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by Mobile Aerosol Monitoring System (MAMS) 

 

 

 

Abstract  

 

Aerosols are a variable component of the atmosphere, having an important and 

complex role on air quality and climate. Most of the ground-based aerosol observations are 

limited to fixed locations, narrowing the knowledge on their spatial variability. In order to 

overcome this issue, a compact Mobile Aerosol Monitoring System (MAMS) has been 

developed to explore the vertical and spatial variability of aerosol optical and microphysical 

properties. MAMS is a vehicle-based laboratory, distinguished by other transportable 

platforms through its ability to perform measurements during the movement. Equipped with 

remote sensing and in situ instruments, MAMS explored the aerosol variability through 

mobile on-road campaigns in various situations. This work presents variability studies and 

remarkable events observed both in France and in China. One of the researched aerosol 

variables is their mass concentration and vertical distribution. This challenge is taken up in 

this work. The mobile system presents a great flexibility and is cost-effective, being able to 

respond quickly in case of sudden aerosol events such as pollution episodes, dust, fire or 

volcano outbreaks, proving to be a useful platform for aerosol observation and operational 

networks. Applications of the mobile exploratory platform for validation activities of space 

missions observing the Earth and the atmosphere, for models’ evaluation and for instrument 

intercomparison campaigns are presented. New perspectives, both on instrumental and 

methodology levels are introduced, leaving place for improvements in the mobile aerosol 

observations. 
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Résumé 

 

Les aérosols sont une composante variable de l'atmosphère, ayant un rôle important 

et complexe sur la qualité de l'air et le climat. La plupart des observations d'aérosols au sol 

sont limitées à des emplacements fixes, ce qui réduit la connaissance sur leur variabilité 

spatiale. Afin de compléter cette information, un système mobile d’observation des aérosols 

(MAMS - Mobile Aerosol Monitoring System) a été mis au point pour explorer la variabilité 

verticale et spatiale des propriétés optiques et microphysiques des aérosols. MAMS est un 

« laboratoire » conçu sur un véhicule, se distinguant des autres plateformes transportables 

par sa capacité à effectuer des mesures au cours du mouvement. Equipé d'instruments de 

télédétection et in situ,  MAMS a exploré la variabilité des aérosols au travers de campagnes 

mobiles sur routes dans diverses situations. Ce travail présente les études de variabilité et 

des événements remarquables observés en France et en Chine. L’une des variables 

aérosols recherchée est leur concentration massique et leur distribution verticale. Ce défi est 

relevé dans ce travail. Le système mobile offre une grande flexibilité, et un bon rapport coût-

efficacité, car il permet de réagir rapidement en cas d’événements aérosols soudains, tels 

que des épisodes de pollution, poussières, incendies ou éruptions volcaniques, démontrant 

son utilité pour les réseaux d’observation recherche et opérationnels. Les applications de la 

plateforme d'exploration mobile pour les activités de validation des missions spatiales 

d’observation de la Terre et de l’atmosphère, pour l’évaluation des modèles et les 

campagnes d’intercomparaison d’instruments sont présentées. Des nouvelles perspectives, 

tant au niveau instrumental que méthodologique, sont introduites, laissant la place à des 

améliorations dans les observations mobiles des aérosols. 

 

 

 

 

Mots-Clés: aérosols, variabilité, mesures mobiles, qualité de l’air, télédétection, profiles de 

concentration. 
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the Earth’s surface and acting as condensation nuclei leading to cloud formation, or causing 

changes within the clouds (size and number of droplets) (IPCC, 2013). To improve radiative 

transfer calculations, aerosol scattering and absorption properties need to be known. 

It is therefore important to know the vertical distribution of aerosols to determine their 

optical properties and to estimate their impacts at each level of the atmosphere.  

Winds do not encounter barriers in the atmosphere while they travel, transporting 

aerosols along, so there is no border between countries when it comes to aerosol transport 

and climate impact far from sources. This is why countries join in a common effort for a better 

characterization of these particles and of their impacts on health and climate. Aerosol studies 

eventually serve to the determination of their sources and sometimes to imposing new 

regulations on particle emissions, when they are of anthropogenic origin and they are 

harmful. 

Comprehensive studies on aerosols help better understand their nature, their physical 

and optical properties and their variability. All these studies are pieces in a bigger puzzle 

called atmosphere and putting them together help us have the global picture: the sources, 

the transport processes, the transformations, the interaction with light and matter, the sinks 

and the effects on environment, humans and climate. Technologies to monitor aerosols are 

improving with time, methodologies need to be adapted accordingly, and more insight is 

gained into aerosols day by day. 

For these reasons, we understand the interest of studying at best these air-

suspended particles, which are one of the most variable component of the atmosphere and 

affect our lives through air quality and climate change.  

In order to monitor the atmospheric aerosols, independent ground-based observations 

are performed globally, grouped in large networks and research infrastructures, such as the 

Aerosol Robotic Network (AERONET; Holben et al., 1998), the Micropulse Lidar Network 

(MPLNET; Welton et al., 2005), the EARLINET/ACTRIS (Aerosol, Clouds and Trace gases 

Research Infrastructure Network; Pappalardo et al., 2014), or organized in national surface 

measurements networks, dedicated to air quality monitoring, such as ATMO France 

(http://www.atmo-france.org/). Such observations offer capabilities for long-term monitoring 

of aerosol properties and evaluation of trends, but they are limited over fixed locations. Lidars 

are excellent tools for studying the height-resolved aerosol variability, especially interesting 

during pollution episodes and long-range transport situations. The observation of vertical 

aerosol structures and quantification of their contribution to the total column aerosol content 

are important as the lifetime of particles in the free troposphere is of the order of weeks. 

Furthermore, concentrations at surface level can sometimes be influenced by the subsidence 

of transported aerosols from the free troposphere. Thus, the knowledge of the vertical 

distribution, as close to the surface as possible, of aerosols optical properties, is required to 

precisely predict aerosol concentrations, especially for air quality models. Gravimetric 

measurements of particle mass concentrations at surface level are sparse within the territory, 

so other directions are explored, like for example estimating the mass concentration of 

particles from their optical properties. This direction is a challenge, as it requires information 

on aerosols chemical and microphysical properties. Nevertheless, in this work, we take up 

this challenge and apply it on mobile measurements. 
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Existing lidar networks consist of systems with various configurations, from elastic 

single-wavelength to multi-wavelength Raman lidars. Most of them are complex instruments 

that require regular maintenance and controlled environment for their operation, so they are 

predominantly installed in laboratory rooms. Therefore, their use for atmospheric profiling is 

mostly limited over a fixed location. But the aerosol distribution is highly variable spatially in 

case of sudden events; e.g. pollution episodes, dust and fire outbreaks, volcano eruptions, 

long-range transports and dispersion of pollutants from emission sources. In these situations, 

field observations are important, as the spatial variability is hard to assess from point 

measurements.  

Aerosols are also monitored from space, by passive and active remote sensing 

instruments embarked on satellites, giving the global picture on aerosol sources, their 

transport by winds and qualitative classification of aerosol types. They offer snapshots 

(limited temporal resolution) of the horizontal and vertical distribution of aerosol over land 

and ocean, typically at several kilometer horizontal spatial resolution.  

Mobile observations are one of the best solutions to fill in the gaps between the fixed 

aerosol monitoring stations, to map the extent of sudden aerosol events and to study the 

regional gradients in aerosol concentrations. If aerosol measurement instruments could be 

easily deployed at the time needed, the number of applications would rapidly increase, from 

the validation of satellite measurements and model predictions to the investigation of 

pollutants dynamics and quantification of diffuse emissions at industrial sites. 

 

1.2. State of the art of mobile observations 

The mobile platforms that can be used for embarking instruments for aerosol 

observations are aircraft, drones, ships, cars and trains. 

