0 ± 0.6
4.5 ± 0.7

31 August
2000 –
2300 –
2300
0200
0.06±0.02 0.04±0.02
0.06±0.02 0.04±0.02
34 ± 12
31 ± 15
58 ± 20
58 ± 23
28 ± 8
28 ± 8
18 ± 3
18 ± 3
4.7 ± 0.7
4.7 ± 0.7

Figure 3.32 shows the extinction and backscatter coefficients, PLDRs/VLDRs, the EAE
and BAE obtained from averaged observations at 20:00–22:00 UTC, 31 August 2017.
The extinction coefficients are calculated with the derived lidar ratios in Table 3.1. The
backscatter coefficient from Klett and Raman inversion are both plotted and show very
consistent results. The PLDR, EAE and BAE are vertically stable within the layer, i.e.
17–18.5 km, indicating that the aerosols are well mixed.
With the satellite measurements we are able to conclude that the smoke layers observed
over northern France are transported from Canada through the UTLS. The smoke was
elevated to the UTLS possibly by the pyro-cumulus clouds on 12 August 2017 over the
British Columbia. The smoke plumes reported in this study have undergone more than
87
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Figure 3.32. Lidar inversions at 20:00–22:00 UTC, 31 August 2017, Lille. (a) Extinction and
backscatter coefficient, (b) PLDR, BAE and EAE.

10-day aging before being observed by LILAS, considering they were emitted on 12 August. During the transport, the plumes are not likely to mix with many other aerosol types
due to the high altitude. The observed plumes are probably aged smoke particles because
the high altitude prevented them from mixing with other aerosols during the transport, but
mixing with other aerosols in the ascending and combustion process is also possible.
The measured high PLDRs are very rare compared with other smoke observations in the
troposphere. Burton et al. [2015] presented similar spectral dependence of PLDRs for
smoke aerosols: 20%, 9% and 2% at 355, 532 and 1064 nm, respectively. The causes of
high PLDRs of smoke particles are not yet well understood. Previous studies suggest that
soil particles mixing in smoke are an explanation, as strong convection has the potential
to lift soil particles into smoke plumes [Fiebig et al., 2002, Murayama et al., 2004, Müller
et al., 2007, Sugimoto et al., 2010, Burton et al., 2012, Haarig et al., 2018]. The particle coagulation also seems to be a reasonable explanation when there is no evident proof
showing the presence of soil particles. Murayama et al. [2004] presented that no signature
of mineral dust was found in the analysis of chemical compositions of the smoke samples.
Mishchenko et al. [2016] tried to model the spectral depolarization ratios in Burton et al.
[2015] and found that such behavior is resulted from complicated morphology of smoke
particles. This study of Kahnert et al. [2012] achieved PLDRs of 12–20% at 304.0 nm,
8.0–18% at 533.1 nm and about 1.5% at 1010.1 nm, when modeling the optical properties
88
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of light-absorbing carbon aggregates. Although the results are comparable, the discrepancy still cannot be neglected. At this stage, the inclusion of soil particle in the smoke
plume still cannot be precluded.
Tropospheric smoke was observed simultaneously with the stratospheric smoke in the
night between 31 August and 01 September. Unlike the stratospheric smoke, the PLDR
is less than 10% at 355, 532 and 1064 nm. Figure 3.33 presents the retrieved optical
properties averaged between 20:00 UTC, 31 August and 02:00 UTC, 01 September. The
layer is optically thin, with maximal extinction coefficient of 0.03 km−1 . No noticeable
spectral dependence is observed for the extinction coefficient, but the spectral dependence
of backscatter coefficient is significant. The spectral dependence of the particle depolarization ratio is the same as in the stratosphere, whereas, the amplitude is much reduced.
The PLDRs at 355, 532 and 1064 nm are 8–10%, 4–6% and 1%, respectively. The lidar
ratio of the smoke layer is about 25–35 sr at 355 nm and 80–100 sr at 532 nm. Regularization [Müller et al., 1999, Veselovskii et al., 2002] method is applied to retrieve the
particle microphysical properties using the 2α+3β dataset shown in Figure 3.32 and Figure 3.33. The retrieved properties are summarized in Table 3.2. The effective radius Ref f
in the stratospheric layer is gently larger than in the tropospheric layer. The real part of
the refractive indices is consistent in the tropospheric and stratospheric smoke layer. The
imaginary part in the stratospheric layer is higher than in the troposphere but due to the
uncertainty of the retrieval, they still overlap. The uncertainty of regularization algorithm
has been discussed in Pérez-Ramı́rez et al. [2013] and is not introduced in this study.
Here we take ±30% relative uncertainty for the effective radius and volume concentration, ±50% for the imaginary part of the refractive indices, ±0.05 (absolute) for the real
part of the refractive indices.
The distinct optical and microphysical properties of the tropospheric and stratospheric
smoke layers are not yet fully understood. The two smoke layers are possibly from very
similar source but underwent different aging process. The relative humidity in the tropospheric smoke layer is about 60% while in the stratospheric smoke layer, the relative
humidity is less than 10%, according to the radiosonde measurements in Beauvechain
(120 km to Lille) at 00:00 UTC, 01 September 2017. Moreover, the tropospheric smoke
is more possible to mix with other aerosols during the transport. The transport time, as
89
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well as transport environment, is also a potential factor that impacts the smoke particles
during the aging process. To reveal the aging process of smoke particles is a complex
study and requires not only remote sensing measurements but also in-situ and laboratory
measurement.
Table 3.2. Optical depth, LR and PLDR of smoke layers in the UTLS in Summer 2017

Date
Stratospheric layer
Ref f
0.33±0.10
−3
3
Vc [µm cm ]
6.4±2.1
mR
1.52 ± 0.05
mI
0.020 ± 0.010

Tropospheric layer
0.27±0.10
2.6±0.8
1.50 ± 0.05
0.010 ± 0.005
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Figure 3.33. Lidar inversions at 20:00–02:00 UTC, 31 August–01 September 2017, Lille. (a)
Extinction and backscatter coefficient, (b) PLDR and LR.

3.4

Dust and smoke mixture observed in Senegal and Lille

20 January 2016, M’bour
Biomass burning aerosols are widely emitted in the dry season of West Africa. During
the SHADOW2 campaign, several smoke episodes have been observed and recorded. On
19–20 January 2016, LILAS observed a transported layer over the planet boundary layer.
90
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Figure 3.34 shows the backscatter and extinction coefficients, PLDR at 532 nm and the
WVMR. The colormaps show the transported layer is situated at 3500–5500 m, where
the WVMR increases. The boundary layer is 2500–3000 m high and well mixed, as the
WVMR profile is homogeneous inside the boundary layer. The PLDR in the boundary
layer and the transported layer show distinct values: 30–35% in the boundary layer and
15% at 532nm in the transported layer. However, in the transported layer the PLDRs
are slightly higher than biomass burning aerosols usually observed in the troposphere,
for example in Section 3.3. One possible explanation is the presence of dust which is a
persistent component in the atmosphere at M’Bour.
Observations averaged at 01:20–05:00 UTC are processed and the results are plotted in
Figure 3.35. In the transported layer, the WVMR is about 2.5–3.5 g/kg and the relative
humidity is 50–80%. The lidar ratio varies in 60–75 sr range at 532 nm and in 75–90 sr at
355 nm. The PLDR varies in 15–18% range and shows no spectral dependence between
355 and 532 nm. The EAE is about 0.8–1.2 and the BAE varies in the range of 0.3–0.6.
In the boundary layer the WVMR is about 2.0 g/kg and the relative humidity is less than
50%. The PLDR is 28–30% at 355 nm and 30–35% at 532 nm. The lidar ratio is 60–75
sr at 355 nm and 55–65 sr at 532 nm. The EAE in the boundary layer is about -0.1 and
the BAE is -0.4–0.0. The vertical gradient of the lidar ratio, BAE, and PLDR indicates
the vertical changes of the fractions of dust and smoke aerosols.
Figure 3.36 shows the 168-hour back trajectory for the air mass at 1000 m, 2000 m and
3500 m. The true color image is taken from MODIS product and it is overlaid with the fire
and thermal anomalies detected by MODIS on 18–19 January 2016. Widely spread fire
activities are detected from West Africa to Central Africa. The observed smoke at 3500
m is possibly from the neighbor countries such as: Guinea, Guinea-Bissau, south-west of
Mali and the northwest of Côte d’Ivoire. The air mass was transported at relatively lower
altitude, 1000–2000 m, which makes it more likely to mix with smoke. The air mass at
1000 m also passed over the area with intense fire activities whereas, it was transported
at much higher altitude, 2000–5000 m, which might reduce the possibility of mixing with
smoke.
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(a)

(b)

(c)

(d)

Figure 3.34. Lidar observations on 20 January 2016, M’bour. (a) Backscatter coefficient at 532
nm, (b) extinction coefficient and 532 nm, (c) PLDR at 532 nm and (d) WVMR (g/kg).
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Figure 3.35. Averaged lidar observations between 01:20 and 05:00 UTC, 20 January 2016. (a)
Extinction and backscatter coefficient, (b) PLDR, LR, BAE and EAE, (c) WVMR and RH.
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16–18 October 2017, Lille
On 16–17 October 2017, unprecedented smoke aerosol layers were detected over Lille
and AOD measured at 440 nm exceeded 3.0. Figure 3.37(a) shows a photo taken at 09:00
UTC in the morning of 17 October 2017. In the photo, the sky and the sun present a
yellowish color. The AOD at 440 nm and AE between 440 and 870 nm are plotted in
Figure 3.37(b). The AOD at 440 changes dramatically during 16 to 19 October with the
minimum of 0.2 and maximum of 2.9. The AE varies from 0.3 to 1.3 during the same
period. The maximal AOD was reached in the morning of 17 October, with AE about 1.2.
The smoke aerosols are originated from the intense fire activities occurred in the west of
Spain and Portugal on 15 and 16 October 2017. Figure 3.38 shows the true color image
overlaid with fire and thermal anomalies detected on 15 and 16 October. The emitted
smoke aerosols were carried by the cyclone to the north and east. Figure 3.39 presents
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Figure 3.37. Observations on 15–18 October 2017. (a) A photo of the sun and sky observed at
about 09:00 UTC, 17 October, (b) AOD and Angström exponenton 15–18 October 2017.

the CO plumes during 16–22 October. The CO plumes first appeared on 16 October in the
west of Spain. The intensity of the CO plume is high but the spatial distribution is very
limited. On 17 October, the CO plume has developed and spread to France, Netherland,
Germany, northern and eastern Europe. On 18 and 19 October, the CO plume moved
eastwardly and reached the region close to the Black Sea and Caspian Sea. On 20 and
21 October, the intensity and the coverage of the CO plumes decreased, but smaller areas
with strong CO concentration can be seen in the surrounding area of the Black Sea and
94
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(a)

95

(b)

Figure 3.38. True color image overlaid with fire and thermal anomalies from MODIS on 15, 16
October 2017. (a) 15 October 2017, (b) 16 October 2017.

the Caspian Sea.
Transported Saharan dust has been observed over Lille by LILAS system since 14 October 2017. The smoke aerosols transported from Spain and Portugal arrived in the evening
of 16 October, before the dust episode ended. The arrival of smoke caused the AOD at
440 nm to increase from about 0.4 in the afternoon of 16 October to about 2.9 in the
morning of 17 October. The two aerosol components, dust and smoke, mixed in the atmosphere and formed very complex stratification during the night of 16–17 October. The
range corrected lidar signal and volume linear depolarization ratio at 1064 nm on 16–17
October are shown in Figure 3.40(a) and (b), respectively. The layer spreading from 2000
m up to 6000 m at 20:00–22:00 UTC is mostly composed of dust particles, as the PLDR is
much higher than other air mass when the range corrected lidar signal is comparable. The
layers that appear at 2000–4000 m and 6000–8000 m are smoke aerosols as VLDR is as
low as a few percent. The aerosol concentration started to decrease from the afternoon of
17 October due to the transport of smoke plumes. In the night of 17–18 October, LILAS
observed an atmospheric stratification with smoke in the lower boundary layer and dust in
the upper boundary layer. Figure 3.40(c) and (d) display the range corrected lidar signal
and volume depolarization ratio at 1064 nm, respectively.

95
© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Qiaoyun Hu, Université de Lille, 2018

96

3. AEROSOL OBSERVATION AND ANALYSIS

30°W

0°

30°E

60°E

90°E

30°W

120°E

60°N

60°N

30°N

30°N

0°

0°

30°E

60°E

60°E

90°E

120°E

90°E

120°E

90°E

120°E

(b) 17 October 2017

(a) 16 October 2017
30°W

30°E

90°E

120°E

60°N

30°W

0°

30°E

60°E

60°N

30°N

30°N

(c) 18 October 2017
30°W

0°

30°E

60°E

60°N

(d) 19 October 2017
90°E

120°E

30°W

0°

30°E

60°E

60°N

30°N

30°N

(e) 20 October 2017

(f) 21 October 2017

Total Column CO (molecules/cm2) ×1017

Figure 3.39. Columnar CO concentration from AIRS on 16–21 October 2017
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Figure 3.40. Lidar observation on 16, 17 and 18 October 2017, Lille. (a) Lidar signal at 1064
nm, 16–17 October, (b) VLDR at 1064 nm, 16–17 October, (c) Lidar signal at 1064 nm, 17–18
October, (d) VLDR at 1064 nm, 17–18 October.

Aerosol optical properties retrieved from averaged lidar observations at 21:00–24:00 UTC,
17 October are plotted in Figure 3.41. The layer between 1500 m and 3500 m is characterized by high PLDRs, greater than 20%, and relatively lower concentration. In 2400–3200
m range, the particle linear depolarization ratios are 26% at 355 and 532 nm and 22% at
1064 nm. This spectral dependence of PLDR has been observed in transported Saharan
dust over Lille. It indicates that the aerosols within 2400–3200 m are transported dust.
Very weak spectral dependence is observed in the extinction and backscatter coefficients
at 355 nm and 532 nm. The lidar ratio is about 50±5 sr at 355 and 532 nm, which is also
consistent with the dust observation on 10–11 March 2017.
From 2400 m to 1200 m, the values of PLDRs, as well as the spectral dependence decrease
as altitude decreases. The EAE and BAE increases as altitude decreases. Lidar ratio is
about 45±5 sr at 355 nm and 56±5 sr in this range. Below 1200 m, the depolarization
ratios at three wavelengths are around 8%, with negligible spectral dependence. The EAE
and BAE are over 1.0. It indicates that below 1200 m particles are mostly smaller and
spherical.
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Figure 3.41. Averaged lidar observation at 21:00–24:00 UTC,17 October 2017, Lille. (a) Extinction and backscatter coefficient, (b) PLDRs, LRs, EAE and BAE, (c) WVMR and RH.
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Figure 3.42. Retrieved Ref f , volume concentration and complex refractive indices, 17 October
2017. (a) Volume concentration and effective radius (Ref f ), (b) complex refractive indices. The
error bars represent the standard deviation of all the solutions found by regularization.
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Figure 3.42 presents the volume concentration, effective radius, and complex refractive indices retrieved using regularization algorithm. The effective radius decreases from about
2 µm to 0.25 µm as height decreases from 2800 m to 1000 m. The particle volume concentration peaks at about 2800 m. The real part of retrieved refractive indices is about
1.45–1.55, decreases gently with height. The imaginary part also decreases with height,
with 0.022 at 1800 m and 0.01 at 1000 m. Considering that dust absorption is highly
variable, such value for imaginary part still falls into the acceptable range. Also the observed dust is possibly polluted by smoke or has mixed with other aerosol types during
the transport. One limitation of regularization retrieval is the assumption of wavelengthindependent complex refractive indices, it could cause a certain level of errors.
Compared with the Canadian smoke observed in the troposphere, the retrieved complex
refractive indices are rather comparable. But the spectral dependence of extinction and
PLDR are very different. The Canadian smoke shows no spectral dependence in the
extinction coefficient, while in this case, the EAE is about 1.0 in the lower layer. PLDR
decreases as wavelength increases in the Canadian tropospheric smoke, while in this study
the spectral dependency of PLDR is almost negligible in the lower layer. As both dust and
smoke are present at the same time in this case, it is quite possible that the two components
mix in the atmosphere but the mixing ratio varies at different altitude. The spectral dependency of depolarization in the lower layer agree well with the transported layer observed
on 20 January, where aerosols are proved to be dust and smoke mixtures by airborne insitu measurements. Whereas, the lidar ratios observed on 17 October is lower than that
on 20 January 2016, M’Bour. Although both cases are dust-smoke mixture, there are still
these variables that need to be carefully considered:
— Dust properties: dust near the source shows distinct properties with long-transported
dust
— Smoke properties: smoke aerosols from different origins and combustion process
are possibly different in particle microphysics
— Smoke aging process: travel time and environmental conditions during the transport
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3.5