Airborne mobile measurements have been done with instrumented aircrafts dedicated 

to research. To name some of these aircrafts in Europe, they are provided by SAFIRE 

(Service des Avions Français Instrumentés pour la Recherche en Environnement, 

http://www.safire.fr/) facility in France, by NERC Airborne Research Facility (Natural 

Environment Research Council, https://www.bas.ac.uk/polar-operations/sites-and-

facilities/facility/nerc-airborne-research-facility-2/) in the United Kingdom and HALO (High 

Altitude and LOng range research aircraft, http://www.halo.dlr.de/), operated by DLR in 

Germany. Most of the research aircrafts are equipped with in situ instruments and some are 

equipped with remote sensing instruments. Nevertheless, it must be pointed out that such 

aircrafts are usually used in the framework of large campaigns, which have sufficient funding, 

as hiring these aircrafts is expensive and the time for obtaining authorisations to fly over 

specific regions can be long. The ChArMEx (The Chemistry-Aerosol Mediterranean 

Experiment, Mallet et al., 2015) and EMeRGe (Effect of Megacities on the transport and 

transformation of pollutants on the Regional and Global scales, http://www.iup.uni-

bremen.de/emerge/home/home.html) campaigns are some examples of extensive 

campaigns which involved airborne aerosol measurements, mainly by in situ techniques. 

Other campaigns like AEROCLO-SA (Aerosol RadiatiOn and CLOuds in Southern Africa) 

field campaign over the South Atlantic Ocean and SHADOW (Study of SaHAran Dust Over 
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West Africa) field campaign in M’Bour, Senegal are mentioned here specifically because they 

involved airborne measurements with the unique mobile sun photometer, PLASMA (Karol et 

al., 2013). The use of lidars for airborne measurements has been reported by a series of 

works, being embarked either on research aircrafts (Flamant et al., 2000; Hair et al., 2008; 

Rogers et al., 2009; Stachlewska et al., 2010) or on ULA (Ultra-Light Aircraft) (Chazette, 

2016; Chazette et al., 2007; Chazette and Totems, 2017). Other option for airborne 

measurements is embarking an instrument container for in situ aerosol and gas 

measurements on civil aircrafts, done in the CARIBIC (Civil Aircraft for the Regular 

Investigation of the Atmosphere Based on an Instrument Container, http://www.caribic-

atmospheric.com/) project, in the framework of the IAGOS (In-service Aircraft for a Global 

Observing System, https://www.iagos.org/) European research infrastructure for global 

observations of atmospheric composition from commercial aircrafts. The advantage is that it 

is less expensive than hiring specific scientific research aircrafts and that it provides larger 

global coverage of atmospheric data over longer periods. 

Other airborne platforms that are used for mobile measurements, and that have come 

into attention more recently due to their size and facility of deployment, are drones or UAVs 

(Unmanned Aerial Vehicles). They can embark lightweight instruments, which are usually 

sensors for temperature, pressure, relative humidity and gas and particles monitors. The 

possibilities of embarking miniaturized sun photometers and lidars are being explored. 

Ship-borne mobile measurements are conducted using portable/handheld instruments 

or by instrumented containers set up on-board. Mobile sun photometer measurements on 

ship cruises are performed with Microtops II handheld sun photometers in the framework of 

the Maritime Aerosol Network (MAN; Smirnov et al., 2009), a component of AERONET, 

dedicated to collect aerosol optical depth data over oceans. Regarding lidar observations 

over oceans, we must mention the cruises done by the Polarstern research vessel, which is 

regularly deployed over oceans since 2009 (Bohlmann et al., 2018; Kanitz et al., 2013) and 

the INDOEX experiment over the Indian Ocean (Welton et al., 2002) and the ACE 

experiment in Asia (Schmid et al., 2003) . More recently, CIMEL R&D team together with 

LOA (Laboratoire d’Optique Atmospherique), have adapted a triple CE318-T sun photometer 

for ship-borne mobile measurements. This prototype sun photometer has been involved both 

in the Polarstern campaign (May-June 2018) and during AQABA (Air Quality and Climate 

Change in the Arabian Basin) campaign in the Arabian Basin (June-July 2017). The ship-

borne lidars help exploring the atmosphere above oceans but it takes longer (on the order of 

days) to sound the atmosphere along the ship track. 

Each of these mobile platforms has an important role in atmospheric observation and 

has its own advantage. And their own limits. Aircrafts cruise at high speed, which means 

lower spatial resolution, but they can reach longer distances in shorter time. Ships move 

slowly, taking up to several days to sample certain regions, which means limited temporal 

resolution. Satellite data give us the global picture but lack detail. Satellite-borne lidars give a 

larger global coverage for aerosol profiling but with limited temporal/spatial resolution and 

profiling capabilities especially for the lower troposphere or during the day. 

We have seen that airborne and ship-borne mobile campaigns for aerosol 

observations are more expensive, take longer time to be organized in advance and involve 

more human resources and preparation. For these reasons, ground-based mobile 
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measurements stand out as being easier to be organized, can be used as quick-response 

tools in case of extreme aerosol events and provide a higher spatial and temporal resolution. 

Ground-based mobile measurements can be achieved using lightweight commercial 

vehicles or vans/trucks or using trains as platforms.  

Embarking instruments on trains has not yet been explored due to high cost and 

numerous authorisations that have to be obtained in order to modify trains for setting up 

aerosol measurement instruments and to operate them continuously. Amongst these 

authorisations, it should be mentioned that, for example, the eye-safety requirement for lidars 

is compulsory. Eye-safe lidar systems imply low laser output power and thus limited 

maximum altitude so one must thus find a compromise between features. 

Regarding the vehicle-based mobile observatories, a number of on-road experiments 

focused on the spatial variability of the particle number and mass concentration along 

highways in Jordan (Hussein et al., 2017), in Noord, Holland (Weijers et al., 2004) and in an 

Alpine Valley (Weimer et al., 2009), of black carbon and particulate sulphate concentrations 

from Mainz, Germany to southern Spain (Drewnick et al., 2012) and of aerosol and gas 

phase ambient concentrations in Zurich, Switzerland (Bukowiecki et al., 2002). Other studies 

investigated the tropospheric trace gas distribution: NO2 along Brussels-Heidelberg transect 

(Wagner et al., 2010), SO2 and NO2 in Guangzhou, China (Wu et al., 2013) and CO2 and 

CH4 in Utah, USA (Bush et al., 2015).  

Remote sensing instruments are nonetheless less involved in ground-based mobile 

applications due to their size, to operation cautions and sensitivity to misalignment of optics 

due to motion and because some instruments were initially designed for stationary 

measurements, meaning that technological adaptations need to be made for mobile 

applications. In the early developments of our mobile system, a Microtops II sun photometer 

was used for aerosol optical depth manual measurements along roads. Other mobile sun 

photometer measurements have been reported by Lewandowski et al. (2010), but they 

actually refer to stationary measurements at different points along the road, the sun 

photometer being installed on the vehicle’s roof during the measurements and taken down 

during travel. The first evidence of continuous mobile sun photometer measurements during 

vehicle’s movement has been presented by Mortier et al. (2012) during the DRAGON 

(Distributed Regional Aerosol Gridded Observation Networks; Holben et al., unpublished) – 

USA campaign. For lidars, the term “mobile” refers mostly to scanning (Chiang et al., 2015; 

Marchant, 2009), transportable (Berkhout et al., 2016; Chazette et al., 2014; Freudenthaler et 

al., 2002) or scanning and transportable (Dou et al., 2014) systems, used for measurements 

in remote places, during field campaigns or simply outside laboratory rooms.  

To our knowledge, only few studies presenting ground-based lidar profiling of aerosol 

properties by on-road mobile measurements have been conducted, MEGAPOLI campaign 

over Paris agglomeration (Beekmann et al., 2015; Pal et al., 2012; Raut and Chazette, 2009; 

Royer et al., 2011), on London’s orbital motorway (Raut et al., 2009), from Paris to Siberia 

(Dieudonné et al., 2015), MILAGRO campaign in Mexico City (Lewandowski et al., 2010; 

Molina et al., 2010) and in Tianjin, China (Lyu et al., 2018). Thus, we consider that the 

capability of deploying remote sensing instruments for on-road mapping of aerosol properties 

is not enough explored and is one of the purposes of this work. 
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1.3. Motivation and objectives 

At this moment there is no existent mobile aerosol observation laboratory that 

combines lidar, sun photometer and in situ instruments, performing measurements during the 

vehicle’s motion. Also, in terms of the size of mobile platforms, the tendency is to have more 

compact, cost-effective mobile systems, the majority of the existent mobile research 

laboratories being bulky systems. 

For the first time, the description of a compact mobile system, MAMS (Mobile Aerosol 

Monitoring System), performing on-road measurements with a lidar, a sun photometer and 

an aerosol spectrometer, is presented in this work. The uniqueness of the system lies mainly 

in the sun photometer, capable to track the sun during vehicle’s motion, and in the synergy of 

remote sensing and in situ measurements to derive aerosol physical and optical properties 

along the investigated routes. 

As this work is resulting from a collaboration between a public research laboratory 

and a private company developing remote sensing instruments, in the framework of a CIFRE 

(Conventions Industrielles de Formation par la REcherche) project, the objectives are placed 

on both research and company side. The objectives of this work are to develop a compact 

mobile system integrating remote sensing and in situ instruments, ready to react fast in case 

of sudden aerosol events, such as dust and volcanic ash intrusions, to test the instruments 

on-board, to perform quality assurance on measurements and to derive near-real time 

aerosol variables from the synergy of measurements on-board MAMS. This would allow 

following the spatial variability studies in real-time, allowing quick reactivity and decision-

making by organizations interested in such studies. The first phases of this work are 

introduced, leaving place for perspectives on the implementation of the “near real-time” 

aspect and on the improvements of instruments and methodologies. Introducing the concept 

of a ground-based mobile system interests both the observational networks and the 

company, which has a goal to expand their market and their activities. Another objective of 

this work is to take up the challenge of estimating at best the vertical profiles of aerosol mass 

concentration, which has an interest both from a scientific point of view and for the company, 

which is considering a direction towards air-quality-related products. In this matter, the 

development of the needed methods is done. The main objective of this work is to show the 

potential of a mobile platform performing on-road remote sensing and in situ measurements 

to derive aerosol properties and to map their spatial and vertical variability. This is achieved 

through mobile campaigns conducted in different atmospheric situations. The use of the 

mobile system for atmospheric studies is versatile, some of its possible applications being 

emphasized throughout this work. 

The interest is that such instrumented mobile platform could be easily deployed for 

studies of aerosol spatial variability at regional and national scale or more widely. Such 

studies fit well into the framework of regional projects such as Labex CaPPA (Chemical and 

Physical Properties of the Atmosphere) and CLIMIBIO CPER (Changement climatique, 

Dynamique de l'atmosphère, Impacts sur la biodiversité et la santé humaine) and European 

projects such as ACTRIS (Aerosols, Clouds, and Trace gases Research InfraStructure 

Network), all aimed to study the evolution of environments and climate and to gain a better 

knowledge on the 4-D distribution of aerosol properties.  
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1.4. Structure of the manuscript 

The aerosols definition, their sources and impacts, the means of aerosol observation, 

the context and objectives of this work and the state of the art of mobile observations are 

presented in Chapter 1. The basic theoretical concepts regarding the light-particle interaction 

are defined in Chapter 2. The design of the mobile system along with the description of the 

instruments set up on-board and their physical principle are presented in Chapter 3. The 

instruments set up both in MAMS and in the mobile platform used during a collaborative 

mobile campaign in North China Plain are described. The data processing and quality 

assurance aspects are discussed for the instruments set up in MAMS, namely the lidar, sun 

photometer and particle sizer. The inversion methods used to derive the aerosol physical and 

optical properties are discussed in Chapter 4. The results from mobile campaigns in France 

and in North China Plain are presented in Chapter 5. An overview of the mobile campaigns 

conducted in France is given and the in-depth analyses of two case studies, one over a long 

transect from North to South of France and one regarding an extreme event of stratospheric 

aerosols, are presented. The overview of the mobile campaign in North China Plain is given 

and the in-depth analysis of one case study along a coastal region near Tianjin is presented. 

In Chapter 6 some of the applications of the mobile system are presented, namely the 

interest of a mobile system for satellite CAL/VAL activities and for model evaluation. Another 

application that has been successfully implemented was to deploy the mobile system on site 

at different French lidar stations in the framework of a national lidar intercomparison 

campaign. The main outcomes of this ACTRIS-France campaign are presented. Finally, the 

main conclusions of this work and perspectives are presented. 
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and impact human lives and where most of the anthropogenic aerosols reside. Above the 

PBL there is the free troposphere (FT), where aerosols from distant sources such as fires 

and dust storms are injected and transported by winds.  

In this work, the focus is on tropospheric observations of aerosols both vertically, up 

to typically 12 km altitude, and close to the Earth’s surface.  

The atmosphere is a medium through which electromagnetic waves such as light 

propagate. Optical light is just a small portion, the visible range, of the entire range of 

electromagnetic radiation spectrum. Luckily, only part of the electromagnetic radiation is 

transmitted through the atmosphere, dangerous radiation like X-rays, ultraviolet and infrared 

being blocked or absorbed by different molecules in the atmosphere. The transmission of 

radiation through the atmosphere is defined as the ratio of the transmitted radiation to the 

total incident radiation. The atmospheric transmission spectrum in Figure 2.2 shows the 

different ranges of the electromagnetic radiation spectrum, the different species that absorb 

the radiation at specific wavelengths and the atmospheric windows, i.e., the spectrum ranges 

where radiation is transmitted at close to 100%.  

 

Figure 2.2. Atmospheric transmission windows (green) and absorption contributions of 

different atmospheric constituents (source: 

http://www.oneonta.edu/faculty/baumanpr/geosat2/RS-Introduction/RS-Introduction.html) 

The atmospheric transmission spectrum is very important from an instrumental 

development point of view, as light sources must be precisely selected in the bands that 

allow the light transmission through the atmosphere. If the absorption of radiation by different 

species is of interest, one must choose a wavelength inside the absorption bands.  

Atmospheric optics refers to terms like transmission, attenuation, scattering, 

absorption and extinction of light by the atmospheric components. In the following section 

these terms will be briefly defined in order to understand the methods for aerosol 

observations presented further. The light-atmosphere interaction is an everyday live show of 

optical phenomena. The blue colour of the sky, the red sunsets and sunrises, the colours of 

clouds, the greyish or reddish colours of the sky, the green flash and nice halo generated by 

ice crystals in clouds, all are the result of the light-atmosphere interaction. Let’s have an 

insight into it. 
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2.2. Light scattering and absorption by aerosol particles 

When referring to the atmosphere, scattering and absorption are processes resulting 

from the interaction of light with matter. Aerosol particles are inhomogeneities in a medium 

that is the air. When a perturbation occurs in this medium, i.e., when the electromagnetic 

waves “hit” the inhomogeneities, oscillations are propagated in the medium. The incident 

energy of the electromagnetic wave is transferred to the particle and transformed; the particle 

absorbs a part of the energy, which translates into thermal energy, vibration, rotation, and a 

part is re-emitted. Looking at the atomic level, the electrons of the atoms composing the 

aerosols will be excited by the incident energy and will quickly relax back to the fundamental 

energy levels. This relaxation causes the re-emission of electromagnetic waves in all 

directions. This is the scattering of light. The angle between the direction of propagation of 

incident radiation and the scattered one is called the scattering angle, Θ. 

Aerosols and molecules in the air represent scattering centres or scatterers. If the 

scattered light is at the same frequency as the incident light, it is called elastic scattering and 

if the frequency of scattered light is different from the incident light, it is called inelastic 

scattering. Part of the incident energy can be absorbed by the particles and transformed into 

heat, depending on the particles properties. A more detailed description of scattering and 

absorption by particles can be found in the works of van de Hulst (1981) and Bohren & 

Huffman (1998). 

The absorption depends on the particles chemical composition, while the scattering 

depends on the size and shape of particles. Both scattering and absorption are a function of 

the wavelength, !. An important property of the particles that must be defined is the complex 

refractive index, !(! ), which describes the relationship between the scattering and 

absorption efficiency of particles and their chemical composition: 

 
m(λ) = n(λ) − i ∙ k(λ) 

(2.1) 

where !  is the real part of the refractive index, describing the scattering, and !  is the 

imaginary part of the refractive index, describing the absorption. 