Chapter summary

This chapter includes lidar observations and analysis about cirrus, dust and smoke, as well
as dust-smoke mixtures. The objective of this chapter is to provide optical and microphysical characterizations for the observed cloud and aerosol particles. The backscatter
coefficient and particle linear depolarization ratio at three wavelength are presented for
ice cloud particles. Wavelength-independent backscattering and particle depolarization
ratio are found for cirrus. Super-cooled liquid water cloud is observed at temperatures of
-25 – -38◦ C. And a clear ice formation process is observed below this super-cooled liquid
water cloud. This research could be continued for the study of aerosol-cloud interaction
and more observations are required to broaden and deepen the current stage of study.
Saharan dust measurements collected in SHADOW2 campaign are presents. The observations reveal that Saharan dust has the following characteristics:
— Extinction Angström exponent, close to 0.0
— Low relative humidity, usually less than 40%
— Particle linear depolarization ratio of 30–35% at 532 nm and 24–28% at 355 nm.
The measurements show that the dust lidar ratio at 355 nm observed in 15–24 April tends
to be steadily 15–25% lower than in December 2015 and January 2016. Correspondingly,
the BAE is higher than in December 2015 and January 2016. Similar features are detected in some days of March 2015. Moreover, the AERONET retrieved SSAs reveal that
aerosols during the period from mid-April or May to October is less absorbing at 440
nm than in the other months. The decrease of aerosol absorption after mid-April in the
shortwave is likely responsible for the decrease of lidar ratio at 355 nm and the increase
of BAE. This phenomenon is possibly related to the intrusion of maritime aerosols coming from eastern and North-eastern Atlantic. The day-by-day (at 00:00 UTC) trajectory
shows that the meteorological conditions in March and April could promote the occurrence of maritime aerosols that ’diminish’ the absorption of dust, whereas in December
2015 and January 2016, the dust has less chance to mix with air mass from the ocean.
This conclusion is also supported by the atmospheric circulation changes brought by the
northward advance of the ITCZ in West Africa.
Characteristics of long-range transported Saharan dust are presented. PLDRs at 3 wave100
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lengths are: 25–28% at 355 and 532 nm and 17–21% at 1064 nm. The spectral dependence of extinction and backscatter coefficient, as well as lidar ratio is negligible. Dust
deposition during the transport is expected to be one of the possible explanations for
the observed spectral dependence of PLDRs. The inversion using 2α+3β dataset reveals
the absence of very big particles compared with the distribution obtained for the dust in
Africa. Long-range transported Canadian smoke was observed in August and September
2017. Using satellite measurements, the origin and transport pathway of the Canadian
smoke are revealed. The highlight of the observation is the pronounced PLDR of stratospheric smoke in comparison with the low PLDR of the tropospheric smoke. The PLDRs
at 355, 532 and 1064 nm are: 23–28%, 18–20%, 5% for the stratospheric smoke and 8–
10%, 4–6% and 1% for the tropospheric smoke. The distinct optical and microphysical
properties of the tropospheric and stratospheric smoke indicates the impact of smoke aging process on the particle morphology and microphysics.
Two event related to dust and smoke mixtures are presented. The observations show some
common features of dust and smoke mixture: moderate and wavelength-independent depolarization ratios. Whereas, differences are observed in the lidar ratios. For example,
65±5 sr at 532 nm and 80±10 sr at 355 nm are obtained in the observation in M’Bour,
while in the observations in Lille, 45±5 sr at 355 nm and 56±5 at 532 nm are measured.
The disagreements are expectable given that dust and smoke properties change during
the transport, and smoke from different origins show different properties [Dubovik et al.,
2002a].
This chapter provides very rich examples for aerosol characterization using multi-wavelength
Mie-Raman lidar measurements. The results are also expected to contribute to aerosol
profiling, classification as well as the aerosol radiative effect. In future work, some observations could be used to constrain models or verify model products.
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Chapter 4
Lidar and photometer joint retrieval: GARRLiC/GRASP
“Where there is no vision, there is no hope.”
– George Washington
The chapter presents the Generalized Aerosol Retrieval from Radiometer and Lidar Combined
data (GARRLiC). GARRLiC algorithm is a branch of the Generalized Retrieveal of
Aerosol and Surface Properties (GRASP), which is the first unified algorithm developed for characterizing atmospheric properties gathered from a variety of remote sensing observations [Dubovik et al., 2014]. Hence, GARRLiC is hereafter called as GARRLiC/GRASP in this study. GARRLiC/GRASP is based on the AERONET inversion
algorithm. The objective of GARRLiC/GRASP is to retrieve both column-integrated
aerosol parameters and vertically resolved parameters, by combining sun/sky photometer
measurements and multi-wavelength lidar observations [Lopatin et al., 2013]. This chapter firstly introduces the methodology of GARRLiC/GRASP retrieval which is based on
the previous studies [Dubovik and King, 2000, Dubovik et al., 2006, Lopatin et al., 2013,
Dubovik et al., 2014].
The sensitivity tests and applications of GARRLiC/GRASP algorithm, with the use of
sun/sky photometer measurements and multi-wavelength elastically backscattered lidar
signals, have been well discussed by Lopatin et al. [2013]. The development of lidar technique enables the measurement of aerosol depolarization ratio at multiple wavelengths.
The depolarization ratio is a useful parameter for characterizing the particle shape and
103
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will bring new information into GARRLiC/GRASP retrieval. The volume linear depolarization ratio is included into GARRLiC/GRASP retrieval in this chapter. Four groups
of sensitivity tests are performed to investigate the performance of GARRLiC/GRASP
under different aerosol loadings, with varying fractions of spherical particles, with different error levels of molecular depolarization ratio and calibration coefficient. At last, real
measurements are inverted using GARRLiC/GRASP to test the functionality of the algorithm. And the validation of GARRLiC retrieval is performed by comparing the GARRLiC/GRASP retrievals with simultaneous Raman lidar inversions, as well as AERONET
inversions.

4.1

GARRLiC/GRASP algorithm

Figure 4.1. The principle scheme of GARRLiC/GRASP algorithm [Lopatin, 2013].

Figure 4.1 shows the principle scheme of GARRLiC/GRASP algorithm. The two modules: forward model and numerical inversion are the core of GARRLiC/GRASP algorithm.
The forward model simulates the quantities of radiation and polarization measurements
of a variety of remote sensing instruments based on the interaction of incident light with
atmospheric gases, aerosols and the underlying surfaces [Dubovik et al., 2014]. The forward model is driven by the given properties of atmospheric aerosols, gases as well as
underlying surfaces. The numerical inversion module retrieves the unknown parameters
by fitting the (measured or simulated) observations following the multi-term least square
104
© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Qiaoyun Hu, Université de Lille, 2018

4.1. GARRLIC/GRASP ALGORITHM

105

method strategy. GARRLiC/GRASP is a flexible algorithm and is applicable to different
system configurations depending on the type and spectrum of the observations.

4.1.1

Forward model

Table 4.1 summarizes the sun/sky photometer and lidar observations that can be simulated
by GARRLiC/GRASP. The typical sun/sky photometer observations inverted by GARRLiC/GRASP are the total/aerosol optical depth, angular sky radiances measurements
at 440, 675, 870 and 1020 nm. The angular sky radiance measurements are performed
in up to 35 directions [Holben et al., 1998]. More wavelengths could be included into
GARRLiC/GRASP retrieval if the measurements are available at such wavelengths. For
example, AOD measurements at 340, 380 and 1640 nm are measured according the protocol of the standard Cimel sun/sky photometer and could be added into GARRLiC/GRASP
algorithm. Additionally, photometer polarization measurements can also be simulated by
the forward model. At current stage, GARRLiC/GRASP retrieval using polarized sky radiance measurements are not yet performed but will be tested in future work. The attenuTable 4.1. The simulated observation of the GARRLiC/GRASP forward model.

τ (λ)
I(Θ, λ)

Lk,⊥,tot (h, λ)
δv (h, λ)

Sun/sky photometer measurements
The total/aerosol optical thickness at wavelength λ
Sky radiances at scattering angle Θ and wavelength λ
Lidar measurements
Lidar vertical profile of the backscattered elastic signal
hm is the discrete altitude; k, ⊥ and tot represent the
parallel-, cross-polarized signal and total signal
The vertical profile of the volume depolarization ratio
(h,λ)
δv = C ∗ LL⊥k (h,λ)
, C ∗ is the calibration coefficient

ated backscattered lidar signal, volume depolarization ratio measurements at elastic channels: 355, 532 and 1064 nm can be simulated. The number of the lidar wavelengths and
the measurement types are optional and dependent on the system configuration. GARRLiC/GRASP is able to simulate the parallel-, cross-polarized lidar signal as well as the
total signal. A calibration coefficient is required to account for the ratio of the opticalelectro gain of the parallel- and cross-polarized lidar signal. The calibration procedure
105
© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Qiaoyun Hu, Université de Lille, 2018

106

4. LIDAR AND PHOTOMETER JOINT RETRIEVAL: GARRLIC/GRASP

is an extra procedure that needed to be performed each time when the electrical or optical gain of the coupled parallel- and cross-polarized channel is changed. The calibration
procedure has been introduced in Chapter 2. In this study, we choose to simulate and invert the volume linear depolarization ratio instead of the two polarized lidar signals. The
volume linear depolarization ratio is a function of the particle linear depolarization ratio,
molecular depolarization ratio and the backscattering ratio. Compared with the particle
linear depolarization ratio, the volume linear depolarization ratio suffers from less random
noise which appears in low aerosol-laden region and is easy to compute because it is a
ratio of the cross-polarized lidar signal to the parallel-polarized signal multiplied by the
calibration coefficient.
Table 4.2 summarizes the aerosol microphysical parameters that drive the forward model.
Table 4.2. Aerosol microphysical parameters in GARRLiC/GRASP

dV (rj )
dlnrj

ck (hi )
k
Csph

nk (λ)
κk (λ)

Volume size distribution, rj represents the j − th size bin,
j = 1, . . . , Nrk ; k= 1, 2, is the index of the aerosol components
The concentration of the k-th aerosol component at altitude
hi , i = 1, . . . , Nh . The integral of ck (hi ) is normalized to 1
The fraction of spheres in the k-th aerosol component
The real part of the refractive indices for the k-th
aerosol component at the wavelength λ
The imaginary part of the refractive indices for the k-th
aerosol component at the wavelength λ

The interaction between light and aerosol particles is based on the assumption of single
scattering. As GARRLiC/GRASP inherits the scattering model from AERONET inversion, in which the aerosol single scattering properties in GARRLiC/GRASP are also
modeled by a mixture of spheres and spheroids [Dubovik and King, 2000, Dubovik et al.,
2002b, 2006]. Unlike the AERONET inversion which allows only one aerosol component, GARRLiC/GRASP assumes 1–2 aerosol components. When k = 2, the two components are characterized with two different size ranges, namely a fine mode and a coarse
mode with two independent groups of complex refractive indices. Ground-based lidar
usually cannot cover the whole column of the atmosphere because of the overlap in the
near range and the insufficient signal-to-noise ratio in the far range where aerosol concentration is very low. The aerosol vertical concentration in the upper and lower limit of
106
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lidar measurements, namely hmin and hmax respectively, are discretized into Nh levels.
Aerosols above hmax are omitted and between hmin and the ground level, aerosol vertical
concentration is assumed to be the vertically constant. The basic assumptions that link
the columnar and vertical aerosol properties are:
— The aerosols throughout the atmosphere consist of k=1,2 aerosol component(s)
k
with independent microphysical properties characterized by Csph
,

dV (rj )
,
dlnrj

nk (λ)

and κk (λ).
— The concentration of the aerosol component(s), ck (hi ), can vary as a function of
altitude but their properties do not change.

Figure 4.2. The concept of GARRLiC/GRASP forward model [Lopatin, 2013]

Figure 4.2 depicts the concept of GARRLiC/GRASP forward model. The columnar optical properties are reproduced by the particle scattering model using the particle distribution and complex refractive. Here we introduce briefly the formulas of the key optical
quantities derived from the scattering model, more detailed information can be found in
the publications [Dubovik and King, 2000, Dubovik et al., 2002b, 2006, Lopatin, 2013,
Lopatin et al., 2013]. The relationship of sun/sky radiance measurements and each aerosol
107
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component is expressed as follows:
k
k
τsca
(λ)Pmn
(λ, Θ) =
X dV (rj )

dlnrj

j=1,...,Nrk

ns
k
sph
k
(λ, Θ, κ, n, rj )}
)Kmn
(λ, Θ, κ, n, rj ) + (1 − Csph
Kmn
{Csph

(4.1)

and
k
τext/sca
(λ) =

X
j=1,...,Nrk

dV (rj ) k
sph
ns
k
(λ, κ, n, rj )}
)Kext/sca
(λ, κ, n, rj ) + (1 − Csph
{Csph Kext/sca
dlnrj
(4.2)

where τext and τsca represent the columnar extinction and scattering optical depth, k is the
index of the aerosol component, Pmn (λ, Θ) is the element of the scattering matrix, Nr is
sph/ns

the number of size bins. The kernel matrices Kmn
and

sph/ns
Ksca (λ, κ, n, rj )

sph/ns

(λ, Θ, κ, n, rj ), Kext

(λ, κ, n, rj )

are precomputed at corresponding particle size, shape and com-

plex refractive indices. The simulation of sun/sky radiances is performed by the full
radiative transfer equations in the plane parallel approximation using vertically dependent optical characteristics of the atmosphere [Lopatin et al., 2013]. The characteristics
of each atmospheric layer are expressed as follows:
∆τiaer,k (λ)

=τ

aer,k

Z

hi+1

(λ)

ck (h)dh

(4.3)

X

(4.4)

hi

∆τitot (λ) = ∆τigas (λ) + ∆τimol (λ) +

∆τiaer,k (λ)

k=1,2

∆τimol (λ) +
ω0i (λ) =

∆τiaer,k (λ)ω0k (λ)

P
k=1,2

∆τigas (λ)

+ ∆τimol (λ) +

P

∆τiaer,k (λ)

(4.5)

k=1,2

mol
∆τimol (λ) Pmn
(Θ, λ) +
i
Pmn
(Θ, λ) =

P

aer,k
∆τiaer,k (λ)ω0k (λ) Pmn
(Θ, λ)

k=1,2

∆τimol (λ)

+

P

∆τiaer,k (λ) ω0k (λ)

(4.6)

k=1,2
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i
(Θ, λ) represent the extinction optical depth, single scattering
where ∆τi , ω0i (λ) and Pmn

albedo and the element of scattering matrix of the i-th homogeneous atmospheric layer.
The variability of aerosol vertical distribution, ck (h), is a normalized aerosol vertical
concentration.
Z

hT OA

(4.7)

ck (h)dh = 1,

hBOA

where hBOA and hT OA represent the altitude of the bottom and the top of the atmosphere.
In the AERONET retrieval, the atmosphere is assumed to be vertically homogeneous
or with a bi-layer structure, due to the low sensitivities of photometer measurements to
aerosol vertical variability [Dubovik and King, 2000, Dubovik et al., 2000]. In GARRLiC/GRASP, lidar profiles including the backscattered signal VLDR profile are very
sensitive to aerosol vertical variability compared to passive remote sensing measurements
[Lopatin, 2013], so that the vertical aerosol concentrations are designed to be retrieved
parameters. If we ignore the anisotropism of extinction to the polarizing laser beam, the
backscattered lidar signal is described as follows:
Lk,⊥,tot (λ, h) =
mol
Ak,⊥,tot (λ)[βk,⊥,tot
(λ, h)

+

aer
βk,⊥,tot
(λ, h)]exp

Z
−2

h

α(λ, h0 ) dh0

 (4.8)

0

and
mol/aer

βtot

(λ, h) =

mol/aer
βtot
(λ, h)

=

1 mol/aer
mol/aer
mol/aer
α
(λ, h)ω0
(λ, h)P11
(π, λ, h),
4π
mol/aer
β⊥
(λ, h)

+

(4.9)

mol/aer
(λ, h),
βk

where Ak,⊥,tot is the instrumental coefficient depending on the transmission of the emitting optics and β mol/aer is the backscatter coefficient of molecules/aerosols, and it is a
function of single scattering albedo and phase function. It should be noted that the overlap function is not taken into account in the forward model of GARRLiC/GRASP. The
correction of overlap should be applied before running GARRLiC/GRASP, otherwise,
the lidar signal in the overlap (h < hmin ) range should be cut. The lidar profiles Ak,⊥,tot
entering into GARRLiC/GRASP are normalized, which means:
Z

hmax

Lk,⊥,tot (λ, h) dh = 1.

(4.10)

0
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From the measurement aspect, the VLDR is determined by the ratio of the cross-polarized
and parallel-polarized channels, as well as the calibration coefficient. While from the
modeling aspect, the VLDR is a function of the PLDR of aerosols, molecular depolarization ratio and the backscattering ratio:
δv =

where

R δp (δm + 1) + δm − δp
β⊥mol + β⊥aer
=
aer
mol
R (δ + 1) + δp − δm
βk + βk

δp =

δm =

aer
aer
β⊥aer
P11
(π, λ) − P22
(π, λ)
=
aer
aer
aer
βk
P11 (π, λ) + P22 (π, λ)

(4.11)

β⊥mol
βkmol

The calculation of volume depolarization δv requires a predetermined molecular depolarization ratio. As discussed previously in Chapter 2, the theoretical value of molecular
depolarization ratio is about 0.4% without considering the cross-talks of the optics and
the ‘leakage’ of rotational Raman lines. Behrendt et al. [2002] presented a method to
calculate the molecular depolarization ratio taking into account of the rotational Raman
lines included into the elastic signal. The real measure VLDR in the aerosol-free zone
is usually higher than the theoretical molecular depolarization due to the imperfection of
optics and errors in the measurements and calibration procedure. The sensitivity of the
molecular depolarization ratio and calibration procedure will be discussed in the following section.

4.1.2

Numerical inversion

The numerical inversion module tries to optimize the fitting of the observations following the multi-term least squares method strategy. The concept of numerical inversion is
represented by the following equations:



f ∗ = f (a) + ∆f


0∗ = Sa + ∆S



 a∗ = a + ∆ ,

(4.12)

a
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The first equation represents the fitting of the observations. Vector a is a vector of unknowns to be retrieved, which is also the output of the numerical inversion module as
well as the dataset driving the forward model. Vector a is composed of five components,
as expressed below:




a
 v 


asph 




a =  an 




 aκ 


ah

(4.13)

where av , asph , an , aκ , ah denote the unknowns corresponding respectively to the size
distribution

dV
,
dlnrj

k
the sphere fraction Csph
, the real part nk (λ) and imaginary part κk (λ)

of the refractive indices, and the vertical distribution of the aerosol concentration ck (h).
f and f ∗ represent the function of forward model and the vector of observations, respectively. ∆f is the vector of measurement errors.
The second equation represents a priori smoothness constraints on the retrieved parameters. The matrix S is used to smooth the size distribution

dV
dlnrj

and the spectral dependen-

cies of the real part nk (λ) , as well as the imaginary part κk (λ) of the refractive indices.
The assuming 0∗ for the derivatives of the retrieved parameters allows the elimination of
the strongly oscillating solutions with unrealistically high derivatives [Dubovik and King,
2000, Dubovik, 2004, Dubovik et al., 2006].
The third equation represents a priori estimates a∗ of the retrieved parameters a. ∆a∗ is a
vector of the uncertainties of a∗ . In Equation 4.12 the uncertainties ∆a∗ , ∆S and ∆f are
assumed to be normally distributed.
The solution of Equation 4.12 is performed by minimizing the following quadratic form:
Ψ(ap ) = Ψf (ap ) + Ψ∆ (ap ) + Ψa (ap )
1
=
(∆f p )T Wf −1 ∆f p + γS (ap )T WS −1 ap + γa (∆a p )T Wa −1 ∆a p
2

(4.14)
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and
Wf =

1
Cf ,
2f

2f
γS = 2 ,
S

WS =

1
CS ,
2S

2f
γa = 2
a

Wa =

1
Ca
2a

(4.15)

where W... represents the weighting matrix and γ... represents the Lagrange multipliers.
p is the index of the iteration. 2f , 2S and 2a are the first diagonal elements of the corresponding covariance matrices Cf , CS and Ca .
There are a variety of mathematical methods for minimizing quadratic forms, while the
choice of methods is a critical question for the retrieved parameters. GARRLiC/GRASP
uses a flexible generalized scheme of minimization to account for different datasets. The
details about the iterative process for calculating the solutions of Equation 4.12 can be
found in the publications Dubovik and King [2000], Dubovik [2004] and Lopatin [2013].