As scattering is dependent on the size of the particles and wavelength, a 

dimensionless parameter called size or Mie parameter, ! , is defined, which relates the 

particle radius, !, to the wavelength of the incident radiation, !: 

 ! =
2!"

!
 (2.2) 

A diagram illustrating the different types of scattering regimes in function of the 

particle radius and the radiation wavelength is presented in Figure 2.3. 

Rayleigh scattering theory refers to the interaction between light and air molecules, 

hence the blue colour of the sky, small wavelengths (blue) being more efficiently scattered 

than longer wavelengths (red). This type of scattering applies when ! ≪ !. In the case of 

large droplets (such as in clouds), when ! ≫ !, geometrical optics applies. For particles 

comparable to the wavelength of the incident light, (! ≈ !), Mie scattering theory applies. 

Gustav Mie solved the problem of light scattering by a homogeneous sphere of size 

comparable to the wavelength of the incident light in 1908 (Mie, 1908) and has been used 

ever since to describe the intensity of light scattered by particles.  
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Figure 2.3. Relationship between the particle radius, radiation wavelength and scattering regime 

for some types of atmospheric particles. The diagonal dashed lines represent rough limits of size 

parameters between different scattering regimes  (source: after Petty (2006)) 

In order to apply the Mie solutions, the particles have to be far enough one from 

another to avoid additional interaction between them. If the distance between particles is 

large enough, the incident electromagnetic field is large compared to the one resulted from 

the interaction of two neighbouring particles. Statistically, the particle concentration in a 

sampled volume of air is usually low so that only one particle is present in the measuring 

volume. Even in heavily polluted atmospheres, the average free path of the particles is 

sufficiently long to consider that the total scattered radiation is the sum of scattering by each 

particle. In mediums with high concentration of particles, such as at emission sources, one 

has to account for the multiple scattering. The multiple scattering can be accounted for by 

using radiative transfer theory. From an instrumental point of view, a narrow field of view is 

chosen for instruments, in order to limit the contribution of multiple scattering.  

In the case of aerosols (our interest), we are talking about Mie scattering. Different 

particles will interact differently with the radiation. For example, fine and ultrafine particles, 

generated by automobiles or biomass burning, interact more with blue wavelengths in the 

visible spectral range, while particles in the human range of visibility, such as smog, fog and 

haze, interact more with green wavelengths. Larger particles, such as sea salt, dust and 

pollen will interact more with red wavelengths.  

The scattering effective cross section of each particle, !!"#, gives the ratio of how 

much of the incident energy flux is transformed through scattering: 
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 !!"# =
!!"#

!!

 (2.3) 

where !!"# is the scattering energy flux [W] and !! is the energy flux density of the incident 

radiation [J/(m!
∙ s)]. The scattered energy refers to the energy of the incident light falling on 

the area !!"#, the scattering cross-section. The same definition applies to the absorption 

cross section, !!"#, and the extinction cross section, !!"#, is the sum of the two: 

 !!"# = !!"# + !!"# (2.4) 

The scattering, absorption and extinction cross sections have units of an area [m2]. 

The angular distribution of light scattered by a particle at a fixed wavelength is given 

by the scattering phase function, ! Θ . It depends on the particle size, shape, refractive index 

and wavelength of the incident radiation.  

The parameters expressing the particle’s efficiency to scatter, absorb or extinct the 

incident light are defined as scattering, !!"# , absorption, !!"#, and extinction, !!"#, efficiency 

factors, respectively. They are defined as the ratio of the individual scattering, absorption or 

extinction effective cross sections to the geometrical cross section: 

 !!"# =
!!"#

!!!
 (2.5) 

where !!!  is the geometrical cross section of a sphere. The efficiency factors are 

dimensionless and depend on the size parameter and on the refractive index of the particle. 

Figure 2.4 shows the efficiency factors for different size parameters and refractive indices. 

 

Figure 2.4. Examples of extinction efficiency factor function of the size parameter, x, for different 

complex refractive indices (Source: (Mortier, 2013)) 

 

Particles in the atmosphere take different shapes and sizes. All classes of particles 

can be found, from few nanometres to several hundreds micrometres. Particles less than 2.5 
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µm in diameter are generally referred to as "fine" and those greater than 2.5 µm diameter as 

"coarse" (Seinfeld and Pandis, 2006). Their classification in PM1, PM2.5 and PM10, according 

to the air quality standards, is discussed in Section 1.1. The aerosol distribution in the air can 

be characterized by the total number concentration of particles (per cm3 of air), !: 

 ! = ! ! !"

!

!

 (2.6) 

where ! ! !" is the number of particles per cm3 of air having radius in the range ! to (! +

!"). 

In order to get the radiation scattered and absorbed (i.e the total extinction) by an 

ensemble of particles, we define the extinction coefficient. It is wavelength-dependent and is 

integrated over all particle sizes: 

 !!"# !, ! = !!
!

!

!

!!"# !, !, ! ! !, ! !" (2.7) 

 

Following the law of energy conservation, the extinction is the sum of energy lost 

through the two processes, absorption and scattering: 

 !!"# = !!"# + !!"# (2.8) 

where !!"# and !!"# are the scattering and absorption coefficient, respectively. Their unit is 

[m-1]. An important quantity that allows characterizing the relative importance of scattering 

versus absorption is introduced, quantity called single scattering albedo (SSA): 

 !! =
!!"#

!!"#

=
!!"#

!!"# + !!"#

 (2.9) 

By scattering and absorption processes, energy is removed from the incident light 

passing through the medium (i.e. the air) and the beam is attenuated. This attenuation is 

called extinction and it is what reaches our eyes when we look at the light source, for 

example, the Sun. The reduction of the light beam irradiance when passing through a 

medium can be expressed by the Beer-Lambert law: 

 !(!) = !!(λ)exp (−!(!) ∙!) (2.10) 

where !!(!) is the incident light irradiance, !(!)  is the transmitted light irradiance after 

passing through the medium, ! is the relative airmass, approximated to 1/ cos !!  for zenith 

angles below 80°, where !! is the solar zenith angle and !(!) is the total extinction optical 

depth of the medium, which describes the reduction of light due to the ensemble of 

molecules and particles in the atmosphere. The extinction optical depth, dependent on the 

radiation wavelength, is expressed as follows: 

 ! ! = !!"# !, !
!
!"′

!

!

 (2.11) 

where !!"# is the total extinction coefficient of the atmosphere and the integration is done 

over altitude.  
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In this chapter, the basic theoretical concepts needed in this work have been defined. 

For further details, the readers are referred to the works of van de Hulst (1981), Bohren & 

Huffman (1998), Petty (2006), and Long (2002), which treat in more depth the subject of 

light-particles  and light-molecules interaction. 
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Chapter 3. Mobile system: design, instrumentation 
and data processing  

3.1. Description of the mobile system 

Most instruments set up on mobile platforms and deployed in field campaigns are 

bulky systems, requiring large vehicles for their installation and transportation. Compared to 

such systems, the MAMS (Mobile Aerosol Monitoring System) is more compact and robust. 

The mobile laboratory (Figure 3.1) described here is a minivan equipped with a micro-pulse 

LIDAR (LIght Detection And Ranging), a sun photometer and an aerosol spectrometer, which 

will be described further in this section. The minivan is a Renault Kangoo Intens Energy 

115CH CO2 140 g/km (length: 4.21 m, width: 1.83 m, total height: 1.87 m). A car with 

gasoline engine was chosen against one on diesel due to lower particle emissions and 

against an electric car due to higher autonomy (around 500 km). The vehicle’s trunk and rear 

part of the roof have been modified to allow the installation of instruments inside and on top 

of the vehicle. In order to minimize shocks and vibrations on the instruments while driving, 

the rear wheels are equipped with coil suspension and instruments are equipped with shock-

absorbing devices. For LIDAR measurements, a 35 x 25 cm anti-reflective glass of 0.8 cm 

thickness type Conturan magic, that has a transmission > 90% for 532 nm, has been 

embedded in the rear-part of the car’s roof. In order to continuously operate the instruments, 

a 12V/300Ah AGM battery and a sine-wave inverter-charger are mounted in the vehicle. For 

a power consumption of 100 W, autonomy of 29 hours can be ensured for continuous 

measurements. The vehicle is also equipped with an electrical installation and an external 

outlet used for charging the battery. During stationary measurements, the battery is fed and 

recharged using the external outlet. The total payload including measurement equipment, 

battery and inverter is approximately 130 kg. 

The real-time geolocation, altitude and driving speed data are recorded using a 

Garmin GPS set up on the roof of the vehicle. Ambient temperature, pressure and relative 

humidity are monitored at 1-second time resolution with a meteorological probe (model 

Testo) installed on the roof of the vehicle. Additionally, an action camera is sometimes set up 

on the roof to record pictures of the sky, useful for posterior data analysis. A router with an 

external antenna is used to connect the mobile system to the Internet using a SIM card with 

3G connection. Data acquired during the mobile measurements is transferred to a laboratory-

based server for routine processing. An online platform to visualize measurements in real-

time is under development. 
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Figure 3.1. Mobile system and equipment: (a) LiDAR transmitter-receiver optical head, (b) 

LiDAR control and acquisition unit, (c) battery, (d) sine-wave inverter charger, (e) aerosol 

spectrometer, (f) meteorological probe, (g) isokinetic sampling probe and (h) PLASMA sun 

photometers. 

According to the initial mechanical design of the mobile platform, more instruments 

were supposed to equip the mobile system, as shown in Figure 3.2. This configuration 

included the installation of a nephelometer, an aethalometer and a particle sizer, all 

connected to a unique air sampling line, each instrument’s sampling line being adapted to a 

specific flow rate. Regarding the remote sensing instruments, the car could have been 

equipped by two micro-lidars, one operating at 532 nm wavelength and another at 808 nm, 

with polarization channel, as to have two wavelengths and polarization channels in order to 

discriminate the particles size and shape vertically. 

Finally, only the particle sizer could be set up in the mobile system as the 

nephelometer and the aethalometer were needed for permanent monitoring at the fixed 

station and no other instruments were available to be permanently set up in the mobile 

system and dedicated for mobile observations. Nevertheless, the mechanical study shows 

the possibility to set up more in situ and remote sensing instruments in the mobile system. 

Adding the nephelometer, aethalometer and a second lidar to the observation 

equipment would imply an increase of payload from 130 kg to 190 kg and a power 

consumption of 250 W should be ensured, compared to 100 W with the current instruments. 

This would lead to a decrease in the autonomy for mobile measurements from 29 hours to 13 

hours. 
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interaction with the medium we can draw some properties of the medium and its 

constituents. 

 

3.2.1. Sun photometer  

A sun photometer is a passive remote sensing instrument that mainly measures the 

direct solar irradiance at the Earth’s surface. Some sun photometers can also perform sky-

scanning measurements of diffuse radiation, the part of the solar radiation that reaches the 

Earth’s surface after being scattered by molecules and particles in the atmosphere. A lunar 

photometer measures the solar radiation reflected by the Moon’s surface and passing 

through the atmosphere. Finally, a star photometer measures the light emitted by the stars 

and arriving at the Earth’s surface.  

The monochromatic solar irradiance arriving at the Earth’s surface can be expressed 

by the Beer-Lambert law: 

 !(!) = !!(λ)exp (−!!"!(!) ∙!) (3.1) 

where ! is the irradiance measured on a plane perpendicular to the solar beam, !! is the 

extraterrestrial solar irradiance, !!"! is the total optical depth and ! is the optical air mass. 

The digital signal (!") delivered by the sun photometer at each wavelength (Eq. (3.2) 

is proportional to the spectral solar irradiance (!) reaching the Earth’s surface: 

 !" ! = !"! ! !
!exp (−!!"!(!) ∙!) (3.2) 

where !"!  is proportional to extra-terrestrial solar irradiance !!  and !  is the ratio of the 

average to the actual Earth-Sun distance. 

Converting the solar radiation measurements into total optical depth requires the 

knowledge of !"! for every wavelength. This is achieved by calibration of the instrument in 

an environment with stable irradiance regime, environment with no aerosols or low aerosol 

concentration and where the assumption of a homogeneous atmosphere can be made. Such 

conditions are usually met in high altitude mountains (like Izaña site in Tenerife, Spain and 

Mauna Loa site in Hawaii, USA). By calibration, the coefficients needed to convert the 

measured signals into atmospheric outputs are obtained. Sun photometers can be calibrated 

using Langley method, a representation of the ln(!") plotted against the optical air mass, !, 

where the intercept is the calibration coefficient and the slope is the optical depth. A second 

method is the inter-calibration against a reference master sun photometer that has been 

calibrated with Langley plot at a high altitude site. 

The total optical depth includes contributions from all atmospheric components, 

namely air molecules (Rayleigh scattering), water vapour, trace gases and aerosols: 

 
!!"! ! = !!"#$%&'! ! + !!!!

! + !!!
! + !!"!

! + !!!!
! + !!!!

!

+ !!"#$%$&%(!) 
(3.3) 

The aerosol optical depth (AOD), !!"#$%$&%, (which will be referred to ! hereinafter) is a 

measure of the total aerosol content in an atmospheric column from the instrument’s location 

to the top of the atmosphere (TOA). Besides the knowledge of !"!, one must accurately 
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subtract the gaseous components contribution in order to derive the AOD. The transmission 

of these components over the solar spectrum is well known if we know their concentration. 

The concentrations of O3, NO2, CH4 and CO2 are taken from climatology or from auxiliary 

measurements, the molecular scattering is a function of atmospheric pressure and 

temperature, which can be approximated using the altitude above sea level, and the water 

vapour amount is obtained from auxiliary measurements or from sun photometer 

measurements in water absorption bands (i.e. 940 nm). 

An important parameter, relating the spectral AOD to the particles size distribution, is 

the Angstrom Exponent, !:  

 ! = −

ln 
!(!!)
!(!!)

ln 
!!

!!

 (3.4) 

calculated typically between 440 nm and 870 nm wavelengths. If its values are larger than 

1.5, it indicates presence of fine particles, e.g. smoke particles and sulphates, and if its 

values tend to 0, it indicates the presence of coarse particles, e.g. desert dust. 

After the calibration of the instrument, the measured signals can be converted into 

atmospheric quantities: aerosol optical depth (AOD), precipitable water (in cm) and sky 

downward radiance (in W/m2/sr/µm). These measurements-derived variables (AOD and sky 

radiances) can be inverted, as described by (Dubovik and King, 2000), in order to obtain 

aerosols optical and microphysical properties. 

To summarize, the following columnar atmospheric variables are derived from sun 

photometer measurements: the aerosol concentration, extinction, absorption, complex 

refractive index, phase function, size distribution and precipitable water. 

3.2.1.1. CIMEL sun-sky photometer 

The CE318 sun photometer, designed and commercialized by CIMEL Electronique 

(www.cimel.fr), is a weatherproof, automatic, multi-spectral sun and sky radiometer. The 

latest and most advanced model is the CE318-T, triple sun photometer, performing also 

night-time measurements of lunar spectral irradiance.  

A global aerosol monitoring network, AERONET (AErosol RObotic NETwork – 

https://aeronet.gsfc.nasa.gov/new_web/index.html), maintained by, equipped with Cimel sun 

photometers, has been set up with the purpose of facilitating the characterization of aerosols 

properties and precipitable water on local, regional and global scales through an automatic, 

near real-time measurements and processing system. The network started in 1992 and it 

counts now around 465 instruments worldwide (Figure 3.3a). The activities are maintained 

mostly by NASA (National Aeronautics and Space Administration), by ACTRIS (Aerosol, 

Clouds and Trace gases Research Infrastructure) in Europe and SNO/PHOTONS (Service 

National d’Observation) in France and Europe. 