4.2
4.2.1

Sensitivity test
Description of the sensitivity study

The sensitivities of GARRLiC/GRASP to the random noise, aerosol type and aerosol
loading have been performed and discussed by Lopatin [2013]. The results show that
the combination of coincident sun/sky photometer and lidar measurements is beneficial
for the retrieval of aerosol properties and aerosol profiling. Moreover, the accuracy of
the retrieved parameters, including the size distribution, complex refractive indices, single scattering albedo as well as the vertical concentration profiles are dependent on the
aerosol loading. Higher aerosol loading results in better retrieval accuracy. The accuracy
of the retrieval for each mode, fine or coarse mode, is correlated with the proportion of
the mode in the total aerosol mixture. Additionally, the presence of noise into the measurements affects the accuracy of the retrieved parameters and the separation of fine and
coarse mode.
To study the impact of the VLDR measurements on the retrieval, several sensitivity tests
are designed with pre-assumed atmospheric conditions. Two aerosol models, absorbing
biomass burning aerosol and desert dust, are considered as the fine and coarse mode,
112
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respectively. The properties of various aerosol components have been presented in the
publication of Dubovik et al. [2002a]. Abundant urban-industrial, biomass burning, desert
dust and oceanic aerosol observations from worldwide AERONET network are used to retrieve the optical properties using AERONET inversion code. The absorption of biomass
burning aerosols varies significantly with the source and is potentially influenced by the
aging process. The biomass burning properties used in this simulation are taken from the
retrieval in Mongu site (Zambia) and for desert dust, the example is taken from BahrainPersian Gulf. The complex refractive indices of the two aerosol components are summarized in Table 4.3. The simulated vertical distribution of aerosol concentration is plotted
Table 4.3. The complex refractive indices of biomass burning (fine mode) and desert dust (coarse
mode) in the simulation. The real and imaginary parts of the complex refractive indices (CRI) are
labeled as rCRI and iCRI, respectively.

λ (nm)

355
rCRI 1.50
Fine
iCRI 0.02
rCRI 1.55
Coarse
iCRI 0.004

440
1.50
0.02
1.55
0.0025

532
1.50
0.02
1.55
0.002

675
1.50
0.02
1.55
0.0015

870
1.50
0.02
1.55
0.001

1020
1.50
0.02
1.55
0.001

1064
1.50
0.02
1.55
0.001

in Figure 4.3. The fine and coarse mode are assumed to follow normal distribution and the
characteristics are presented in Table 4.4. The volume concentration ratio of the fine to the
coarse mode concentration is fixed to 1:6 in all the simulated scenarios. The coarse mode
Table 4.4. Parameters of the size distribution used in the simulated scenarios. rmin and rmax
represent the minimum and maximum of the radius range for the size distribution. rmean and σ
are the mean radius and the standard deviation of the size distribution. We take 10 size bins for
the fine mode and 15 size bins for the coarse mode.
Mode
Fine
Coarse

rmin (µm)
0.05
0.335

rmax (µm)
0.576
15.0

rmean (µm)
0.14
2.0

σ
0.4
0.6

here, i.e. the desert dust, is the dominant aerosol component and follows a normal distribution peaking at 2000 m. The fine mode, i.e. the biomass burning distributes uniformly
from 0 m to 2800 m and then decreases linearly to negligible values. The minimum value
of the vertical concentration in this study is set to be 10−6 (unit less). This configuration simulates an atmospheric condition where local biomass burning aerosols mix with
113
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(a)

(b)

Figure 4.3. The simulated aerosol size distribution and vertical concentration. (a)Size distribution,
(b) vertical concentration.

transported dust layer. The sensitivity tests are aimed at evaluating the performance of
GARRLiC/GRASP retrieval with respect to the following issues:
— The comparison of GARRLiC/GRASP retrieval with/without VLDR measurements under different aerosol loading levels.
— The comparison of GARRLiC/GRASP retrieval with/without VLDR measurements with different sphere fractions of the coarse mode.
— The impacts of the molecular depolarization ratio on the retrieved parameters under different spectral configurations.
— The impacts of the calibration coefficient on the retrieved parameters under different spectral configurations.

4.2.2

Sensitivity to aerosol loading

Observations at four different aerosol loading levels with τ440 equal to 0.08, 0.15, 0.30
and 0.46, are simulated with the parameters above. The variation of the optical thickness
is done by changing the aerosol concentrations, while the concentration ratio of the fine to
the coarse mode, as well as other aerosol characteristics are kept. Two different observation types are generated from the forward model. The first type, regarded as the standard
observation dataset of GARRLiC/GRASP algorithm, includes the sun/sky photometer
measurements and lidar elastically backscattered signal at three elastic wavelengths: 355,
532 and 1064 nm. The second type includes the standard observation dataset as well as
114
© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Qiaoyun Hu, Université de Lille, 2018

4.2. SENSITIVITY TEST

115

the VLDR measurements at the three elastic wavelengths. The standard observation plus
simulated VLDR measurements (at one or more wavelengths) is hereafter called extended
observation dataset. The simulated observations are then retrieved by GARRLiC/GRASP.
It is worthy to be mentioned that, in the forward model and the numerical inversion, the
molecular depolarization ratio is assumed to be 0.4% at three wavelengths.
The retrieved size distribution, complex refractive indices and aerosol vertical concentration are plotted in Figure 4.4. The solid and dashed lines represent the retrievals with
extended and standard observation dataset, respectively. The size distributions and vertical concentrations are normalized by the columnar volume concentration of each mode.
Figure 4.4(a) shows the retrieved fine and coarse mode distributions. The retrievals with
extended observation datasets show higher accuracy of the fine mode size distribution
compared to the retrievals with standard observation datasets which tend to over-estimate
the concentration of fine-mode particles. The error of the fine mode size distribution is
correlated with the aerosol loading: the higher the aerosol loading the lower retrieval error.
The retrieval accuracy of the coarse-mode size distribution is higher than the fine mode,
which is consistent with the fact that coarse mode is the dominant aerosol component in
the simulation. The retrievals with both standard and extended observation dataset tend to
over-estimate the concentration of the particles with radius higher than 5 µm. However,
the retrievals with extended observation dataset show better performance compared to the
retrievals with standard observation datasets.
Figure 4.4(b) shows the real and imaginary part of the complex refractive indices. The
open and solid symbols represent the complex refractive indices of fine and coarse mode,
respectively. The real parts of coarse mode do not show obvious differences no matter the
VLDR measurements are included or not. While for the real part of fine mode, retrieval
accuracy decreases as the aerosol optical thickness decreases and the retrievals with extended observation dataset show distinctive advantages compared to the retrievals with
standard observation dataset. As to the imaginary part of the two aerosol modes, the inclusion of the VLDR brings significant improvements.
Figure 4.4(c) shows the aerosol vertical concentrations normalized by the columnar concentration of each mode. The inclusion of VLDR measurements into GARRLiC/GRASP
obviously improves the profiling of fine mode. The improvements in the coarse mode are
115
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(a) Size distributions of fine (left) and coarse (right) mode

(b) The real part (left) and imaginary part (right) complex refractive indices

(c) Aerosol vertical concentrations: fine (left) and coarse mode (right).

Figure 4.4. GARRLiC/GRASP retrieval under different aerosol loadings
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not as evident as the fine mode, since the coarse mode is dominant in the aerosol mixture so the retrieval accuracy is high whether the VLDR measurements are included. It
is worthy to be mentioned that all the retrievals in this group of tests are performed with
the same constraints, however, due to different algorithm configurations, i.e. the aerosol
loading and differences in the input datasets, one optimal constraint set for a specific configuration may not be optimal for another. In this situation, although more information is
added, the retrieval may not be improved because the solution or some parameters in the
solution may be misdirected by the improper constraints.

4.2.3

Sensitivity to the sphere fraction of coarse mode

According to the scattering model, the PLDR of aerosol is determined by its size, shape as
well as complex refractive indices. In reality, aerosol types and morphology are diverse:
fresh smoke particles are mostly small and spherical particles; desert dust and volcanic ash
are highly irregular particles. The amount of useful information about aerosol scattering
contained in the VLDR measurements depends on the contribution of aerosol scattering in
contrast to the total detected signals, which additionally include the cross-talks of optics
and the errors of calibration procedure. In an extreme case where the aerosols particles
are all spherical, the VLDR measurements contain no information from aerosol scattering, but only the optical cross-talks, molecular scattering and calibration errors. As a
result, including the VLDR measurements into GARRLiC/GRASP will not be beneficial
because it does not bring extra information about aerosol scattering.
To test the dependence of GARRLiC/GRASP retrieval on the sphere fraction of aerosol
particles, 5 groups of simulation are made with coarse-mode sphere fraction equal to 1%,
20%, 40%, 60% and 80%, respectively. The sphere fraction of fine mode is set to 100%
for all groups. The reason for fixing the sphere fraction of fine mode is due to that, according to the study of spheroid model, the scattering of fine mode particles is not sensitive to
the sphere fraction. All the other aerosol micro-physical and optical parameters such as
the size distribution, complex refractive indices, sphere fraction of fine mode and vertical
distributions are kept the same in these five groups of simulation. The optical depth at 440
nm is set to 0.30 for all the five simulations. The forward model of GARRLiC/GRASP
generates two different types of observation: standard dataset and extended observation
117
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dataset and then the observations are inverted using the same constraints.
Figure 4.5 shows the retrieved size distributions, complex refractive indices and vertical concentrations. The solid and dashed lines represent the retrievals with extended and
standard observation datasets, respectively. The open and solid symbols represent the fine
and coarse modes. The size distribution of coarse mode are well retrieved, whether the
VLDR measurements are included or not. An over-estimation of fine mode particles is
observed in all the 5 groups of test and the retrievals with extended observation datasets
generally show slight improvements compared to the retrievals with standard observation
datasets. The retrievals with 60% and 80% sphere fraction of coarse-mode particles tend
to over-estimate the concentration of fine mode at its two ‘wings’. As to the complex
refractive indices, the inclusion of VLDR measurements generally brings improvements
compared to the retrievals with standard datasets. The advantages of including VLDR
measurements are more evident in the retrieval of the imaginary parts. However, when
the sphere fraction of coarse-mode particles is up to 60% or 80%, the retrieval of some
parameters do not show any improvements compared to not including depolarization. For
example, when the sphere fraction of coarse mode is 60%, the retrieved imaginary part of
the complex refractive indices show no improvements. And for sphere fraction of 80%,
the retrieved imaginary part of coarse mode and real part of fine mode particles degrade.
The vertical concentrations in Figure 4.5(c) show again highly spoiled profiles when the
sphere fraction of coarse mode is up to 80%. The lowest point at 700 m of fine mode is
dramatically pushed down to compensate the over-estimation of fine-mode concentration
above 700 m.
The degradation of the performance of GARRLiC/GRASP for high spherical particles is
expectable. The increase of the sphere fraction of coarse mode leads to the decrease of
the contribution of aerosol scattering in the VLDR and aggravates the information aliasing between the fine and coarse mode, which could lead to unrealistic changes in the
retrieved parameters, for example the ‘flying-up’ of the fine mode distribution and the
sharpe changes in the vertical concentration when the sphere fraction of coarse mode is
80%. The lowest point of the vertical profile is more vulnerable because of the lack of the
information in the lidar overlap range, so it is in the position to balance the fitting of the
118
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(a) Size distributions of fine (left) and coarse (right) mode

(b) Real (left) and Imaginary (right) part of the complex refractive indices

(c) Vertical concentrations of fine (left) and coarse (right) mode

Figure 4.5. GARRLiC/GRASP retrievals with different sphere fraction of coarse mode
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columnar AOD and vertical lidar measurements.

4.2.4

Sensitivity to the molecular depolarization ratio

To extract the contribution of aerosols from the measured total depolarization ratio, i.e.,
the VLDR, we need assume a depolarization ratio to account for the depolarization of both
molecular scattering and the optics. This requires a careful calculation of the molecular
depolarization ratios, a precise characterization of optics, and an accurate calibration procedure is also needed. However, the cross-talks of the optics are complicated to be characterized and quantified. A characterization of the lidar channel as accurate as possible will
be helpful for the calculation of PLDR or VLDR, and beneficial for GARRLiC/GRASP
retrieval. This work is expected to be improved in future work. At current stage, the depolarizing effects of the optics are not taken into account in GARRLiC/GRASP forward
modeling. Nevertheless, a sensitivity test to the assumption of molecular depolarization
ratio can be helpful for understanding the influence of the mismatch between the measured and true depolarization ratio on the retrieved parameters.
We simulate three groups of extended observation dataset with molecular depolarization
ratio of 0.4%, 0.8% and 1.2%. The optical thickness τ440 is 0.3 and the sphere fractions
of fine and coarse mode are 100% and 1%, respectively. In each group, the four different spectrum configurations are simulated: three single-wavelength configuration at 355,
532, and 1064 nm and one triple-wavelength configuration. In the numerical inversion,
the molecular depolarization ratio is fixed to 0.4%. The retrievals are plotted in Figure
4.6. The results indicate that:
— The sensitivity of the retrievals is spectrally dependent, retrievals with depolarization measurements at 1064 nm (dark green lines), instead of triple-wavelength
configuration, are the least sensitive to the assumption of molecular depolarization
ratio, especially the complex refractive indices and the vertical concentration.
— Retrievals with VLDR at only 355 nm are the most sensitive to the assumption of
molecular depolarization ratio. When δm = 0.012(1.2%) at 355 nm, the retrieved
fine-mode vertical concentration suffers from distortions and the size distribution
of fine mode is over-estimated.
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(a) Size distributions of fine (left) and coarse mode (right)

(b) The real (left) and imaginary part (right) of the refractive indices

(c) Vertical distributions of fine (left) and coarse mode (right)

Figure 4.6. GARRLiC/GRASP retrieval with different spectrum configuration and molecular
depolarization ratio
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— The fine mode properties are more sensitive to the assumption of the depolarization ratio. As δm increases, the errors in the fine mode refractive indices and
vertical concentrations increase.

The users

4.2.5

Sensitivity to the calibration coefficient

The VLDR is proportional to the calibration coefficient which is the ratio of the optical
and electronic gain between the two polarization channels. Errors in the calibration coefficient may come from the optics of the calibration polarizer, misalignment and vibrations
of the mechanics, or the variation of aerosols and the electronic signal. Errors in the calibration coefficient bring a relative bias into the VLDR measurements. In order to test the
sensitivity of GARRLiC/GRASP algorithm to the errors in the calibration coefficient, we
organize the tests as follows:
1. Four extended observation datasets are simulated, including three single-wavelength
VLDR measurement at 355, 532 and 1064 nm, respectively and one triple-wavelength
depolarization ratio at the three wavelengths.
2. For each of the four datasets, +10% and -10% bias are introduced by multiplying
the simulated VLDR(s) by 110% and 90%, respectively. The simulated observations are then inverted with the same constraints.
To compare, the retrieval with standard observation dataset is also performed with the
same input aerosol parameters. The optical depth in the tests is fixed to 0.3 at 440 nm.
The retrievals are plotted in Figure 4.7. The solid and dashed lines represent the retrievals
with VLDR(s) biased by -10% and +10%, respectively. The black solid line represents
reference which is the aerosol properties used in the forward model. The green line represents the retrieval with the standard observation dataset. The results show that:
1. With ±10% bias in the depolarization, the retrievals with extended observation
dataset still show advantages in the size distribution, the imaginary part of the
refractive indices and the vertical concentration of coarse mode, compared to the
retrieval with standard observation datasets.
2. The over-estimation of coarse-mode size distribution at the right ‘wing’ still appears. And the positive bias tends to slightly decrease the concentration of fine
122
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(a) Size distributions of fine (left) and coarse mode (right)

(b) The real (left) and imaginary part (right) of the refractive indices

(c) Vertical distributions of fine (left) and coarse mode (right)

Figure 4.7. GARRLiC/GRASP retrievals with depolarization bias
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mode, whereas negative bias in the depolarization ratio tends to increase the concentration of fine mode.
3. The retrievals with triple-wavelength depolarization do not show better accuracy
compared to those with single-wavelength depolarization ratio at 532 or 1064 nm.

The sensitivity tests indicate that including VLDR into GARRLiC/GRASP retrieval generally brings improvements into the retrieved parameters, such as the size distribution,
complex refractive indices and vertical concentrations. The advantages of the retrieval
with extended observation datasets compared to the standard datasets are more significant
under low aerosol loading condition. Moreover, improvements brought by the depolarization are dependent on the atmospheric condition and the errors of the depolarization
measurements. When the aerosol particles are mostly spherical, the inclusion of VLDR
measurements could introduce some artifacts into the size distribution and vertical concentration. The performance of GARRLiC/GRASP retrieval with extended observation
datasets degrades with the errors in the VLDR measurements. Additionally, the performance of the retrieval depends on the wavelengths of the VLDR measurements. With the
simulated scenarios in this study, the retrievals with depolarization ratio at 355 nm show
relatively lower retrieval accuracy compared to the retrievals with VLDR at 532, 1064
nm. This wavelength dependence is related to the aerosol scattering which is wavelengthdependent, and errors in different polarization channels. In real lidar systems, the errors in
the VLDR measurements are dependent on the optics, detectors as well as the electronics
in different channels. Hence, the users of GARRLiC/GRASP are suggested to choose the
configuration of the observation dataset according to the real atmospheric condition and
the quality of the depolarization measurements.

4.3

Validation and application

To validate the GARRLiC/GRASP algorithm, real measurements are inverted and the retrievals are compared to the results obtained from other independent methods. Besides
GARRLiC/GRASP retrieval, the lidar observations can be inverted using Klett method
[Klett, 1985] and Raman lidar method [Ansmann et al., 1992] to get the extinction and
backscattering coefficients. The Raman lidar inversion is independent of the particle scat124
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tering model, the radiative transfer model, as well as the numerical inversion process
which are the three important workhorses of GARRLiC/GRASP algorithm. And in this
study the Raman signal is not used as input of GARRLiC/GRASP retrieval, so the extinction and backscatter coefficient from Raman inversion are used as verifications for
GARRLiC/GRASP retrieval. The signal-to-noise ratio of Raman channels (especially
the photon-counting channel) decreases as the sunlight and the aerosol loading increase,
which limits the usage of the Raman signal in daytime. However, in some optimal conditions, i.e. when the sunlight and the aerosol loading allows sufficient signal-to-noise
ratio in the Raman channel, the Raman signal in the analog channel can still be used
for Raman lidar inversion. By assuming a prior and realistic lidar ratio, extinction and
backscatter coefficient obtained from Klett method can also be regarded as the reference
of GARRLiC/GRASP retrieval. While the lidar ratio is a vertical-dependent variable and
varies with aerosol types, a realistic assumption for the lidar ratio profile requires a prior
information about the aerosol type as well as the vertical distribution, which is not always available. AERONET products are also used as verifications of GARRLiC/GRASP.
Although the particle scattering model, strategy of forward modeling and inversion of
GARRLiC/GRASP are inherited from AERONET inversion, the two algorithms are different in the input dataset and retrieval constraints.
Abundant sun/sky and lidar observations are obtained during the SHADOW2 campaign
[Bovchaliuk et al., 2016, Veselovskii et al., 2016, 2017] in M’Bour, Senegal. Two examples are selected for the validation of GARRLiC/GRASP algorithm. On 20 January 2016,
transported smoke layers from middle Africa were detected over the observation site and
in the boundary layer the aerosol was mostly composed of dust. On 11 April 2015, dust
transported from the Saharan region dominated in the atmosphere. The two cases have
been studied in Chapter 3. In this section, we apply GARRLiC/GRASP retrieval on the
extended observation datasets collected in the morning of the two days. The retrieved
column-integrated parameters are compared with AERONET retrievals and the vertical
profiles of extinction and lidar ratio are verified with the results computed using independent Raman retrievals.
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4.3.1

20 January 2016, M’Bour

Figure 4.8 shows the lidar data input into GARRLiC/GRASP retrieval. The lidar measurements are averaged between 09:00 and 09:44 UTC on 20 January 2016. The input
lidar dataset includes the three elastic lidar backscattered profiles and two VLDR profiles
at 355 and 532 nm. Due to the incomplete overlap of the lidar system, the lidar signal
below 800 m is removed from the input dataset. The nearly simultaneous sun/sky photometer measurements are recorded at 09:15 UTC and the aerosol optical depth at 440 nm
is about 0.82.
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Figure 4.8. Lidar signal averaged between 09:00–09:44 UTC, 20 January 2016, M’Bour

The retrieved parameters are plotted in Figure 4.9. The size distribution retrieved from
GARRLiC/GRASP shows a non-negligible fine mode and a dominant coarse mode, which
is in agreement with the retrieved size distribution of AERONET inversion. The effective
radius of the fine and coarse mode is about 0.12 µm and 1.5 µm, respectively. The single
scattering albedo (SSA) of the fine mode, as plotted in Figure 4.9(b), decreases with the
increase of the wavelength, which is a feature of biomass burning aerosols [Dubovik et al.,
2002a]. The SSA of the coarse mode is consistent with desert dust, which is absorbing
in the shortwave. The vertical concentration profiles indicate that fine mode aerosol is
minor below 2000 m, compared to the coarse mode aerosols. A transported layer centered at 3500 m is composed of a fraction of fine particles and a pronounced fraction of
coarse-mode particles. The real part of the fine and coarse mode is about 1.40 and 1.50,
respectively. The imaginary part of the fine and coarse mode is about 0.014 and 0.006,
126
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respectively. The retrieved properties of the fine mode agree well with biomass burning
aerosols. The imaginary part of the coarse mode falls into the range of dust imaginary
part of refractive indices. While compared to the imaginary part retrieved for dust in
the study of Dubovik et al. [2002a], our retrieval is more absorbing. In the dry season
of West Africa, fire activities in the surrounding areas occur frequently, therefore, dust
particles are possibly contaminated by fire emissions. And it is also possible that dust in
the Dubovik et al. [2002a] were different in the absorption due to different dust source or
mixing with other low-absorbing aerosols.
Figure 4.10 presents the back trajectory (for 09:00 UTC) obtained from the HYSPLIT
model [Stein et al., 2015, Rolph et al., 2017] and overlaid with the fire maps from MODIS
[Schaaf et al., 2002]. The back trajectory shows that the air mass at 1500 m is from the
desert region and passes over the areas where fire and thermal anomalies are detected.
Air mass at 2500 m passes over the fire region and desert region. And before arriving
the observation site, the air mass is transported near the surface so it possibly can mix
with dust particles. The air mass at 3500 m is originated from the Atlantic ocean and is
transported along the coastal region of West Africa, passing over the area with fire and
thermal anomalies.
According the lidar measurements before the sunrise on 20 January 2016 (in Chapter 3),
the relative humidity in the transported layer is much higher than in the boundary layer.
Airborne measurements were performed in the afternoon and aerosol samples were analyzed using scanning electron microscope. The photos of the particle samples showed
liquid water condensed around a fraction of dust particles and smoke particles [Unga et al.,
2018]. The humidity effect impacts both the particle size and their properties, making the
GARRLiC/GRASP’s assumption that ‘properties of fine and coarse mode particles do not
change with altitude’ fail. This could bring some errors into the retrieved properties.
The Figure 4.11 shows the extinction coefficients obtained from Raman lidar inversion at
355 and 532 nm. The Raman signal is averaged in the same time period and the calculation is performed by the Single Calculus Chain (SCC, https://scc.imaa.cnr.it). SCC is
the standard data processing calculation developed by EARLINET community. The same
measurement is also processed by our own algorithm and the results are quite consistent
with SCC. To simply the plots, the extinction coefficient obtained from our own calcu127
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lation is not shown, but the other parameters, such as backscatter coefficient, PLDR and
lidar ratios are from our own calculation instead of SCC. The extinction profiles, as well
as its spectral dependence from GARRLiC/GRASP and Raman inversion are very consistent in both the boundary and transported layers. The extinction coefficient at 800 m from
GARRLiC/GRASP retrieval is lower than the extinction from Raman retrieval. Several
reasons could explain this disagreement. Firstly, the mean extinction coefficient in the
overlap range is lower than the value at 800 m, so GARRLiC/GRASP derived extinction
coefficient is pulled down because it needs to compromise between the lidar observation
and the direct AOD. The decrease of extinction coefficient in the overlap range has been
confirmed by the profiles of a collocated CIMEL lidar whose overlap range is below 300
m after correction. Secondly, the optical path of the laser beam maybe not the same with
the direct sun measurements. When the atmosphere is not homogeneous, the AOD corresponding to the optical path of the lidar beam may not be equal to the AOD measured by
the sun/sky photometer. The homogeneity of the atmosphere is a fundamental assumption of GARRLiC/GRASP retrieval, however, in some special cases, the distribution of
the aerosol is not spatially homogeneous. The failure of this assumption will impact, to
a certain extent, all the retrieval parameters. Additionally, the different overlap functions
in the elastic and Raman channels are also a possible reason for the disagreements of the
extinction profile in the near range.
The lidar ratio profiles from GARRLiC/GRASP retrieval and Raman retrieval are generally in good agreement as well. However, some vertical structures detected in the Raman
inversion are not re-produced by GARRLiC retrieval due to the limited vertical resolution. The comparison of backscatter coefficient from GARRLiC/GRASP and Raman
inversion is very consistent, as shown in Figure 4.11(c). While the derived PLDRs from
GARRLiC/GRASP are lower than the ones derived from lidar, especially in the boundary
layer.
This case presents that, in the presence of dust-smoke mixtures, GARRLiC/GRASP retrieval
is able to distinguish the two distinct aerosol modes and derive rather reasonable aerosol
vertical distributions. The retrieved size distribution and single scattering albedo are compared and verified by corresponding AERONET inversion. The retrieved extinction and
lidar ratio profiles are very consistent with the results obtained from independent Raman
128
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Figure 4.9. GARRLiC/GRASP retrieval on 20 January 2016, 09:15 UTC. (a) Size distribution,
(b) single scattering albedo, (c) vertical distribution, (d) complex refractive indices.
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Figure 4.10. Back trajectory at 09:00 UTC, 20 January 2016, M’Bour

inversion. More fundamental comparisons are required for the verification of the columnintegrated and the vertically resolved parameters, however, an in-depth comparison is very
difficult to be achieved because of the limitations of in-situ techniques, such as particle
loss, measuring condition control and so on. More efforts are needed for the verification
of GARRLiC/GRASP retrievals in future work.
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Figure 4.11. Validation of GARRLiC/GRASP retrieval on 20 January 2016, 09:15 UTC. (a) Extinction profile, (b) lidar ratio, (c) backscatter coefficient, (d) PLDR. The lidar derived extinction,
backscatter coefficient and lidar ratio are calculated from the measurements averaged at 09:00–
09:44 UTC, but the lidar derived PLDRs (green and magenta lines) in Figure (d) are calculated
using measurements averaged at 01:30–05:00 UTC, 20 January 2016. Because the power of the
laser on 20 January decreased so the signal-to-noise ratio in daytime was much lower compared
to night measurements.
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4.3.2

11 April 2015, M’Bour

Lidar observations on 10 and 11 April 2015 have been studied in Chapter 3 and the results suggest that desert dust is the dominant aerosol component and the contribution of
fine particles is negligible. The nighttime observations on 10 and 11 April (in Chapter 3)
indicate that dust layer stretches up 4500 m with PLDR at 532 nm varying between 30%
and 32%. Three elastic lidar backscattered profiles and one VLDR profile at 532 nm, as
well as sun/sky photometer measurement at 08:23 UTC are input into GARRLiC/GRASP
algorithm. The lidar observations are averaged between 08:00 and 08:40 UTC. Figure
4.12 plots the input of lidar data into GARRLiC/GRASP algorithm. The retrievals are
plotted in Figure 4.13.
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Figure 4.12. Lidar signal averaged between 08:00–08:40 UTC, 11 April 2015, M’Bour

The size distribution in Figure 4.13(a) shows a negligible fine mode and a pronounced
coarse mode. The effective radius of the coarse mode is about 2.1 µm. The size distribution retrieved from GARRLiC/GRASP is generally consistent with the one from
AERONET, while GARRLiC/GRASP size distribution shows a right-shifted peak of
coarse mode and a slightly increased concentration of particles of radius smaller than
0.1 µm. This features are possibly coming from the lidar measurements, as adding lidar
measurements extends the spectral coverage of the photometer measurements and also
provides realistic vertical distribution of aerosol concentrations. The single scattering
albedo of the coarse mode is consistent with desert dust, which is absorbing more in the
132
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shortwave than in the longwave. The fine mode single scattering albedo is monotonically
decreasing with wavelength, which is similar to urban/industrial pollution or weakly absorbing biomass burning. Although lidar measurements provide extra information, which
is an advantage of GARRLiC/GRASP compared to AERONET retrieval, but more parameters need to be retrieved and the algorithm cannot assure that all the parameters are
retrieved with equal accuracy. In this selected case the fine mode particles are very minor
and the error of retrieved fine-mode properties is high. The vertical concentration indicates the fine mode is almost negligible compared with coarse mode and the coarse mode
concentration peaks at about 3500 m. The refractive index for the coarse mode is about
1.42–1.47 in the real part and the imaginary part decreases from 0.0025 to 0.0015. Both
the real and imaginary part of the refractive indices are lower than the values retrieved for
the case on 20 January 2016.
Figure 4.14(a) plots the extinction coefficient derived from GARRLiC/GRASP and Raman inversion. The extinction coefficient at 532 nm retrieved from GARRLiC/GRASP
coincides well with that derived from Raman inversion. The extinction coefficient at 355
nm is also very consistent above 2500 m. However, the difference of the extinction coefficient at 355 nm grows to 0.02 km−1 below 1500 m. The lidar ratios retrieved from
GARRLiC/GRASP are about 80 sr and 55 sr at 355 and 532 nm, respectively. Simultaneous lidar observations derive very comparable lidar ratio at 532 nm. At 355 nm,
lidar observations derive about 75 sr, slightly lower than the value retrieved from GARRLiC/GRASP . The two peaks occur in the lidar ratio profiles at about 1100 m are likely
caused by the vertical smoothing applied to the ‘turning point’ at about 1100 m when
calculating extinction profile from the Raman signal. The lidar ratio at 355 nm starts to
decrease rapidly when the altitude decreases to lower than 1500 m, while such tendency is
not shown in the lidar ratio at 532 nm. This phenomenon has been introduced in Chapter
3, where we explain that the intrusion of marine aerosols is possibly the reason. GARRLiC/GRASP is not able to reproduce this feature in the retrieval, while it is present in
the lidar observations. The most possible explanations are either the lack of sensitivity or
the limitation of assumptions in GARRLiC/GRASP algorithm. This vertical change of
aerosol properties is only shown in 355 nm, while in this channel only the total backscat133
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Figure 4.13. GARRLiC/GRASP retrieval on 11 Apr 2015, 08:23 UTC. (a) Size distribution, (b)
single scattering albedo, (c) vertical distribution, (d) complex refractive indices.
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Figure 4.14. Validation of GARRLiC/GRASP retrieval at 08:23 UTC, 11 Apr 2015. (a) Extinction
coefficient, (b) lidar ratio, (c) backscatter coefficient, (d) PLDR.
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tered lidar signal is measured, so the information contained in 355 nm is very limited. As
to GARRLiC/GRASP, one of the basic assumption is that the properties of the two assumed aerosol mode do not change with altitude, but the concentration of each mode can
vary at different altitude. Marine aerosols are mostly big particles, so is dust. If marine
aerosols present simultaneously with dust but not at the same altitude, GARRLiC/GRASP
is not able to represent this vertical variations of any concentration-independent parameter, such as lidar ratio and PLDR. The reason why the lidar ratio at 355 nm channel is
more sensitive to the mixing with marine aerosols than the 532 nm channel is not yet
fully resolved. The simulation shown in Figure 3.2.23 indicates the same tendency: when
dust mixes with sea salt, the increase of lidar ratio at 355 nm is more significant than
532 nm. It is related to the strong absorption of dust in the shortwave band. In addition,
marine aerosol could also bring a fraction of small particles, for example, the primary
biology aerosol particles, which are smaller than 0.2 µm in diameter and are very scattering. Rivellini et al. [2017] found that sea breeze tend to bring significantly increased
organic materials and sulphates in the PM1 mass concentration measured in M’Bour. The
355 nm is possibly more sensitive to the scattering particles in fine mode than the 532 nm
channel. More solid explanations and proofs require in-situ measurements.
The comparison of backscatter coefficient is shown in Figure 4.14(c). The backscatter
coefficients generally agree well between GARRLiC/GRASP retrieval and Raman lidar
inversion. Figure 4.14(d) shows the comparison of PLDR at 532 nm. Like the results
present for 20 January 2016, the retrieved PLDR from GARRLiC/GRASP is 3–10% (in
absolute values) lower than the values derived from lidar observations. The fitting error of
VLDR in this retrieval is about 3% (input minus fitting) in absolute values, indicating that
GARRLiC/GRASP does not reproduce adequate depolarization effect. Such behavior is
also seen in the retrieval for 20 January in the boundary layer where aerosols are mostly
dust.
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Aerosol absorption profiles can also be retrieved by GARRLiC/GRASP algorithm. Figure 4.15 shows the retrieved aerosol absorption coefficients for the two cases: 20 January 2016 and 11 April 2015. The first attempt of validating the absorption profiles
has been introduced by Tsekeri et al. [2018] by comparing airborne measurements and
GARRLiC/GRASP retrievals. The comparisons show several promising results where
the in-situ measurements are quite consistent with GARRLiC/GRASP retrievals, but in
some cases, disagreements are also observed. The difficulties of the work are the low
aerosol loading in the investigated cases and the uncertainties in the in-situ sampling process. More data are required in the future work in order to validate the retrieval of aerosol
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Figure 4.15. Absorption profiles retrieved by GARRLiC. (a) 09:15 UTC, 20 January 2016, (b)
08:23 UTC, 11 April 2015.

4.4

Chapter summary

In this chapter, the strategy of GARRLiC/GRASP retrieval, including the forward model
and numerical inversion, is firstly presented. VLDR measurements are implemented into
the algorithm. Four groups of sensitivity tests are designed and dedicated to answering the
following three questions concerning the usage and configuration of GARRLiC/GRASP
algorithm:
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— Is the inclusion of VLDR measurements beneficial for GARRLiC/GRASP retrieval?
— Are the benefits brought by VLDR measurements dependent on the aerosol types
or the error of the depolarization measurements?
— Is the performance of GARRLiC/GRASP retrieval with VLDR measurements dependent on the wavelength?