The Cimel sun photometer, presented in Figure 3.3b, is composed of three main 

parts, namely the optical sensor head, the high precision robot and the control unit. The 

optical head integrates two detectors and a motor-driven filter wheel to cover the solar 

spectrum from UV to NIR. The instrument is equipped with the following single bandpass 
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(0-88°) and azimuth (0-360°) and can rotate in azimuth thanks to a ring power connector, 

which makes it suitable for mobile applications. The position of the Sun is computed based 

on the time of the year and using the GPS coordinates. The Sun tracking is achieved with the 

use of a four-quadrant detector and a compass giving the heading, pitch and roll of the 

mobile platform. The acquisition time for a complete sequence of direct-sun irradiance 

measurements for all filters is approximately 1.9 seconds. As data are filtered for clouds and 

other obstacles encountered in the line of sight of the sun photometer during motion (trees, 

buildings, bridges etc.), the temporal sampling is decreased to approximately 10 seconds. 

For a typical car speed of 110 km/h this corresponds to a horizontal spatial resolution of 

approximately 300 m. A more detailed description of the instrument and application to 

airborne measurements are presented by Karol et al. (2013) and Torres et al. (2017). 

Except mobile car-based measurements, PLASMA sun photometer has been also 

used for airborne measurements up to 12 km on the French Falcon 20 aircraft, belonging to 

SAFIRE (Service des Avions Français Instrumentés pour la Recherche en Environnement - 

http://www.safire.fr/), during the AEROCLO-SA (Aerosol RadiatiOn and CLOuds in Southern 

Africa) field campaign over the South Atlantic Ocean as well as during the SHADOW (Study 

of SaHAran Dust Over West Africa) field campaign in M’Bour, Senegal, on-board an ultralight 

(ULM) aircraft and during ChArMEx (The Chemistry-Aerosol Mediterranean Experiment, 

Mallet et al., 2015) campaign in Mediterranean Sea, on board the French ATR-42 aircraft, 

belonging to SAFIRE. 

3.2.1.3. Sun photometer data processing and quality assurance 

PLASMA sun photometer data is included in the AERONET database (instrument 

#650) and the instrument is calibrated by Service National d’Observation PHOTONS, French 

branch of AERONET, using Langley method at Izaña Observatory (28.3° N, 16.5° W; 2400 m 

above sea level, a.s.l) following the AERONET calibration protocol for the AERONET 

reference master instrument. PLASMA sun photometer is intercalibrated regularly against a 

CIMEL CE318 master sun photometer from PHOTONS network at the Carpentras site (44.1° 

N, 5.1° E; 100 m asl) and at Observatoire de Haute Provence (OHP) at Saint-Michel 

l’Observatoire (43.934° N, 5.710 ° E, 680 m asl). This allows checking the stability of the 

instrument as the instrument’s characteristics may change over time.  

The calibration of the instrument and calculation of the AOD are done as described in 

Section 3.2.1. For the calculations of absorption by water vapour and trace gases, spectral 

absorption lines in the 5S code (Tanré et al., 1990) are used. The molecular scattering is 

dependent on the atmospheric pressure so it is calculated using the height-pressure 

dependence: ! ! = ! !! exp (−!/8.5) , where !  is the altitude and 8.5 km is the 

atmospheric scale height. 

The comparison with a standard sun photometer, i.e., Cimel sun photometer, allows 

the validation of PLASMA measurements. Figure 3.5 presents the comparison of spectral 

AOD from PLASMA and Cimel sun photometer coincident measurements at Carpentras site, 

on 12 June 2017. 
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Figure 3.5. Comparison of the spectral extinction AOD from PLASMA (coloured lines) and CIMEL 

CE-318 (black lines) sun photometers measurements on 12 June 2017 at Carpentras, France. 

The comparison with a master instrument shows excellent agreement between the 

two instruments with root mean square (RMS) AOD differences better than 0.005 for all 

channels.  

The sun photometer measurements contaminated by obstacles along the transect 

such as clouds, buildings, trees, bridges, etc., are filtered using the triplet stability criterion 

described by Smirnov et al. (2000). The filtering is applied on the recorded digital signals and 

consists in applying a threshold of 1% to 3% maximum difference between three consecutive 

measurements within a defined time window (from 10 seconds to 30 seconds for stationary 

measurements). The threshold value relates to the expected AOD variability in a stable 

atmosphere within the defined time window and is chosen by the user at the time of 

processing the data. If the condition is not met at any wavelength, the measurements at all 

wavelengths are eliminated from further processing. Filtered measurements are then 

submitted manually to AERONET processing system to derive spectral AOD. However, this 

method takes some time, up to 1 day, to get the calibrated AOD. Therefore, the internal 

PHOTONS AOD computation processing has been and will be rather considered for 

campaigns to produce real time AOD. The desktop-based acquisition software shows the 

signal recorded in each spectral channel, useful for checking PLASMA measurements along 

the road. This monitoring will be improved in order to produce AOD level 1.5 data (cloud 

screened) in the future STrAP (Système de Traitement des AOD de Plasma) web-based 

processing system. This will allow the visualization of real-time calibrated PLASMA AOD. 

The uncertainty of AOD derived from PLASMA measurements arises from the 

uncertainty in the calibration transfer from a standard sun photometer. The AOD uncertainty 

for visible and NIR wavelengths is 2 % compared to 1 % for a standard Cimel sun 

photometer and 3 % compared to 2 % in the UV. 

 

06:00 08:00 10:00 12:00 14:00 16:00

0.0

0.1

0.2

0.3

0.4  CIMEL CE-318

A
O
D

Time, UTC

 340 nm  380 nm  440 nm    500 nm

 675 nm  870 nm  1020 nm  1640 nm



Chapter 3. Design of the mobile system, instrumentation, data processing 

 30 

3.2.2.  LIDAR  

A LIDAR is an active remote sensing instrument that uses lasers as emission sources 

to detect particles in the atmosphere. The acronym stands for LIght Detection And Ranging. 

The operating principle is the same as for RADAR (RAdio Detection And Ranging) or 

SONAR (SOund Navigation And Ranging) only that LIDAR uses light to detect objects at 

distance. The reference to “LIDAR” will be changed to “lidar” hereinafter as to avoid overuse 

of capital letters and to facilitate reading. 

A lidar sends out short laser pulses at one or multiple wavelengths and receives the 

light backscattered by molecules, aerosols and clouds in the atmosphere. The time it takes 

for the light to return to the receiver can be then converted into distance from the source to 

the scatterers given that light moves at a constant, known, speed. Because the light 

scattered in the backward direction is very weak, the lidar system uses a telescope to collect 

and focus it onto a photodetector. The received optical signal is either analog-to-digitally 

recorded or counted as a function of range. The strength of the backscattered signal is 

related to the optical and physical properties of the scatterers.  

A lidar measures the total backscatter signal of both molecules (Rayleigh scattering) 

and particulates (Mie scattering) in the atmosphere. The total lidar received signal is 

expressed by the lidar equation (for single-scattering approximation): 
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!

!!

!Δ!

2
!

∙ !(!) !!"# ! + !!"# ! !"# −2 !!"# !
!
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!

!

!!"#

!"′

+ ! 

(3.5) 

where !(!) is the received backscattered power from the range !, !! is the emitted laser 

power, !  is the receiver’s aperture and !/!!  is the solid angle into which photons are 

backscattered, !  is the speed of light, Δ!  is the laser’s pulse duration and !Δ!/2  is the 

effective pulse length, !!"# is the minimum range from which the lidar can receive useful 

signal, !  is the system’s constant, dependent on the lidar system, !(!)  is the overlap 

function, describing the fraction of the signal covered between the transmission and 

reception channels, ! is the solar background, !(!) is the backscatter coefficient in [km-1sr-1] 

and !(!) is the extinction coefficient in [km-1] at range !, the subscripts aer and mol referring 

to the contribution of aerosols and molecules, respectively.  

Given the Equation (3.5), we may define the lidar constant, C: 

 ! = !!!
!Δ!

2
! (3.6) 

which describes the lidar characteristics and the signal losses or gain over time. 

From Equation (3.5), we can define !(!) , i.e., the background, range-corrected, 

overlap-corrected, calibrated and energy-normalized lidar signal that we refer to shortly as 

“range-corrected lidar signal (RCS)”: 

 ! ! =
! ! ∙ !