The answers to the three questions are all ‘Yes’, according to the sensitivity tests. The
tests reveal that:
— The inclusion of VLDR(s) in GARRLiC/GRASP improves the accuracy of the retrieval, especially in the low aerosol loading conditions. Compared to the retrievals
with standard observation dataset, the ones with extended observation dataset, i.e.
that include VLDR measurements, show obvious improvements in all the retrieved
parameters.
— With the configuration in the investigated cases, the improvements resulting from
the VLDR measurements are dependent on the sphere fraction of the coarse mode.
As the sphere fraction of coarse mode increases, the accuracy of the retrieval decreases. Because the information of aerosol scattering contained in the volume
depolarization ratio decreases when the number of spherical particles increases.
When the sphere fraction of the coarse mode grows to 80% or more, distortions
appear in the size distribution and the vertical concentration of fine mode. The
dependence on the sphere fraction of the fine mode is also expected, but it is fixed
to 100% in this study.
— The assumption of the molecular depolarization ratio has an impact on the performance of GARRLiC/GRASP retrieval and this impact is wavelength dependent.
In the tests, the coarse mode is dominant and contains only 1% spherical particles,
so the depolarization ratio at larger wavelengths, i.e. 532 and 1064 nm, contains
more information about the aerosols. When only the depolarization ratio at 355
nm is included into GARRLiC/GRASP , the error of the retrieval is higher compared to other configurations. A prior information about the aerosol size and shape
will be useful when applying GARRLiC/GRASP retrieval with the depolarization
measurements to set up an optimal configuration for the algorithm.
— The errors in the calibration procedure impose a bias on the derived VLDR, which
138
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influences the retrieval especially the fine mode parameters. The influences depend on the spectral configuration of polarization channel of lidar systems. In our
tests, the bias on the VLDR at 355 nm results in higher errors in the retrieved
parameters. Additionally, including the VLDR measurements at 3 wavelengths
may not the best configuration when bias appears equally at all the wavelengths.
The user should evaluate the quality of their lidar systems and choose a proper
configuration when applying GARRLiC/GRASP retrieval.
GARRLiC/GRASP retrieval is applied to the observations collected in SHADOW2 campaign. The first case presents a mixture of desert dust and biomass burning aerosols
observed on 20 January 2016. The sun/sky photometer measurements and lidar elastically backscattered signal, as well as VLDRs at 2 wavelengths are inverted by GARRLiC/GRASP algorithm. The results indicate that GARRLiC/GRASP is able to distinguish the two distinct aerosol components in the microphysical properties and vertical
distributions. The retrieved size distribution and single scattering albedo agree well with
AERONET retrievals. GARRLiC/GRASP is able to well reproduce the extinction and
backscatter coefficient profiles derived from the independent Raman inversion. The lidar
ratio profiles obtained from GARRLiC/GRASP also show good agreements with the results obtained from Raman method. The features of (polluted) dust and dust-smoke mixture are well represented by GARRLiC/GRASP regarding aerosol vertical distributions.
However, the comparison of PLDRs show that GARRLiC/GRASP is able to reproduce
the increasing trend of PLDRs when altitude decreases, but in the boundary layer the particle depolarization produced by GARRLiC/GRASP is approximately 10% lower than
the lidar measured PLDR.
The second case involves an example of coarse mode dominated atmosphere with a negligible fine mode. The observation was recorded on 11 April 2015. The retrieval reveals that the properties of the coarse mode are generally consistent with the properties
of dust, regarding the single scattering albedo and size distribution. While real part of
refractive indices, ranging from 1.42 to about 1.47, is relatively low compared with dust,
and the imaginary part is also slightly lower compared to the reported values for dust.
The extinction, backscatter coefficients and lidar ratios show good agreements with the
results derived from independent Raman inversion at 532 nm. At 355 nm, the agree139
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ments of extinction, backscatter coefficient and lidar ratio are acceptable as well. But
GARRLiC/GRASP does not reproduce the decrease of lidar ratio below 1500 m. The
causes could be either the lack of sensitivity in 355 nm channel or the limitation of the
assumptions of GARRLiC/GRASP algorithm. As to the comparison of PLDR, GARRLiC/GRASP reproduced PLDR is about 3–10% lower than the lidar observations. In
both cases, VLDR from GARRLiC/GRASP is about 1–3% (in absolute values) lower
than the measurements (See the appendix) in the dust layer. It is an indication that GARRLiC/GRASP has difficulties in reproducing the high depolarization ratio of dust particles. This deficiency of GARRLiC/GRASP is not surprising given that dust particles are
highly irregular and have edges and corners, which may not be adequately modeled by
the spheroid model. Figure 2.4 taken from Dubovik et al. [2006] presents that the P22
element in the scattering matrix of the feldspar sample is not fitted as well as P11 and P12
using spheroid model. Generally, the application of GARRLiC/GRASP on real measurements achieves good agreements with AERONET and Raman method, regarding the size
distribution, single scattering albedo (compared to AERONET), extinction, backscatter
coefficient and lidar ratios (compared to Raman lidar method), while GARRLiC/GRASP
produced PLDR for dust tends to be lower than the lidar observations. Further investigations and improvements about the modeling capability of spheroid model in reproducing
PLDR, especially in the backward direction, are needed in future work.

140
© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Qiaoyun Hu, Université de Lille, 2018

Chapter 5
Conclusion and perpectives
“ Always to look life in the face and to know it for what it is. At last, to know it,
to love it for what it is, and then... to put it away. ”
– Virginia Woolf

5.1

Conclusions

The study is dedicated to the aerosol characterization using lidar observations and the
implementation of aerosol retrieval algorithm GARRLiC/GRASP using VLDR measurements. The key instrument, a multi-wavelength Mie-Raman lidar LILAS, is maintained
and operated in LOA. And during the SHADOW2 campaign, the system was transported
to M’Bour. All the instrumental activities and measurements are performed in the two
observation sites. Sun/sky photometers involved are within the framework of AERONET.
Credits are given to the EARLINET in the framework of ACTRIS-2 and AERONETEurope for their expertise in the instrumental operation and calibration.
The lidar quality check and calibration are performed following the procedure proposed
by EARLINET. The Rayleigh fit, telecover test and molecular depolarization ratio are
verified analyzed and compared in order to verify the performance of the lidar system.
Results indicate that LILAS system has a satisfactory capability for profiling aerosols
from the troposphere to lower stratosphere. While there are still imperfections (e.g. the
molecular depolarization) caused by the optics and efforts are still needed in the upgrade
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and characterization of the system.
Aerosol episodes, including Saharan dust near the source, long-range transported dust,
smoke and dust-smoke mixtures are carefully analyzed and presented. The dust measurements in M’Bour, covering the dry season and the transition period from dry to wet
season, reveal a season feature of dust: the spectral dependence of measured lidar ratio
of 355 and 532 nm are distinct in the dry and transition season. By using the HYSPLIT
dispersion model, we found that the changes of air motion from dry to wet season could
potentially bring maritime aerosols which ‘deluted’ the absorption of dust, especially in
the shortwave.
The comparison of long-range transported Saharan dust observed in Lille and Saharan
dust in M’Bour shows the modification of aerosol optical and microphysical properties possibly resulted from the transport. The observations about Canadian smoke in
the stratosphere and troposphere point out the curious changes of smoke particles’ morphology and optical properties during the aging process. Moreover, this event provides
an direct proof of the aerosol semi-direct effect. Dust-smoke mixtures were detected
in M’Bour and Lille. Although dust and smoke are the main atmospheric components
in both cases, differences are observed in the lidar ratios and backscatter coefficient.
The observed differences are probably related to the smoke origins and the transport
process. The implementation of GARRLiC/GRASP algorithm is the other objective
of this study. The lidar measured VLDR is firstly included into the scheme of GARRLiC/GRASP algorithm. Sensitivity tests using synthetic data indicate that the inclusion
of VLDR brings improvements to the aerosol profiling and the retrieval of complex refractive indices especially the imaginary part. The inclusion of VLDR is particularly
advantageous in low aerosol-laden condition. The benefits brought by the VLDR measurements in GARRLiC/GRASP are dependent on the quality of the measurements and
the atmospheric condition. The users of GARRLiC/GRASP are suggested to evaluate the
quality of their measurements and choose proper configurations for obtaining an optimal
performance.
GARRLiC/GRASP is then applied to real measurements collected in SHADOW2 campaign. The retrievals are verified by independent AERONET retrieval and Raman lidar
retrieval. The comparisons show that the size distribution and SSA are rather comparable
142
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with AERONET products. GARRLiC/GRASP can also well reproduce the extinction
and backscatter coefficient profiles, as well as the lidar ratio profiles compared to independent Raman retrievals. In a smoke-dust mixed atmosphere on 20 January 2016,
GARRLiC/GRASP can well distinguish the two distinct aerosol modes in their optical
and microphysical properties as well as vertical distribution. However, the comparison
also shows that GARRLiC/GRASP has some deficiencies in representing the PLDRs
of dust particles. The spheroid model used by GARRLiC/GRASP may not be able to
reproduce the depolarizing effect of dust particles, which are highly irregular with corners and edges. Some vertical features caused by the intrusion of marine aerosols are
missed in GARRLiC/GRASP retrievals. The reason could be explained by the failure of
GARRLiC/GRASP assumption that the properties of fine and coarse mode are vertically
constant.

5.2

Perspectives

Following the work presented in this thesis, there are several tasks to be fulfilled in future work. The first objective is the verification and application of GARRLiC/GRASP
retrieval. Although GARRLiC/GRASP has achieved satisfactory results in retrieving dust
or dust mixture aerosols, more applications on other types of aerosols are needed. A future campaign will be conducted in China in April and May 2019. This campaign is under
the framework of the Chinese Belt and Road project and it incoperates researchers from
China, France, Russia and Belarus. LILAS system will be transported to the Kashi (also
called Kashgar), the west most part of China, and Beijing. The two-month campaign is
expected to bring new observations, including Asian dust and city pollution, for aerosol
characterization and GARRLiC/GRASP application.
In parallel, the validation of the current version of GARRLiC/GRASP routine processing
(including volume linear depolarization ratio) must be continued in the framework of the
ACTRIS implementation phase. This activity is particularly relevant to provide standard
products and services to European users within ACTRIS through ICARE/AERIS Data
and Service Center (a component of ACTRIS Data Center) and through CARS (Centre
for Aerosol Remote Sensing) central facility. Moreover, our results have shown the limits
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of the spheroid model in representing the depolarization ratio of dust particles, a thorough
study is therefore needed to investigate the ability of the spheroid model and the impact
of including volume depolarization ratio into the GARRLiC/GRASP on the retrieved parameters.
During the SHADOW-2 campaign, several dust and smoke episodes collected in SHADOW2
campaign will be assimilated into or used as constraints for the aerosol emission model
[Chen et al., 2018] to test if the observations help in the retrieval of aerosol source in a
regional scale.The interaction between cirrus and aerosols can be investigated using the
observations in SHADOW2 campaign.
Our work also demonstrates that LOA atmospheric platform provides valuable data and
expertise for validation of future satellite missions. Several future missions are aimed at
atmospheric research, for example EarthCare mission, 3MI and the Sentinel series. Especially, LILAS measurements will be useful for the verification of the space borne aerosol
lidar on EarthCare. It is worthy to be mentioned that the improvement of LILAS system
will be continued in the meantime, in order to extend the capability of the system. A
near range telescope will be added. In addition, measurement of CH4 vertically resolved
concentration has been validated and published [Veselovskii et al., 2018a]. The CH4
measurements could be used for the verification of the CH4 products satellite missions,
e.g. the TROPOMI (Tropospheric Monitoring Instrument, [Butz et al., 2012]) onboard
Sentinel-5 and also for the study of tropospheric CH4 variation, which is still a shortcoming of current satellite CH4 sensors [Jacob et al., 2016].
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V. Freudenthaler, H. Linné, A. Chaikovski, D. Rabus, and S. Groß.
lidar quality assurance tools.
sions, 2018:1–35, 2018.

Earlinet

Atmospheric Measurement Techniques Discus-

doi: 10.5194/amt-2017-395.

URL https://www.

atmos-meas-tech-discuss.net/amt-2017-395/. in review.
M. Fromm, J. Alfred, K. Hoppel, J. Hornstein, R. Bevilacqua, E. Shettle, R. Servranckx,
Z. Li, and B. Stocks. Observations of boreal forest fire smoke in the stratosphere by
poam iii, sage ii, and lidar in 1998. Geophysical Research Letters, 27(9):1407–1410,
2000.
M. D. Fromm and R. Servranckx. Transport of forest fire smoke above the tropopause by
supercell convection. Geophysical Research Letters, 30(10), May 2003. ISSN 00948276. doi: 10.1029/2002gl016820.
R. Garland, H. Yang, O. Schmid, D. Rose, A. Nowak, P. Achtert, A. Wiedensohler,
N. Takegawa, K. Kita, Y. Miyazaki, et al. Aerosol optical properties in a rural environment near the mega-city guangzhou, china: implications for regional air pollution, radiative forcing and remote sensing. Atmospheric Chemistry and Physics, 8(17):
5161–5186, 2008.
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L. A. Remer, Y. Kaufman, D. Tanré, S. Mattoo, D. Chu, J. V. Martins, R.-R. Li, C. Ichoku,
R. Levy, R. Kleidman, et al. The modis aerosol algorithm, products, and validation.
Journal of the atmospheric sciences, 62(4):947–973, 2005.
157
© 2018 Tous droits réservés.

lilliad.univ-lille.fr

Thèse de Qiaoyun Hu, Université de Lille, 2018

158

BIBLIOGRAPHY

L.-H. Rivellini, I. Chiapello, E. Tison, M. Fourmentin, A. Féron, A. Diallo, T. N’Diaye,
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Figure A.1. Measurements and fittings from GARRLiC/GRASP on 20 January 2016. ‘M’ and ‘F’ denote measurements and fittings, respectively.
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Figure A.2. Measurements and fittings from GARRLiC/GRASP on 11 April 2015. ‘M’ and ‘F’ denote measurements and fittings, respectively.
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Abstract. Long-range-transported Canadian smoke layers in
the stratosphere over northern France were detected by three
lidar systems in August 2017. The peaked optical depth of
the stratospheric smoke layer exceeds 0.20 at 532 nm, which
is comparable with the simultaneous tropospheric aerosol optical depth. The measurements of satellite sensors revealed
that the observed stratospheric smoke plumes were transported from Canadian wildfires after being lofted by strong
pyro-cumulonimbus. Case studies at two observation sites,
Lille (lat 50.612, long 3.142, 60 m a.s.l.) and Palaiseau (lat
48.712, long 2.215, 156 m a.s.l.), are presented in detail.
Smoke particle depolarization ratios are measured at three
wavelengths: over 0.20 at 355 nm, 0.18–0.19 at 532 nm,
and 0.04–0.05 at 1064 nm. The high depolarization ratios
and their spectral dependence are possibly caused by the
irregular-shaped aged smoke particles and/or the mixing with
dust particles. Similar results are found by several European
lidar stations and an explanation that can fully resolve this
question has not yet been found. Aerosol inversion based on
lidar 2α + 3β data derived a smoke effective radius of about
0.33 µm for both cases. The retrieved single-scattering albedo
is in the range of 0.8 to 0.9, indicating that the smoke plumes
are absorbing. The absorption can cause perturbations to the
temperature vertical profile, as observed by ground-based radiosonde, and it is also related to the ascent of the smoke
plumes when exposed in sunlight. A direct radiative forc-

ing (DRF) calculation is performed using the obtained optical and microphysical properties. The calculation revealed
that the smoke plumes in the stratosphere can significantly
reduce the radiation arriving at the surface, and the heating
rate of the plumes is about 3.5 K day−1 . The study provides a
valuable characterization for aged smoke in the stratosphere,
but efforts are still needed in reducing and quantifying the
errors in the retrieved microphysical properties as well as radiative forcing estimates.

1

Introduction

Stratospheric aerosols play an important role in the global
radiative budget and chemistry–climate coupling (Deshler,
2008; Kremser et al., 2016; Shepherd, 2007). Volcanic eruption is a significant contributor of stratospheric aerosols because the explosive force could be sufficient enough to penetrate the tropopause, which is regarded as a barrier to the convection between the troposphere and stratosphere. In addition
to volcanic eruption, biomass burning has been reported to
be one important constituent of the increasing stratospheric
aerosols (Hofmann et al., 2009; Khaykin et al., 2017; Zuev
et al., 2017). The pyro-cumulonimbus clouds generated in
intense fire activities have the potential to elevate fire emissions from the planetary boundary layer to the stratosphere
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(Luderer et al., 2006; Trentmann et al., 2006). Stratospheric
smoke plumes have been reported in many previous studies
(Fromm et al., 2000, 2005; Fromm and Servranckx, 2003;
Sugimoto et al., 2010).
In the summer of 2017, intense wildfires spread in the
west and north of Canada. By mid-August, the burnt area had
grown to almost 9000 km2 in British Columbia, which broke
the record set in 1958 (see https://www.nceo.ac.uk/article/
the-2017-canadian-wildfires-a-satellite-perspective/, last access: 15 January 2019). The severe wildfires generated strong
pyro-cumulonimbus clouds, which were recorded by the
satellite imagery MODIS (Moderate Resolution Imaging
Spectrometer). The GOES-15 (Geostationary Operational
Environmental Satellite) detected five pyro-cumulonimbus
clouds in British Columbia on 12 August 2017 (see https:
//pyrocb.ssec.wisc.edu, last access: 15 January 2019). Smoke
plumes in the troposphere and lower stratosphere were observed by several European lidar stations in August and
September 2017. Ansmann et al. (2018) and Haarig et al.
(2018) observed stratospheric and tropospheric smoke layers
originating from Canadian wildfires on 21–23 August 2017
in Leipzig, Germany. The maximum extinction coefficient of
the smoke layers reached 0.5 km−1 , about 20 times higher
than the observation 10 months after the eruption of the
Pinatubo volcano in 1991 (Ansmann et al., 1997). Khaykin
et al. (2018) reported Canadian smoke layers in the stratosphere over southern France in August 2017 and they found
that the smoke plumes can travel the whole globe (at middle
latitudes) in about 3 weeks.
Reoccurring aerosol layers in the troposphere and lower
stratosphere were detected by the lidar systems in northern France during 19 August and 12 September 2017. In
this study, we present the stratospheric smoke observations from two French lidar stations: Lille (lat 50.612, long
3.142, 60 m a.s.l.) and Palaiseau (lat 48.712, long 2.215,
156 m a.s.l.), and a mobile lidar system. Satellite measurements from multiple sensors, including UVAI (ultraviolet
aerosol index) from the OMPS NM (Ozone Mapping and
Profiler Suite, Nadir Mapper), CO (carbon monoxide) concentration from AIRS (Atmospheric Infrared Sounder), and
backscatter coefficient and depolarization ratio profiles from
CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations) help identify the source and the transport pathway of the smoke layers. This study is focused on
the retrieval of the aerosol optical and microphysical properties using lidar measurements. Further, the radiative effect of
the smoke layer is presented.

2 Methodology
2.1

Lidar data processing

In this subsection, we present the method for processing lidar measurements and the error estimation is presented in
Atmos. Chem. Phys., 19, 1173–1193, 2019
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the Appendix. The Raman lidar technique (Ansmann et al.,
1992) allows an independent calculation of extinction and
backscatter coefficients. When the nitrogen Raman signal is
not available, the Klett method (Klett, 1985) is used to calculate the extinction and backscatter coefficients, based on an
assumption of the aerosol lidar ratio.
In this study, the stratospheric aerosol layers are at high altitudes at which the signal-to-noise ratio of Raman channels
is not sufficient to obtain a high-quality extinction profile;
therefore, we choose the Klett method.
To reduce the dependence of Klett inversion on the assumption of lidar ratio, we use a pre-calculated optical depth
of the stratospheric aerosol layer as an additional constraint.
We test a series of lidar ratios in the range of 10–120 sr and
apply independent Klett inversion with each lidar ratio at a
step of 0.5 sr. The integral of the extinction coefficient over
the stratospheric layer, expressed below, is compared with
the pre-calculated optical depth.
i

τ (λ) =

rZtop

(1)

αa (λ, r)dr,

rbase

where τ i is the integral of extinction coefficient αa , derived
from Klett inversion. r is the distance, the subscripts “top”
and “base” represent the top and base of the stratospheric
aerosol layer, and λ is the lidar wavelength.
The pre-calculated optical depth is derived from the elastic
channel at 355 and 532 nm. The method is widely used in cirrus cloud studies (Platt, 1973; Young, 1995). By comparing
the lidar signal with the molecular backscattered lidar signal,
we found there is only molecular scattering below and above
the smoke plumes. So we can calculate the optical depth of
the smoke plumes as below:
2 β (λ, r )
1 P base (λ)rbase
m
top
−
τ (λ) = ln
2 β (λ, r
2 P top (λ)rtop
m
base )
u

rZtop

αm (λ, r)dr, (2)

rbase

where τ u is the optical depth of the stratospheric smoke layers. P top and P base represent the mean lidar signal at the top
and the base of the stratospheric layer. αm and βm are the
molecular extinction and backscatter coefficients. We calculate the lidar signal mean within a window of 0.5 km at the
top and the base of the aerosol layer to get P (rtop , λ) and
P (rbase , λ). We use this method to estimate the optical depth
of the stratospheric layer for LILAS and IPRAL measurements. The lidar ratio leading to the best agreement of τ i and
τ u is accepted as the retrieved lidar ratio of the stratospheric
aerosol layer. We apply Klett inversion only to the stratospheric aerosol layer, from 1 km below the layer base to 1 km
above the layer top. Therefore, the impact of tropospheric
aerosols is excluded. Compared to the Raman method, the
extinction and backscatter coefficients calculated from the
Klett method are not independent because of the assumed
www.atmos-chem-phys.net/19/1173/2019/
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vertically constant aerosol lidar ratio. But in this study, the
smoke particles are well mixed, so the vertical variation in lidar ratio is expected to be not significant. Additionally, using
the Klett method avoids the effects of vertical smoothing that
occur to the Raman derived extinction profile.
The particle linear depolarization ratio, δp , is written as
δp =

Rδv (δm + 1) − δm (δv + 1)
,
R(δm + 1) − (δv + 1)

(3)

where R is the backscatter ratio, δv is the volume linear depolarization ratio, and δm is the molecular depolarization ratio. R is defined as the ratio of the total backscatter coefficient to the molecular backscatter coefficient. δm = 0.004 is
used in the calculation of particle linear depolarization ratio. δv is the ratio of the perpendicularly backscattered signal
to the parallel backscattered signal, multiplied by a calibration coefficient. The depolarization calibration is designed to
calibrate the electro-optical ratio between the perpendicular
and parallel channels and is performed following the procedure proposed by Freudenthaler et al. (2009). The particle
linear depolarization ratio is a parameter related to the shape
of aerosol particles, and it is usually used in the lidar community for aerosol typing. The particle linear depolarization
ratio of spherical particles is zero. For irregular-shaped particles, for example ice particles in cirrus clouds, the measured
particle linear depolarization is about 0.40 (Sassen et al.,
1985; Veselovskii et al., 2017).
2.2

Aerosol inversion and radiative forcing estimation

The 3β + 2α from lidar observations can be inverted to obtain particle microphysical parameters. The regularization
algorithm is used to retrieve size distribution, wavelengthindependent complex refractive indices, particle number, and
surface and volume concentrations (Müller et al., 1999;
Veselovskii et al., 2002). We apply GRASP (Generalized
Retrieval of Aerosol and Surface Properties) to calculate
the DRF (direct radiative forcing) effect of the stratospheric
aerosol layer. GRASP is the first unified algorithm developed
for characterizing atmospheric properties gathered from a variety of remote-sensing observations. Depending on the input
data, GRASP can retrieve columnar and vertically resolved
aerosol properties and surface reflectance (Dubovik et al.,
2014). As a branch of the GRASP algorithm, GARRLiC
(Generalized Aerosol Retrieval from Radiometer and Lidar
Combined data, called GARRLiC/GRASP hereafter) algorithm was developed for the inversion of coincident singleor multi-wavelength lidar and sun photometer measurements
(Lopatin et al., 2013; Bovchaliuk et al., 2016). The two
main modules of GARRLiC/GRASP are the forward model
and numerical inversion module. The forward module simulates the atmospheric radiation by using radiative transfer
and by accounting for the interaction between light and trace
gases, aerosols, and underlying surfaces. The aerosol scattering properties in the atmosphere are represented by one
www.atmos-chem-phys.net/19/1173/2019/
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or two aerosol components, whose optical properties can be
described using a mixture of spheres and spheroids and are
vertically independent. The vertically resolved optical properties, such as the extinction and backscatter coefficients etc.,
measured by lidar, are described by varying the aerosol vertical concentration. The forward model includes a radiative
transfer model in order to simulate multiple types of observations. The radiative transfer equation in GARRLiC/GRASP
is solved using this parallel plane approximation. The atmosphere is divided into a series of parallel planes and the optical properties of each parallel plane can be represented by
the input parameters. The radiative transfer model is based on
the study of Lenoble et al. (2007). The numerical inversion
module follows the multi-term least-squares method strategy
and derives a group of unknown parameters that fits the observations.
In this study, we apply the forward model of GARRLiC/GRASP to estimate the forcing effect of the observed
stratospheric plume in contrast to a standard Rayleigh atmosphere. The input parameters for DRF are the retrieved
aerosol microphysical properties from the regularization algorithm, including the size distribution, the complex refractive indices, and the assumed sphere fraction; the aerosol
vertical distribution of the stratospheric plume; and surface
BRDF (bidirectional reflectance distribution function) parameters. The forward model of GARRLiC/GRASP can produce downward and upward broadband flux, covering the
0.2–4.0 µm spectrum, at vertical levels specified by the users.
Hence, we can calculate the DRF and the heating rate specific
to smoke plume.

3
3.1

Ground-based and satellite observations
Simultaneous lidar and sun photometer
observations

LILAS (Lille Lidar Atmospheric Study) is a multiwavelength Raman lidar (Bovchaliuk et al., 2016;
Veselovskii et al., 2016) operated at LOA (Laboratoire
d’Optique Atmosphérique, Lille, France). The LILAS
system is transportable and has three elastic channels (355,
532, and 1064 nm), with the capability of measuring the
depolarization ratios at these wavelengths. Further, it has
three Raman channels at 387, 408, and 530 nm. The IPRAL
system (IPSL Hi-Performance multi-wavelength Raman
Lidar; Bravo-Aranda et al., 2016; Haeffelin et al., 2005)
is a multi-wavelength Raman lidar operated at SIRTA
(Site Instrumental de Recherche par Télédétection Atmosphérique, Palaiseau, France). The distance between the two
systems is around 300 km. Lidar IPRAL has the same elastic
channels as LILAS, but the three Raman channels are 387,
408, and 607 nm. In the IPRAL system, the depolarization
ratio is only measured at 355 nm. The two lidar systems
were operated independently and both observed reoccurAtmos. Chem. Phys., 19, 1173–1193, 2019
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ring smoke layers in the lower stratosphere during the
period from 19 August to 12 September 2017. In addition,
sun photometer measurements are available at Lille and
Palaiseau, which are both affiliated stations of AERONET
(AEROsol RObotic NETwork). The LILAS and IPRAL
lidar systems are affiliated with EARLINET (European
Aerosol Research Lidar Network) (Bösenberg et al., 2003;
Böckmann et al., 2004; Matthais et al., 2004; Papayannis
et al., 2008; Pappalardo et al., 2014). Both systems perform
regular measurements and follow the standard EARLINET
data quality check and calibration procedures (Freudenthaler
et al., 2018).
On 29 August, three lidar systems in northern France
simultaneously observed a stratospheric aerosol layer. The
three lidar systems are LILAS, IPRAL, and a single wavelength (532 nm) CIMEL micro-pulse lidar, which is set up
in a light mobile system, MAMS (Mobile Aerosol Monitoring System; Popovici et al., 2018), to explore aerosol spatial
variability. MAMS was traveling between Palaiseau and Lille
on 28 and 29 August. MAMS is equipped with a mobile sun
photometer, PLASMA (Photomètre Léger Aéroporté pour la
Surveillance des Masses d’Air, Karol et al., 2013), capable of
measuring columnar aerosol optical depth (AOD) along the
route. The configuration of the three lidar systems is summarized in Table 1.
Figure 1 shows the normalized lidar range-corrected signals and columnar AOD at 532 nm derived from sun photometer measurements on 29 August 2017. The aerosol layers in the lower stratosphere, stretching from 16 to 20 km,
were detected by the three lidars. The IPRAL lidar system
in Palaiseau detected the aerosol layer in the range of 16–
20 km on 29 August. The columnar AOD showed no significant variations, staying between 0.30 and 0.40, from 10:00
to 16:00 UTC and started decreasing from 17:00 UTC. Along
the route from Palaiseau to Lille, MAMS lidar observed a
layer between 16 and 20 km consisting of two well-separated
layers. The columnar AOD was very stable, around 0.40,
all along the route from Palaiseau to Lille. Lidar LILAS
in Lille observed a shallow layer between 18 and 20 km at
about 08:00 UTC on 29 August. The thickness of the layer
increased to 4 km until 16:00 UTC. The columnar AOD increased from 0.20 to 0.40 from 08:00 to 14:00 UTC. The
lidar quick look indicated that the aerosol content in the
lower troposphere did not show significant variations during 08:00 and 12:00 UTC, so the increased optical depth,
0.2, came mainly from the contribution of the stratospheric
aerosol layer.
Figure 2 shows the lidar range-corrected signal at 1064 nm
on 24–25 August 2017. The plume between 17 and 18.5 km
is the smoke layer. Due to cirrus clouds and low clouds in the
troposphere, the lidar signals in the plume are interrupted.
In the nighttime, the plume base is stable at about 17 km.
Just starting from the sunrise time at 04:51 UTC, a gradual
and obvious ascent is observed. In 3–4 h, the plume base ascended by about 0.6 km. Between 10:00 and 16:00 UTC, the
Atmos. Chem. Phys., 19, 1173–1193, 2019
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plume base stayed stable. The ascent of smoke plume was
also presented in Ansmann et al. (2018) and Khaykin et al.
(2018). Khaykin et al. (2018) mentioned that the plume ascended very fast during the first few days after being injected
into the troposphere. Based on the observation in Fig. 2, we
derived the ascent rate of approximately 2.1–2.8 km per day,
considering that the sunshine duration is 14 h (according to
the latitude of Lille site) and that the vertical speed of the
plume is constant. Ansmann et al. (2018) explained that the
ascent of the plume may be related to the absorption of sootcontaining aerosols and the wind velocity in the stratosphere.
Figure 2 shows that the plume does not continuously ascend
in the daytime. One possible explanation we infer is that the
self-heating and the wind shear reached an equilibrium point
in the plume, so it moved neither upward nor downward.
3.2

Radiosonde measurements

We take the radiosonde measurements from two stations
closest to the lidar sites: Trappes (48.77◦ N, 1.99◦ E, France)
and Beauvechain (50.78◦ N, 4.76◦ E, Belgium). Trappes is
about 20 km from Palaiseau and Beauvechain is 120 km from
Lille. Considering the large spatial distribution of the stratospheric aerosols, it is obvious that the radiosonde passed
through this stratospheric smoke layer. Figure 3 shows the
temperature at 00:00 and 12:00 UTC on 29 August for
Trappes and 21:00 UTC on 29 August for Beauvechain.
To compare, we plot the temperature profile of Trappes at
12:00 UTC on 21 August, when no stratospheric aerosol layers presented. The temperature profiles clearly show an enhancement between 16 and 20 km, which coincides with
the altitude at which the stratospheric plumes appear. The
spatial–temporal occurrence of this temperature enhancement and the stratosphere plume at two independent stations
indicate that they are directly correlated. Fromm et al. (2005,
2008) also presented temperature increase in the stratospheric smoke layers.
3.3

MODIS measurements

MODIS is a key instrument onboard the Terra and Aqua
satellites. Terra MODIS and Aqua MODIS view the entire Earth’s surface every 1 to 2 days. Several episodes of
Canadian wildfires have been observed by MODIS since
early July 2017. On 12 August, MODIS observed a thick
grey plume arising from British Columbia in the west of
Canada (not shown; please see the web page of WorldView: https://worldview.earthdata.nasa.gov, last access: 15
January 2019). Figure 4 shows the Earth’s true color image overlaid with the fires and thermal anomalies on 15 August 2017 when the plumes had spread over a large area. The
region marked with the green dashed line is a huge visible
smoke plume and in its southwest MODIS detected a belt
of fire spots. Additionally, during the week of 13–19 August, MODIS (see https://worldview.earthdata.nasa.gov, last
www.atmos-chem-phys.net/19/1173/2019/
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Table 1. Three involved lidar systems and their configuration and locations.
Name

Configuration

Location

LILAS

Elastic + depolarization: 355, 532, 1064 nm
Raman: 387, 408 (water vapor), 530 nm

LOA, Lille

IPRAL

Elastic: 355 (depolarization), 532, 1064 nm
Raman: 387, 408 (water vapor), 608 nm

SIRTA, Palaiseau

MAMS lidar

Elastic: 532 nm

from Palaiseau
to Lille (29 August)

Figure 1. Lidar range-corrected signal and columnar AOD from the sun photometer at 532 nm on 29 August 2017. (a) IPRAL system
in Palaiseau. (b) MAMS lidar en route from Palaiseau to Lille. (c) LILAS in Lille. Columnar AOD measurements are interpolated from
AERONET (Lille and Palaiseau) and PLASMA (mobile system) measurements. MAMS started from Palaiseau at 13:53 UTC and arrived in
Lille at 16:23 UTC. The departure and arriving times are indicated in (a) and (c) with the dashed white lines.

access: 15 January 2019) observed a widespread cloud coverage over Canada and showed that cloud layers were overshadowed by the smoke plumes, meaning that the plumes
were lofted above the cloud layers, as shown in Fig. 4.
3.4

OMPS NM UVAI maps

UVAI is a widely used parameter in characterizing UVabsorbing aerosols, such as desert dust, carbonaceous
aerosols coming from anthropogenic biomass burning, wildfires, and volcanic ash. The UVAI is determined using the
340 and 380 nm wavelength channels and is defined as




 
I340
I340
UVAI = −100 × log10
− log10
, (4)
I380 meas
I380 calc
Figure 2. Lidar range-corrected signal at 1064 nm on 24–25 August 2017 measured by LILAS. The solid red line indicates the sunrise time. The two dashed red lines point out the approximate layer
base before and after the sunrise. The sunrise and sunset times are
04:51 and 20:47 UTC, respectively. The corresponding daytime duration is about 14 h.

www.atmos-chem-phys.net/19/1173/2019/
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where I340 and I380 are the backscattered radiance at 340
and 380 nm. The subscript “meas” represents the measurements and “calc” represents the calculation using a radiative
transfer model for pure Rayleigh atmosphere. The UVAI is
defined so that positive values correspond to UV-absorbing
aerosols and negative values correspond to non-absorbing
aerosols (Hsu et al., 1999). The OMPS NM on board the
Suomi NPP (National Polar-orbiting Partnership) is designed
to measure the total column ozone using backscattered UV
Atmos. Chem. Phys., 19, 1173–1193, 2019
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Figure 3. Temperature profiles from the radiosonde measurements.
The green and cerulean lines are the temperature profiles of Trappes
at 00:00 and 12:00 UTC on 29 August 2017. The red line shows
the Beauvechain data at 21:00 UTC on 29 August 2017. The black
line is for 12:00 UTC on 21 August in Trappes. The horizontal
dashed black line at 13 km represents the approximate position of
the tropopause.

radiation between 300 and 380 nm. A 110◦ FOV (field-ofview) telescope enables full daily global coverage (McPeters
et al., 2000; Seftor et al., 2014). Figure 5 shows the evolution
of UVAI from OMPS NM (Jaross, 2017) every 2 days from
11 to 29 August 2017. The evolution of the UVAI during
this event has also been shown in the study of Khaykin et al.
(2018). A plume with relatively high UVAI first occurred
over British Columbia on 11 August, and the intensity of the
plume was moderate. An obvious increase in UVAI from 11
to 13 August was observed over the northwest of Canada. It
is a clear indication that the events on 12 August were responsible for the increase in UVAI. From 13 to 17 August,
the plume spread in the northwest–southeast direction and
the UVAI in the center of the plume reached 10. On 19 August, the plume center reached the Labrador Sea and the forefront of the plume reached Europe. From 21 to 29 August, the
UVAI in the map was much lower than the previous week.
During this period, we can still distinguish a plume propagating eastward from the Atlantic to Europe, with the UVAI
damping during the transport. Figure 5e–j show that Europe
was overshadowed by the high-UVAI plume during 19 and
29 August.
3.5

AIRS CO maps

AIRS is a continuously operating cross-track scanning
sounder on board NASA’s Aqua satellite launched in May
2002. AIRS covers the 3.7 to 16 µm spectral range with 2378
channels and a 13.5 km nadir FOV (Susskind et al., 2014;
Atmos. Chem. Phys., 19, 1173–1193, 2019
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Kahn et al., 2014). The daily coverage of AIRS is about 70 %
of the globe. AIRS is designed to measure the water vapor
and temperature profiles. It includes the spectral features of
the key carbon trace gases, CO2 , CH4 , and CO (Haskins and
Kaplan, 1992). The current CO product from AIRS is very
mature because the spectral signature is strong and the interference of water vapor is relatively low (McMillan et al.,
2005). CO, as a product of the burning process, can be taken
as a tracer of biomass burning aerosols (Andreae et al., 1988)
due to its relatively long lifetime of 0.5 to 3 months. CO can
also originate from anthropogenic sources, for example engines of vehicles (Vallero, 2014). In August 2017, the wildfire activities were so intense that the CO plumes rising from
the fire region were much more significant than the background. This strong contrast makes CO a good tracer for the
transport of the smoke plumes.
Figure 6 shows the evolution of the total column CO concentration (Texeira, 2013) every 2 days during the period of
11 to 29 August 2017. CO concentration strongly increased
in the west and north of Canada from 11 to 13 August, similar to the UVAI shown in Fig. 5. The forefront of the CO
plume reached the west and north of Europe since 19 August. We find that the spatial distribution and temporal evolution of CO are strongly co-related with the UVAI. This correlation is very evident before 21 August. After 21 August,
the correlation became weaker, for the UVAI in North America was decreasing fast while the CO concentration remained
almost unchanged or decreased much more slowly. This is
possibly due to the longer lifetime of CO compared to UVAI.
Combing the MODIS image and the UVAI and CO spatial–
temporal evolution, we conclude that the aerosol plumes observed in Europe were smoke transported from Canada.
3.6 CALIPSO measurements
CALIPSO measurements provide a good opportunity to
investigate the vertical structure of the plumes and trace
back the transport of the plumes. CALIPSO measures the
backscattered signal at 532 and 1064 nm. One parallel channel and one perpendicular channel are coupled to derive the
particle linear depolarization ratio at 532 nm. Figure 7a–f
present the profiles of the backscatter coefficient and particle linear depolarization ratio at 532 nm, corresponding to the
six locations a–f in Fig. 4. These data were obtained from the
NASA Langley Research Center Atmospheric Science Data
Center. The six locations are intentionally selected, falling in
the region with elevated UVAI and CO concentration and following the transport pathway of the plume (in Figs. 5 and 6)
from Canada to Europe. Figure 7 shows the enhancements of
backscatter in the upper troposphere and lower stratosphere.
Aerosol and cloud are both possible causes of the backscatter enhancements and can be distinguished by using the particle depolarization ratio. We have examined the temperature
profiles over several sites in North America in August 2017
and found that, above 10 km, the temperature drops below
www.atmos-chem-phys.net/19/1173/2019/
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Figure 4. The corrected surface reflectance overlaid with fire and thermal anomalies from MODIS (15 August 2017). The region marked
with the dashed green line in the northwest indicated a plume generated by fire activities. Six locations (labeled as red stars) on the
tracks of CALIPSO are selected: (a) (61.47◦ N, 106.44◦ W), (b) (62.79◦ N, 91.54◦ W), (c) (46.97◦ N, 72.22◦ W), (d) (42.27◦ N, 42.08◦ W),
(e) (55.97◦ N, 12.54◦ W), and (f) (52.37◦ N, 13.47◦ E). The corresponding overpass date is 14, 15, 17, 19, 21, and 23 August 2017.