!

! ∙ !(!)
− ! (3.7) 
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The backscatter coefficient is defined as: 

 ! = !!"#

!(180°)

4!
 (3.8) 

where ! 180°  is the phase function at 180° scattering angle. 

A parameter that relates the extinction and the backscatter coefficients is the aerosol 

extinction-to-backscatter ratio or lidar ratio, !", expressed as:  

 !"!"# ! =  
!!"# !

!!"# !
=

4!

!!!(!)
 (3.9) 

parameter which depends on the aerosols size distribution, shape, chemical composition and 

radiation wavelength. 

In order to characterize the aerosols concentration and properties from lidar data, the 

molecular component needs to be subtracted from the total received signal. For the 

molecular profiles we use the US Standard Atmosphere profile, illustrated in Figure 2.1, or 

radiosounding measurements when the measuring site is close to balloon-launching sites 

(within 150-300 km). The map of available radiosounding data can be found at: 

http://weather.uwyo.edu/upperair/sounding.html. 

The lidar systems that collect the light elastically scattered by the atmosphere, i.e., at 

the same wavelength as the emitted light, are referred to as elastic lidars. Lidars collecting 

light inelastically scattered by the atmosphere (Raman effect), i.e., at different wavelength 

from the emitted light, are referred to as Raman lidars. Depending on the configuration of the 

emission and the reception channels, lidars can be monostatic (collocated transmitter and 

receiver) or bistatic (separated transmitter and receiver). Elastic backscatter lidars are 

classified by laser power into low power and high power lidars. This classification refers also 

to their size and performances as usually low power lidars are more compact but cannot 

sound vertically further than typically 12-15 km, compared to high power lidars that are bulky 

and can reach distances up to 30-50 km. 

As mentioned in Section 2.1, the laser wavelengths must be in the atmospheric 

transmission windows. The most common wavelengths used in lidars are 355, 532 and 1064 

nm. The use of multiple wavelengths allows the discrimination of the particles size, as the 

scattering efficiency of small particles is higher in blue than in red and vice versa for larger 

particles.  

The light has a property called polarization that gives the direction of vibration of the 

electric field of an electromagnetic wave. In the case of lidars, the laser radiation is coherent 

and is usually linearly polarized, meaning that the electric field vibrates back and forth in a 

fixed plane. Some lidars can measure the return radiation in both parallel and perpendicular 

planes with respect to the polarization plane of the transmitted radiation. This allows 

obtaining qualitative information on the shape of particles, as non-spherical particles can 

change the state of polarization of the incident light by scattering. The volume depolarization 

ratio is the ratio between the perpendicular and parallel component of the scattered light and 

is defined by Equation (3.10): 

 !! = !
∗
!!(!)

!∥(!)
 (3.10) 
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where !!(!)  and !∥(!)  are the measured perpendicular and parallel backscatter signals, 

respectively, with respect to the polarization axis of the transmitted radiation and V* is a 

calibration factor. 

This parameter allows distinguishing between liquid and solid phases of water in the 

atmosphere and characterizing the particles shape. Ice crystals and desert dust have high 

depolarization ratio while cloud droplets and soot particles have low depolarization ratio.  

Lidars provide height-resolved aerosols and clouds distribution. Knowledge of the 

layers height allows tracking the air masses with back trajectories (HYSPLIT - Hybrid Single 

Particle Lagrangian Integrated Trajectory; https://www.ready.noaa.gov/HYSPLIT_traj.php, 

Stein et al., 2015) in order to determine the aerosols sources. The following atmospheric 

variables can be derived from lidar measurements: extinction coefficient and column-

integrated lidar ratio for any one-wavelength lidar. Raman multi-wavelength lidars provide 

additional height-resolved information on aerosols characteristics, namely extinction, 

backscatter and lidar ratio profiles at each wavelength as well as Angstrom exponent and 

SSA profiles. If the lidar is equipped with polarization channels, profiles of depolarization ratio 

can be derived for each wavelength. Finally, as the lidar signal is proportional to the 

concentration of particles, mass concentration profiles can be derived if there is enough 

information on the particle characteristics (size, shape, refractive index, extinction efficiency 

and density). 

3.2.2.1. Micropulse LIDAR 

The lidar included in the MAMS is the CE370 micro-lidar (Pelon et al., 2008) designed 

to monitor aerosols and clouds in the troposphere, typically up to 15 km with a vertical 

resolution of 15 m. Maximum vertical ranges between 15 and 20 km can be reached for 

moderate aerosol loadings. The CE370 lidar is a one-wavelength elastic backscattering lidar 

operating at 532 nm with 20 µJ pulse energy and is developed and commercialized by Cimel 

Electronique (www.cimel.fr). The name of this type of lidar, “micropulse lidar”, comes from 

the order of magnitude of the laser energy output, microjoules. Two types of Cimel 

micropulse lidars are illustrated in Figure 3.6: (a) the latest version of the CE370 micro-lidar 

(532 nm, no polarization channel), equipped with a near-range telescope and (b) CE376 

micro-lidar, with possible configurations of two wavelengths, 532 and 808 nm and 

polarization channels. 

The C370 lidar design consists of a shared transmitter-receiver telescope (mono-axis 

system) connected to the control and acquisition unit through a 10 m optical fiber. The 

advantage of the 10 m optical fiber is that it allows deploying the lidar outside of the vehicle 

for static angular or horizontal measurements, for example. The lidar is autonomous, 

lightweight and compact, it fulfills eye-safety standards and requires no special authorization 

for its operation. These features make it suitable for a mobile system and for continuous, 

non-supervised operation. The CE370 micro-lidar emits laser pulses at a 4.7 kHz repetition 

rate, which can be accumulated over 30 seconds or 1 minute. For a typical vehicle speed of 

110 km/h this corresponds to a horizontal spatial resolution of approximately 900 m and 1800 

m respectively. The lidar control and acquisition unit, enclosing the optical and electronic 

components, is installed on vibration isolators to minimize shocks while the vehicle is 
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The afterpulse effect refers to the internal reflections at the end of the optical fibre, 

which saturate the detector at the beginning of the acquisition. This affects the detector for a 

short period of time, which, translated into range, is called the lidar “blind zone”, as the signal 

in this range doesn’t have a physical meaning of backscattering from aerosols. This by-

product cannot be completely removed but improved. Initially, the afterpulse default made 

the first 300 m unexploitable. After an instrumental improvement, this blind zone has been 

reduced to 180 m, vertically. This improvement consisted in replacing the acquisition trigger, 

which relied on laser synchronization, with an optical trigger, where a photodiode is placed 

behind the first mirror in the optical path, triggering the acquisition almost instantaneously. 

The afterpulse signal is measured at the beginning of each mobile measurement by covering 

the telescope with a lid and by accumulating the signals over a minimum 10 minutes period. 

The afterpulse is the subtracted from the return signal. 

The background light is removed by taking the average signal recorded at far ranges, 

where no aerosol contribution is assumed, typically between 25 and 30 km, and by 

subtracting it from the return signal. Signals at this range include contributions from 

background light, detector noise and afterpulsing, so that potential errors when subtracting 

the afterpulse are eliminated from the useful signal. 

The overlap effect refers to the incomplete coverage of the transmission and 

reception FOV and to the imaging in the focal plane of the returning signal, hence represents 

the loss of the signal in the near field due to the lidar’s optical configuration. The narrow field 

of view and the increased focal length of the telescope results in the focus of the return 

signals from different ranges behind the focal point of the receiver, leading to a loss of signal. 

Micropulse lidars are unique, compact systems that can be easily deployed in remote 

locations or be integrated on mobile platforms. The system’s design causes nevertheless the 

full overlap to be reached at ranges between 4-6 km (Berkoff et al., 2003; Campbell et al., 

2002). Thus, in order to exploit quantitatively the lidar signals, the overlap factor correction 

must be properly assessed and applied. 