−38 ◦ C; at this temperature clouds consist mainly of ice crystals. The particle depolarization ratio is usually no less than
0.40 for ice cloud and from a few percent to about 0.40 for
mixed-phase cloud.
Figure 7a and b show the aerosol layers observed on 14
and 15 August over the north of Canada; both locations lay
in the area where MODIS observed a smoke plume on 15 August (Fig. 4) and the area with high UVAI and CO concentration. The particle linear depolarization ratio is about 0.05 in
Fig. 7a and 0.10 in Fig. 7b, meaning that it is an aerosol layer
instead of ice or mixed-phase cloud. Figure 7c and f show
stratospheric layers detected at 10–20 km in height, with the
depolarization varying from 0.10 to 0.18. The lower layer
at about 9 km in Fig. 7d has a depolarization ratio between
0.20 and 0.45 (median 0.32), which falls into the category
of ice or mixed-phase clouds. Profiles in Fig. 7f were captured over Berlin at 01:29 UTC on 23 August. About 150 km
to the southwest, a lidar in Leipzig measured stratospheric
smoke layers (Haarig et al., 2018). The particle depolarization ratio of CALIPSO at 532 nm on 23 August is consistent
with ground-based lidar measurements in Lille and Leipzig,
which will be presented in Sect. 4. It should be noted that
aerosol types of the plumes in Fig. 7 are quite uncertain in the
CALIPSO product. These layers are classified into scattered
aerosol types, such as polluted dust, elevated smoke, and volcanic ash. This misclassification could introduce some extent
of errors to the backscatter profile and particle depolarization
profiles.
4 Results and analysis
4.1

Overview of retrieved optical parameters

We selected and averaged the lidar measurements in 10 time
intervals, among which five periods are from the LILAS syswww.atmos-chem-phys.net/19/1173/2019/
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tem in Lille: 22:00 (24 August)–00:30 UTC (25 August);
13:00–16:00 UTC, 16:00–18:00 UTC (29 August); 20:00–
23:00 UTC (31 August); and 23:00 (31 August)–02:00 UTC
(1 September); two intervals are from the IPRAL system in
Palaiseau: 16:00–18:00 and 19:20–21:20 UTC (28 August).
Three intervals are from the mobile lidar in the MAMS system (29 August): 14:00–15:00 UTC (corresponding spatially
to a 100 km distance from Palaiseau to Compiègne), 15:00–
15:45 UTC (100 km on the route from Compiègne to Arras),
and 16:15–16:30 UTC at Lille.
Figure 8 shows the optical depth of the stratospheric layer
varying from 0.05 to 0.23 (at 532 nm). The spectral dependence of the optical depth of 355 and 532 nm is very weak.
The maximal optical depth of the stratospheric layer was observed in the afternoon of 29 August, between 16:00 and
18:00 UTC. The LILAS system observed AOD of 0.20 ±
0.04 at 355 nm and 0.21 ± 0.04 at 532 nm. As discussed in
Sect. 3.1, the columnar AOD at 532 nm from AERONET increased by about 0.20 after the presence of the stratospheric
layer, which agrees well with the derived optical depth of the
stratospheric layer. The minimum of the optical depth appeared in the night of 31 August 2017, giving 0.04 ± 0.02 at
355 nm and 0.05 ± 0.02 at 532 nm. The optical depth of the
stratospheric layer along the route, observed by MAMS, is as
follows: 0.19 over a distance of 100 km north from Palaiseau,
0.23 along 100 km of the middle of the transect from Compiègne to Arras, and 0.22 when arriving at Lille.
Due to the insufficient signal-to-noise ratio above the
stratospheric plume, the MAMS lidar measurements are processed using the Klett method and constrained by the columnar AOD measured by the PLASMA sun photometer. Klett
inversion is performed on the lidar profile from the surface
to the top of the stratospheric layer, assuming a vertically independent lidar ratio. The optical depth of the stratospheric
smoke layer is then calculated from the integral of the exAtmos. Chem. Phys., 19, 1173–1193, 2019
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Figure 5. OMPS NM daily UVAI products from 11 to 29 August 2017. The results are plotted every 2 days. Grey indicates areas with no
retrievals.

Atmos. Chem. Phys., 19, 1173–1193, 2019
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Figure 6. Total CO concentration (molecules cm−2 ) retrieved from AIRS. The maps are plotted every 2 days from 11 to 29 August 2017.

www.atmos-chem-phys.net/19/1173/2019/

© 2018 Tous droits réservés.

Atmos. Chem. Phys., 19, 1173–1193, 2019

lilliad.univ-lille.fr

Thèse de Qiaoyun Hu, Université de Lille, 2018

1182

Q. Hu et al.: Long-range-transported Canadian smoke plumes

Figure 7. The profiles of backscatter coefficient and particle linear depolarization ratio (PLDR) at 532 nm from CALIPSO. Panels (a)–
(f) correspond to the six locations (a)–(f) in Fig. 4. The corresponding CALIPSO tracks are (a) 09:50:19, 14 August 2017; (b) 08:54:37,
15 August 2017; (c) 07:03:13, 17 August 2017; (d) 06:50:44, 19 August 2017; (e) 03:20:25, 21 August 2017; and (f) 01:29:01, 23 August 2017. A total of 20 profiles are averaged over these six locations. The solid green and pink lines represent backscatter coefficient and
particle linear depolarization ratio, respectively. The red squares with error bars represent the mean particle linear depolarization ratio and
the standard deviation within each layer.

Atmos. Chem. Phys., 19, 1173–1193, 2019
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Figure 8. Optical depth of the stratospheric smoke layer at 355
and 532 nm estimated from lidar signals in August 2017. The optical depth estimated from LILAS (in Lille) is plotted with solid
green (532 nm) and violet circles (355 nm). Optical depth calculated
from IPRAL (in Palaiseau) is plotted with solid dark green (532 nm)
and magenta (355 nm) diamonds. The red stars represent the optical
depth calculated from the MAMS lidar.

tinction profile. As a result, the error of the estimated smoke
optical depth from MAMS measurements is difficult to quantify. Here we present the optical depth from MAMS lidar for
a comparison.
Table 2 summarizes the lidar ratio and particle depolarization ratio in the stratospheric aerosol layer. Lidar ratios
vary between 54 ± 9 and 58 ± 23 sr at 532 nm and between
31 ± 15 and 45 ± 9 sr at 355 nm. The results from two different lidar systems and with different observation times agree
well, indicating that the properties of the stratospheric layer
are spatially and temporally stable. We derived a higher lidar ratio at 532 than at 355 nm, which is a characteristic feature of aged smoke and has been observed in previous studies
(Wandinger et al., 2002; Murayama et al., 2004; Müller et al.,
2005; Sugimoto et al., 2010). In the night of 31 August, the
error of lidar ratio is about 30 %–35 %, relatively higher than
the other days because of the low optical depth. Although
the error varies, the mean values of derived lidar ratios are
relatively stable. The particle depolarization ratio decreases
as wavelength increases. At 1064 nm, the particle linear depolarization ratio is very stable, varying from 0.04 ± 0.01 to
0.05 ± 0.01. At 532 nm, the particle linear depolarization ratio is also stable, varying from 0.18±0.03 to 0.20±0.03. The
particle linear depolarization ratio at 355 nm increased from
0.23 ± 0.03 on 24 August to 0.28 ± 0.08 on 31 August. However, the increase is within the range of the uncertainties. The
particle depolarization ratio at 532 nm is in good agreement
with CALIPSO observations shown in Fig. 7c–f. The particle
depolarization ratio at 355 nm measured by LILAS is consistent with the IPRAL system. Haarig et al. (2018) measured
0.23 at 355 nm, 0.18 at 532 nm, and 0.04 at 1064 nm in the
stratospheric smoke layers on 22 August 2017, showing excellent agreements with our study.
www.atmos-chem-phys.net/19/1173/2019/
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The errors of particle depolarization ratio are calculated
with the method in the Appendix. The estimated errors of the
particle depolarization ratio are generally below 15 %, except the 355 nm channel in the night of 31 August when the
optical depth was the lowest in all the investigated observations in this study. On 31 August, the backscatter ratio, volume depolarization ratio, and molecular depolarization ratio
at 355 nm are approximately: 3.5 (50 %), 0.15 (10 %), and
0.004 (200 %). The values in the parentheses are the relative errors of the quantity on their left. The resulting error of
particle depolarization is about 28 %. At 532 nm, we derive
12 % of error for the particle depolarization ratio when the
backscatter ratio, volume depolarization ratio, and molecular depolarization ratio are 10 (50 %), 0.15 (10 %), and 0.004
(200 %). In the same way, we derive less than 11 % of error
for the particle depolarization ratio at 1064 nm. The error at
355 nm is estimated to be higher than 532 and 1064 nm as
the interferences of molecular scattering are stronger at this
channel. When the layer is optically thicker, for example, on
24 August, the error of 355 nm is estimated to be less than
13 %. Conservatively, we use 30 % for the error of the particle linear depolarization ratio at 355 nm on 31 August and
15 % for the error of the rest.
4.2 Case study
4.2.1 Optical properties
We select the night measurements of 24 August in Lille and
28 August in Palaiseau as two examples. The two systems
were operating independently, so that the results from two
different systems that measured at different times can be regarded as verifications for each other.
24 August 2017, Lille
Figure 9 shows the retrieved optical properties of the stratospheric smoke layer observed by the LILAS system in the
night of 24 August in Lille. The stratospheric aerosol layer
is between 17 and 18 km, and we retrieved the extinction
and backscatter profiles by assuming that the lidar ratios
are 36 sr at 355 nm and 54 sr at 532 nm. The lidar ratio at
1064 nm is assumed to be 60 sr. The extinction coefficient
within the layer is about 0.12–0.22 km−1 at 355 and 532 nm.
It should be noted that the profile of the extinction coefficient is similar to the backscatter coefficient profile because
we assume the aerosol lidar ratio is vertically constant within
the smoke layer. A comparison of backscatter coefficient profile has been made (not shown) between Klett and Raman
methods. We found that the difference of the backscatter coefficient profiles from the two methods is very minor, indicating that our results are reliable. Assuming a vertically
constant aerosol lidar ratio in the smoke layer is not unrealistic, as one can see that the particle linear depolarization
ratios in the smoke layer have no noticeable vertical variaAtmos. Chem. Phys., 19, 1173–1193, 2019
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Table 2. Retrieved lidar ratios (LRs), particle linear depolarization ratios (PLDRs), layer thickness, and mean extinction coefficients from
multi-wavelength lidar systems LILAS in Lille and IPRAL in Palaiseau. ᾱ is the mean extinction coefficient in the stratospheric smoke layer.
1L is the thickness of the stratospheric smoke layer. The values after “±” represent the errors. Error estimation is presented in the Appendix.
Lidar system
Date

LILAS, Lille
24 August

Time (UTC)

29 August

IPRAL, Palaiseau
31 August

28 August

22:00–00:30

13:00–16:00

16:00–18:00

20:00–23:00

23:00–02:00

19:20–21:20

1.0

3.0

3.4

1.4

1.3

2.3

0.12
0.14

0.06
0.06

0.06
0.06

0.04
0.04

0.03
0.03

0.08
0.08

LR355 (sr)
LR532 (sr)

35 ± 6
54 ± 9

45 ± 9
56 ± 12

41 ± 7
54 ± 9

34 ± 12
58 ± 20

31 ± 15
58 ± 23

36 ± 6
58 ± 7

PLDR355
PLDR532
PLDR1064

0.23 ± 0.03
0.20 ± 0.03
0.05 ± 0.01

0.24 ± 0.04
0.18 ± 0.03
0.04 ± 0.01

0.24 ± 0.04
0.19 ± 0.03
0.05 ± 0.01

0.28 ± 0.08
0.18 ± 0.03
0.05 ± 0.01

0.28 ± 0.08
0.18 ± 0.03
0.05 ± 0.01

0.27 ± 0.05
–
–

1L (km)
(km−1 )

ᾱ355
ᾱ532 (km−1 )

Figure 9. (a) Extinction and backscatter coefficients, (b) particle linear depolarization ratio (PLDR), and the extinction-related Ångström exponent (EAE) and backscatter-related Ångström exponent (BAE) retrieved from LILAS observations between 22:00 UTC on 24 August 2017
and 00:30 UTC on 25 August 2017 at Lille. The errors of extinction, backscatter coefficient, and corresponding Ångström exponent at 355
and 532 nm are attributed to the error of the optical depth.

tion, indicating that the smoke particles are well mixed. The
extinction-related Ångström exponent for 355 and 532 nm is
around 0.0 ± 0.5; the backscatter-related Ångström exponent
at corresponding wavelengths is about 1.0 ± 0.5. The particle depolarization ratios decrease as wavelength increases:
0.23±0.03 at 355 nm, 0.20±0.03 at 532 nm, and 0.05±0.01
at 1064 nm. No parameters in Fig. 9b exhibit noticeable vertical variations.

Atmos. Chem. Phys., 19, 1173–1193, 2019
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28 August 2017, Palaiseau
Figure 10 shows the retrieved optical parameters from
IPRAL observations at 19:20–21:20 UTC on 28 August 2017
in Palaiseau. The thickness of the stratospheric layer is
about 2.3 km, spreading from 17.2 to 19.5 km. Klett inversion was applied with an estimated lidar ratio of 36 sr at
355 nm and 58 sr at 532 nm. At 1064 nm the lidar ratio was
assumed to be 60 sr. The maximum extinction coefficient
in the layer reached 0.12 km−1 at 532 nm. The extinctionrelated Ångström exponent between 355 and 532 nm is about
www.atmos-chem-phys.net/19/1173/2019/
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−0.06±0.5. The corresponding backscatter Ångström exponent is about 1.2±0.5. The particle linear depolarization ratio
at 355 nm is about 0.27 ± 0.05. The particle linear depolarization ratio at 355 nm and extinction and backscatter-related
Ångström exponents between 355 and 532 nm do not show
evident vertical variations.
4.2.2

Microphysical properties

A regularization algorithm is applied to the vertically averaged extinction coefficients (at 355 and 532 nm) and
backscatter coefficients (at 355, 532, and 1064 nm) in Figs. 9
and 10. Treating nonspherical particles is a challenging task.
Many studies have been performed to model the light scattering of nonspherical particles. The spheroid model was
used to retrieved dust properties (Dubovik et al., 2006;
Mishchenko et al., 1997; Veselovskii et al., 2010). Both
sphere and spheroid models are used to retrieve particle
microphysical properties in our study. The retrievals using
sphere and spheroid models are rather consistent except the
imaginary part of the refractive index. The spheroid model
tends to underestimate the imaginary part of the complex refractive indices, if the measured particle depolarization ratios
are used. This demonstrates the deficiency of the spheroid
mode in retrieving highly-absorbent and irregular-shaped
smoke particles. The size of smoke particles is expected to be
not very big so that a sphere model should be able to provide
reasonable results. The particle linear depolarization ratio is
not used in the retrieval, and the spectral dependence of complex refractive indices is also ignored. The derived effective
radius (Reff ), volume concentration (Vc ), and real (mR ) and
imaginary (mI ) parts of the refractive indices are summarized
in Table 3.
The retrieved particle size distributes in the range of 0.1
to 1.0 µm, with an effective radius (volume-weighted sphere
radius) of 0.33 ± 0.10 for both Palaiseau data and Lille data.
The volume concentration is 15 ± 5 µm3 cm−3 for Palaiseau
data and 22±8 µm−3 cm3 for Lille data. The complex refractive indices retrieved from Lille and Palaiseau data are also
in good agreement, giving 1.55±0.05 and 1.52±0.05 for the
real part and 0.028 ± 0.014 and 0.021 ± 0.010 for the imaginary part. The single-scattering albedos are estimated to be
0.82–0.89 for Lille data and 0.86–0.90 for Palaiseau data.
The derived aerosol microphysical properties from Palaiseau
and Lille data are consistent.
The errors of the retrieved parameters have been discussed
in the relevant papers (Müller et al., 1999; Veselovskii et al.,
2002; Pérez-Ramírez et al., 2013). About 30 % of relative
error is derived for the effective radius and volume concentration, ±0.05 (absolute value) is expected for the real part
of refractive indices, and 50 % is derived for the imaginary
part of refractive radius. In our case, one significant limitation is that using a sphere model does not allow us to reproduce the particle depolarization ratios. We input the retrieved
size distribution (not shown) and complex refractive indices
www.atmos-chem-phys.net/19/1173/2019/
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in Table 3 into the spheroid model, and we found that the
spheroid model (85 % spheroid and 15 % sphere) can reproduce the spectral depolarization ratios with satisfactory accuracy: 0.21, 0.19, and 0.07 at 355, 532, and 1064 nm, respectively. However, the argument is not enough to justify that
the aforementioned uncertainty estimation from previous researchers is also applicable to our retrievals. We provide this
estimate as a reference, but at the current stage, we are not
able to provide more quantitative and accurate error estimation for the retrieved microphysical properties.
4.2.3 Direct radiative forcing effect
The stratospheric plumes observed on 24 and 28 August in
Lille and Palaiseau are optically thick, with an extinction coefficient about 10 times higher than in the volcanic ash observed by Ansmann et al. (1997) in April 1992, 10 months
after the eruption of Mount Pinatubo. The radiative forcing
imposed by the observed layers poses a curious question.
We input the retrieved microphysical properties into GARRLiC/GRASP to estimate the DRF effect of the stratospheric
plumes in Lille and Palaiseau. We assume the vertical volume concentration of aerosols follows the extinction profile
in Figs. 9 and 10. The surface BRDF parameters for Lille and
Palaiseau are taken from AERONET. The upward and downward flux and efficiencies as well as the net DRF (1F , with
respect to a pure Rayleigh atmosphere) of the stratospheric
aerosol layers are calculated and Table 4 shows the daily averaged net DRF (W m−2 ) at four levels: at the bottom of the
atmosphere (BOA), below the stratospheric layer, above the
stratospheric layer, and at the top of the atmosphere (TOA).
For the layer observed in Lille on 24 August, the top and base
of the stratosphere are selected as 18.4 and 16.7 km and for
Palaiseau observations they are 20 and 17.0 km.
At the TOA, the net DRF flux is estimated to be −1.2
and −3.5 W m−2 for Lille and Palaiseau data, respectively. The corresponding forcing efficiencies are −7.9 and
−21.5 W m−2 τ −1 . At the BOA, the net DRF flux is estimated to be −12.3 W m−2 for Lille data and −14.5 W m−2
for Palaiseau data. The corresponding forcing efficiencies
are −79.6 and −89.6 W m−2 τ −1 . We noticed that the difference in net DRF flux between the layer top and layer base is
significant. For Lille data, we obtained 9.9 W m−2 of difference between the top and the base of the stratospheric layer
and for Palaiseau, we obtained 11.1 W m−2 . Because of the
high imaginary part of the refractive indices, the stratospheric
aerosols have the capacity of absorbing the incoming radiation, thus reducing the upward radiation at the top of the
stratospheric layer and the downward radiation at the base of
the stratospheric aerosol layer. The heating rate of the stratospheric layer is estimated to be 3.3 K day−1 for Palaiseau
data and 3.7 K day−1 for Lille data. This qualitatively explains the increase in temperature within the stratospheric
layer, as observed by the radiosonde measurements shown
in Fig. 3. Due to high uncertainty in the retrieved particle miAtmos. Chem. Phys., 19, 1173–1193, 2019
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Figure 10. (a) Extinction and backscatter coefficients, (b) the particle linear depolarization ratio (PLDR) at 355 nm, and the extinction-related
Ångström exponent (EAE) and backscatter-related Ångström exponent (BAE) (between 355 and 532 nm) retrieved from IPRAL observations
between 19:20 and 21:20 UTC on 28 August 2017 in Palaiseau.
Table 3. Retrieved microphysical properties using the lidar data in Lille and Palaiseau. Extinction and backscatter coefficients shown in
Figs. 9a and 10a are averaged in the range of 17–18.0 and 17.5–19.5 km, respectively. The averaged extinction and backscatter coefficients
are used as the input of the regularization algorithm to retrieve particle microphysical properties.

Lille, 24 August
Palaiseau, 28 August

Reff (µm)

Vc (µm3 cm−3 )

mR

mI

0.33 ± 0.10
0.33 ± 0.10

22 ± 8
15 ± 5

1.55 ± 0.05
1.52 ± 0.05

0.028 ± 0.014
0.021 ± 0.011

Table 4. Daily averaged net DRF flux calculated by GARRLiC/GRASP. Aerosol microphysical properties in Table 3 and
aerosol vertical distributions in Figs. 9a and 10a are used to calculate the DRF effect at the following four vertical levels.
1F (W m−2 )

TOA

BOA

Layer top

Layer base

Lille, 24 August
Palaiseau, 28 August

−1.2
−3.5

−12.3
−14.5

−2.1
−2.5

−12.0
−13.6

crophysical properties, the uncertainty of the calculated DRF
could be large.
5

Discussion

The measurements revealed high particle depolarization ratios in the stratospheric smoke at 355 and 532 nm. In particular, the particle depolarization ratio at 355 nm ranges
from 0.23 ± 0.03 to 0.28 ± 0.08, while at 532 nm it is about
0.19 ± 0.03. The depolarization ratio at 1064 nm is significantly lower, about 0.05±0.01. Similar spectral dependences
of depolarization ratios, 0.20, 0.09, and 0.02 at 355, 532,
Atmos. Chem. Phys., 19, 1173–1193, 2019
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and 1064 nm, respectively, were observed by Burton et al.
(2015) in a smoke plume at 7–8 km in altitude (on 17 July
2014) in North American wildfires. Particle depolarization
ratios of 0.07 and 0.02 at 532 and 1064 nm, respectively,
were observed in a Canadian smoke plume at 6 km (on 2 August 2007) over the US (Burton et al., 2012). In Burton
et al. (2012) and Burton et al. (2015), the smoke traveled
approximately 3 days and 6 days, respectively. The travel
times in both cases are shorter than in our study. The lightscattering process leading to high particle depolarization ratios of smoke particles has not been revealed yet. In previous
studies, smoke mixed with soil particles was suggested to be
the explanation (Fiebig et al., 2002; Murayama et al., 2004;
Müller et al., 2007a; Sugimoto et al., 2010; Burton et al.,
2012, 2015; Haarig et al., 2018). Strong convections occurring in fire activities in principle are capable of lifting soil
particles into the smoke plume (Sugimoto et al., 2010).
A high depolarization ratio with similar spectral dependence has been observed in fine dust particles. Miffre et al.
(2016) measured the particle depolarization ratio of two Arizona Test Dust samples at backscattering angle. The radii of
the dust samples are mainly below 1 µm. They obtained a
higher depolarization ratio at 355 nm than at 532 nm, and the
www.atmos-chem-phys.net/19/1173/2019/
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depolarization ratios at both wavelengths are over 0.30. The
sharp edges and corners in the artificial dust samples are a
possible reason for the measured high particle depolarization
ratio. In the study of Järvinen et al. (2016), over 200 dust
samples were used to measure the near-backscattering (178◦ )
properties and it is found that, for fine-mode dust, the particle
depolarization ratio has a strong size dependence. Järvinen
et al. (2016) obtained about 0.12–0.20 and 0.25–0.30 for the
depolarization ratio for equivalent particle size parameters at
355 and 532 nm. Sakai et al. (2010) measured the depolarization of Asian and Saharan dust in the backscattering direction
and obtained 0.14–0.17 at 532 nm for the samples with only
sub-micrometer particles and 0.39 for the samples with high
concentrations of super-micrometer particles. Mamouri and
Ansmann (2017) concluded that the depolarization spectrum
of fine dust is 0.21 ± 0.02 at 355 nm, 0.16 ± 0.02 at 532 nm,
and 0.09 ± 0.02 at 1064 nm. This spectrum is very similar to
the Canadian stratospheric smoke aerosol presented in this
study and Haarig et al. (2018).
However, Murayama et al. (2004) suggested that the coagulation of smoke particles to the clusters with complicated
morphology is a more reasonable explanation because they
found no signature of mineral dust after analyzing the chemical compositions of the smoke sample. Mishchenko et al.
(2016) modeled the spectral depolarization ratios observed
by Burton et al. (2015) and found that such behavior results from complicated morphology of smoke particles. Kahnert et al. (2012) modeled the optical properties of lightabsorbing carbon aggregates (LACs) embedded in a sulfate
shell. It was found that the particle depolarization ratio increases with the aggregate radius (volume-equivalent sphere
radius). For the case of 0.4 µm aggregate radius and 20 %
LAC volume fraction, the computed depolarization ratios are
0.12–0.20 at 304.0 nm, 0.08–0.18 at 533.1 nm, and about
0.015 at 1010.1 nm, which are comparable with the results
in this study and Haarig et al. (2018). In this study, we are
not able to assess which is the dominant factor leading to the
high depolarization ratios, possibly both the soil particles and
smoke aging process are partially responsible.
The derived lidar ratios are from 31 ± 15 to 45 ± 9 sr for
355 nm and from 54 ± 12 to 58 ± 23 sr for 532 nm. Considering the uncertainties of the lidar ratio, the derived values and
the spectral dependence agree well with previous publications (Müller et al., 2005; Sugimoto et al., 2010; Haarig et al.,
2018) about aged smoke observations. Haarig et al. (2018)
obtained about 40 sr at 355 nm and 66 sr at 532 nm, using
the Raman method. The retrieved effective radius is about
0.33 ± 0.10 µm, consistent with the particle size obtained by
Haarig et al. (2018). The particle size is larger than the values of fresh smoke observed near the fire source (O’Neill
et al., 2002; Nicolae et al., 2013). In particular, the retrieved
particle size agrees well with the observed smoke transported
from Canada to Europe (Wandinger et al., 2002; Müller et al.,
2005). Müller et al. (2007b) found that the effective radius
increased from 0.15–0.25 µm (2–4 days after the emission)
www.atmos-chem-phys.net/19/1173/2019/
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to 0.3–0.4 µm after 10–20 days of transport time, which is
consistent with our results. But it is worth noting that Müller
et al. (2007b) investigated only tropospheric smoke and it is
not clear if this effect of the aging process is applicable to
stratospheric smoke.
The real part of the refractive indices obtained in this study
is 1.52 ± 0.05 for Palaiseau data and 1.55 ± 0.05 for Lille
data, without considering the spectral dependence. The values are consistent with the results for tropospheric smoke
(Dubovik et al., 2002; Wandinger et al., 2002; Taubman
et al., 2004; Müller et al., 2005). As for the imaginary part,
we derived 0.021 ± 0.010 from Palaiseau data and 0.028 ±
0.014 from Lille data. The imaginary part of refractive indices of smoke in previous studies is diverse. Müller et al.
(2005) reported the imaginary part varying around 0.003
for non-absorbing tropospheric smoke originating from aged
Siberian and Canadian forest fires. Wandinger et al. (2002)
obtained 0.05–0.07 for the imaginary part of Canadian smoke
in the troposphere over Europe. Dubovik et al. (2002) derived
about 0.01 to 0.03 for the imaginary part of biomass burning
using photometer observations. The retrieved imaginary part
in our study falls into the range of previously reported values. Using a sphere model in the inversion is potentially an
important error source, as spheres cannot fully represent the
scattering of irregular aged smoke particles. The application
on dust particles (Veselovskii et al., 2010) demonstrated that
retrieved volume concentration and effective radius are still
reliable and the main error is attributed to the imaginary part
of the refractive index. Errors in the optical data are also a
potential error source of the retrieved microphysical parameters.
The relative humidity in the smoke layer is one factor that
impacts the refractive indices, the particle depolarization ratio, and lidar ratio of smoke particles. However, in some studies, the relative humidity is not mentioned, thus making the
comparison difficult. Special attention should be paid to the
relative humidity when comparing the complex refractive indices. Mixing with other aerosol types during transport is
also a potential cause of the modification of aerosol properties, and its impact is not limited to the refractive indices.
In this study, the smoke layers we observed were lofted to the
lower stratosphere in the source region and then transported
to the observation sites. They were isolated from other tropospheric aerosol sources and not likely to mix with them during the transport. The relative humidity in the stratospheric
layer was below 10 %, according to the radiosonde measurements. Our study provides a reference for aged smoke
aerosols in a dry condition.
The retrieved particle parameters allow an estimation of direct aerosol radiative forcing. We derived
−79.6 W m−2 τ −1 for the DRF efficiency at the BOA
for Lille data. And for Palaiseau data, we derived
−89.6 W m−2 τ −1 . This indicates that the observed stratospheric aerosol layers strongly reduce the radiation reaching
the terrestrial surface mainly by absorbing solar radiation.
Atmos. Chem. Phys., 19, 1173–1193, 2019
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Derimian et al. (2016) evaluated the radiative effect of several aerosol models, among which the daily net DRF efficiency of biomass burning aerosols is estimated to be −74
to −54 W m−2 τ −1 at the BOA. Mallet et al. (2008) studied the radiative forcing of smoke and dust mixtures over
Djougou and derived −68 to −50 W m−2 τ −1 for the DRF
efficiency at the BOA. Our results are comparable with the
values in the publications. Additionally, the mean heating
rate of the stratospheric smoke layer is estimated to be about
3.5 K day−1 for Lille and for Palaiseau data, which qualitatively supports the temperature increase within the stratospheric smoke layer. The warming effect in the layer is
potentially responsible for the upward movements of sootcontaining aerosol plumes (Laat et al., 2012; Ansmann et al.,
2018). The high uncertainty in the retrieved microphysical
properties, especially the imaginary part of the refractive indices, will propagate into the DRF estimation. At the current
stage, we are not able to accurately estimate the uncertainty
in the microphysical properties and in the DRF calculation.
Varying the imaginary part by ±50 %, we calculated the variability in the DRF efficiency at the BOA and the heating rate,
and we derived about 20 % variation in the DRF efficiency at
the BOA and 40 % variation in the heating rate.
6

the upper troposphere and lower stratosphere by strong convection needs to be considered in atmospheric models. The
self-lifting of absorbing smoke is not yet considered in any
aerosol transport model. Additionally, this event provides a
favorable chance for studying smoke aging processes, the
smoke plumes stayed in the stratosphere more than 1 month
and were observed by ground-based lidars and CALIPSO.
Much more effort is needed in investigating these measurements.
Data availability. The satellite data from OMPS and AIRS can
be found in NASA’s GES DIS service center. CALIPSO data
are obtained from the Langley Atmospheric Science Data Center.
The radiosonde data are taken from the website of the University
of Wyoming (http://weather.uwyo.edu/upperair/sounding.html, last
access: 15 January 2019). All the lidar data used in this paper and
data processing code or softwares are available upon request to the
corresponding author.

Conclusion

In the summer of 2017, large-scale wildfires spread in the
west and north of Canada. The severe fire activities generated strong convections that lofted smoke plumes up to
the high altitudes. After long-range transport, the smoke
plumes spread over large areas. Three lidar systems in northern France observed aged smoke plumes in the stratosphere,
about 10–17 days after the intense fire emissions in midAugust. Unlike fresh smoke particles, the aged smoke particles showed surprisingly high particle depolarization ratios,
indicating the presence of irregular smoke particles. Lidar
data inversion revealed that the smoke particles are relatively
bigger compared to fresh smoke particles and very absorbent.
The strong absorption of the observed smoke plumes is related to the perturbation of the temperature profile and the
ascent of the plume when exposed to sunlight. In addition,
the DRF estimation indicated that the stratospheric smoke
can strongly reduce the radiation reaching the bottom of the
atmosphere.
This study shows the capability of multi-wavelength Raman lidar in aerosol profiling and characterization. We reported important optical and microphysical properties derived from lidar observations; these results help to improve
our knowledge about smoke particles and aerosol classification, which is an important topic in the lidar community. Future improvements in better quantifying the uncertainty in
the optical and microphysical properties are highly anticipated. Moreover, this event is also a good opportunity for the
study of the atmospheric model. The injection of smoke into
Atmos. Chem. Phys., 19, 1173–1193, 2019
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Appendix A: Error estimation
A1

Errors of optical depth

The errors in the lidar signal at the top and the base of
the stratospheric layers are considered to be the major error
sources in the error estimation of the optical depth. We estimate the error of the lidar signal P (λ, rtop ) and P (λ, rbase )
to be 3 %–5 %, based on the statistical error of photon distributions. According to Eq. (2), the error of the optical depth,
1τ u
τ u , is written as


u 2

1τ
τu

= FP top
+ FP base

FP top,base =

1P (λ, rtop )
P (λ, rtop )

!2

1P (λ, rbase )
P (λ, rbase )

!2

(A1)

,

P (λ, rtop,base )
∂τ u
τu
∂P (λ, rtop,base )

!2

,

(A2)

A2 Errors of Ångström exponent
Ångström exponent Å is defined as follows:


λ1
λ2

−Å

,

(A3)

where x is usually the optical quantities such as optical depth
τ , extinction coefficient α, and backscatter coefficient β. The
error of the Ångström exponent results from the error of the
optical quantities at two involved wavelengths:
  −2 "


 #
2
λ1
1xλ1 2
1xλ2 2
1Å = log
+
, (A4)
λ2
xλ1
xλ2
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where 1x is the error of the quantity x in absolute values.
When the error of the optical depth at 355 and 532 nm is
approximately 15 %, the resulting error in the Ångström exponent is about 0.5.
A3

Errors of particle depolarization ratio

According to Eq. (3), the error of the particle depolarization
ratio lies in three terms: the backscatter ratio R, volume depolarization ratio δv , and molecular depolarization ratio δm .


1δp
δp

FX =

where 1τ u represents the absolute error of τ u . The calculation of molecular extinction and backscattering coefficient is
based on the study of Bucholtz (1995). The temperature and
pressure profiles are taken from the closest radiosonde stations, Trappes and Beauvechain, and the errors of molecular
scattering are neglected.
The error of optical depth propagates into the lidar ratio
and vertically integrated backscatter coefficient. Additionally, the error of the lidar ratio also relies on the step width of
lidar ratio between two consecutive iterations and the fitting
error of the optical depth of the stratospheric aerosol layer,
which can be limited by narrowing the step of the iteration.
In our calculation, we use a step of 0.5 sr and achieve the fitting error of optical depth of less than 1 % which is negligible
compared to the contribution of the error of optical depth to
the error of lidar ratio. However, we can basically estimate
the error of the integral of the backscatter coefficient within
the stratospheric aerosol layer, not the error of the backscatter
coefficient profile.

xλ1
=
xλ2
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2

2

+ Fδ v



1δv
δv

2

, X = R, δv , δm .

+ Fδm



1δm
δm

2

,

(A5)
(A6)

As the backscatter ratio and the volume depolarization increase, the dependence of particle depolarization ratio on
the backscatter ratio decreases. In the stratospheric smoke
layer, the measured volume depolarization ratio is higher in
the shorter wavelength and the backscatter ratio is higher
in the longer wavelength; the increased volume depolarization ratio or the backscatter ratio allows us to conservatively
assume a preliminary error level for the backscatter ratio
R. The potential error sources of the volume depolarization
come from the optics and the polarization calibration. The
optics have been carefully maintained and adjusted to minimize the errors originating from misalignments. After longterm lidar operation and monitoring of the depolarization calibration, we conservatively expect 10 % relative errors in the
volume depolarization ratio. The theoretical molecular depolarization ratio is calculated to be 0.0036 with negligible wavelength dependence (Miles et al., 2001). In the historical record since 2013, LILAS measured molecular depolarization ratios of approximately 0.005–0.013 at 532 nm,
0.012–0.018 at 355 nm, and 0.007–0.010 at 1064 nm. IPRAL
measured a molecular depolarization ratio of about 0.020 at
355 nm in this study. Molecular depolarization ratios measured by both the LILAS and IPRAL systems exceed the
theoretical value. In addition to the error in the polarization
calibration, the error of molecular depolarization ratio arises
mainly from the optics, more precisely, the cross-talks between the two polarization channels. The imperfections of
the optics cannot be avoided, but a careful characterization
is helpful to eliminate the cross-talks as much as possible
(Freudenthaler, 2016). In our study, we simply assume 200 %
and 300 % for the error of molecular depolarization ratio
measured by the LILAS and IPRAL systems, respectively.
The total error of the particle depolarization ratio is calculated according to Eq. (A5).
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