In this study, the overlap factor has been determined using three methods: (i) the 

slope method (Kunz and de Leeuw, 1993) using horizontal profiles when the lower 

atmospheric layers can be considered homogeneous, (ii) the slope method using vertical 

profiles in fixed location under fair weather conditions with low aerosol loading and (iii) taking 

the ratio of the CE370 micro-lidar signals to another calibrated Raman lidar, LILAS (Lille 

Lidar AtmosphereS) (Bovchaliuk et al., 2016; Veselovskii et al., 2016), integrated in 

EARLINET (European Aerosol Research Lidar Network) since 2015. LILAS fulfils all the 

EARLINET quality requirements and is thus considered as reference in this study. Figure 3.7 

shows the average overlap factor assessed using the three methods and its standard 

deviation as a function of range. 
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can reach altitudes of around 6 km by day for an AOD of 0.7 (e.g. for desert dust in M’Bour, 

Senegal). 

It is noteworthy to mention that the same model of micro-lidar (CE370) has been used 

for routine continuous aerosol monitoring over Lille, France and M’Bour, Senegal since 2006 

and that aerosol studies using micro-pulse lidar data are presented in several works (Léon et 

al., 2009; Mortier, 2013; Mortier et al., 2013, 2016). The data are also distributed in the 

national ACTRIS lidar database. 

3.2.2.3. Comparison with reference lidar in EARLINET 

The performance of Cimel CE370 micro-pulse lidar has been assessed by 

comparison with a multi-wavelength Raman lidar, IPRAL (IPSL high Performance multi-

wavelength Raman Lidar for cloud, aerosol and water vapour research) (Bravo-Aranda et al., 

2016) operating at SIRTA (Site Instrumental de Recherche par Télédétection 

Atmosphérique; Haeffelin et al., 2005), Palaiseau, France (48.7° N, 2.2° E; 156 m asl). 

IPRAL lidar is another lidar part of EARLINET and undergoes the network’s quality 

assurance procedures. The most interesting feature of IPRAL for this study is its newly 

integrated near-field telescope that gives access to backscattering in the low altitudes of the 

atmosphere down to 300 m. The combined signals from the two telescopes (near-range and 

far-range) are used in this work and are compared against the signals of the mobile CE370 

micro-lidar. The signals from IPRAL are adjusted to a common vertical resolution of 15 m 

and no vertical smoothing is applied to any of the lidar profiles. Night-time measurements on 

28 August 2017 at Palaiseau, France, are considered for comparison and the range 

corrected signals (RCS) are averaged over 30 minutes between 23:15 and 23:45 UTC and 

normalized over a vertical range where the aerosol content is considered negligible, between 

5.6 and 7.6 km agl (above ground level). The comparison of RCS profiles at 532 nm from 

IPRAL and CE370 lidar, normalized to the molecular profile in the 5.6-7.6 km range, along 

with the molecular profile computed using radiosounding data recorded at Trappes (48.76° 

N, 2.00° E; 168 m asl) at 00:00 UTC, 29 August 2017, are shown in Figure 3.8. The standard 

deviation of the CE370 lidar RCS represented in Figure 3.8 as light green shaded area is the 

uncertainty on the overlap function. 

A multi-layer situation was observed at Palaiseau at this time interval, which was an 

ideal case study for comparing the performance of the two lidar systems. The profiles show a 

first aerosol layer from the ground up to 1 km agl along with a well-separated aerosol layer 

up to around 4.5 km agl in the lower troposphere. In the upper troposphere cirrus clouds are 

detected in the 10.8 - 12.2 km agl range and aerosol layers in the lower stratosphere, 

between 17 km and 20 km agl are observed. This was an extraordinary event of smoke 

aerosols transported from Canadian wildfires, observed also by the mobile lidar along the 

road from Palaiseau to Lille on 29 August 2017 (Hu et al., 2018) as well as at several 

EARLINET stations across Europe (Ansmann et al., 2018; Haarig et al., 2018; Khaykin et al., 

2018). The aerosols in the 2 - 4.5 km range correspond to transported Saharan desert dust, 

according to air mass back trajectories. 
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Figure 3.8. Comparison of the normalized range-corrected signals profiles at 532 nm recorded 

by Cimel CE370 lidar on-board the mobile platform (green) and IPRAL lidar (red) at Palaiseau, 

France, on 28 August 2017 (23:15-23:45 UTC). The profiles are displayed from 300 m above 

(complete overlap altitude of IPRAL system). The Rayleigh profile calculated from radiosonde 

measurements at Trappes on 29 August 2017, 00:00 UTC is represented by the black line. 

The two profiles are remarkably similar, showing very good agreement between the 

two systems showing the relevance of the overlap function and validating it The largest 

differences are observed in the overlap correction range of the CE370 lidar but the expected 

amplitudes of the signals fall within the overlap uncertainty, which means that our overlap 

correction is reasonable down to 0.6 km. The highest fractional differences between IPRAL 

and CE370 values of RCS are under 15% above 2.5 km and reach 70% at 0.18 km altitude 

(minimum altitude considered for CE370 lidar). The lowest fractional differences are <5% 

above 0.84 km and up to 50% at 0.18 km. A good agreement between the two systems is 

observed with discrepancies that are within the CE370 lidar’s RCS uncertainty. For higher 

altitudes in the atmosphere, although the CE370 lidar’s signal-to-noise ratio above 12 km is 

significantly lower compared to IPRAL system, the micropulse lidar is able to detect the 

aerosol layers in the lower stratosphere due to the strong backscattering signals and 

provides a very similar AOD for the altitude layer. Applying noise filtering significantly 

improves the SNR and implies that backscatter signals from far range could be exploitable in 

such rare situations. 

This lidar comparison example was part of an intercomparison campaign that involved 

both research and micropulse lidars in ACTRIS-FR and Météo-France networks. This case 

study shows an application of the mobile system for checking the uniformity of lidar 
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measurements at different sites and the validation of micro-lidar measurements. More details 

are given in Section 6.3. 

 

3.3. In-situ instruments 

In situ means “locally” or “on site” and it refers to detection methods where the objects 

of interest, i.e., the aerosols, are in contact with the measurement instrument. Such 

instruments sample the ambient air and measure the aerosols physical properties, namely 

the size (e.g. particle sizers), chemical composition (e.g. ACSM - Aerosol Chemical 

Speciation Monitor, filter techniques) and optical properties (e.g. nephelometer, 

aethalometer). Another category of these instruments is dedicated to direct measurements of 

mass concentration of particles collected from ambient air (e.g. TEOM - Tapered Element 

Oscillating Microbalance) and they are usually set up in air quality monitoring stations for 

accurate measurements of PM10, PM2.5 and PM1 mass concentrations. 

Compared to remote sensing techniques, which detect the aerosols in their ambient 

environment without perturbing it, in situ methods usually imply drying of the particles, thus 

changing their initial physical and optical properties. The advantage is that actual 

measurements at single particle level are conducted with in situ instruments, while remote 

sensing instruments detect an ensemble of particles. The disadvantage is that they are often 

point measurements, at the location where the instruments are positioned. 

 

3.3.1. Particle sizer 

A particle sizer is an instrument that classifies particles in the air stream entering the 

instrument based on the light scattering by particles or the electrical-induced motion. Optical 

particle counters detect the light scattered by each particle carried in a sampled air stream 

passing in front of a light source and classifies the particles in function of the amount of light 

scattered in the direction of the photodiode. As mentioned in Section 2.2, the link between 

the particles size and their scattering properties is done through Mie scattering theory. The 

particle size is proportional to the intensity of the detected scattered light signal. Ultrafine 

particles, up to 200 nm, are classified using an electrical detection method, where airborne 

particles in the airflow are electrically charged by an accumulation of ions and then pass 

through a drift path with variable electric field, which allows classifying them in function of 

their mass-to-charge ratio. 

There is a diversity of particles in the atmosphere spanning in range from few 

nanometres to around 100 µm. Traffic generated particles can have sizes from few 

nanometres up to 1 µm, pollen, dust and sea salt are larger than 1 µm and particles 

produced by photochemical processes are below 1 µm. A solution to account for this aerosol 

size diversity is to divide the size range into discrete size intervals and to count the particles 

in each size bin. The size distribution is represented in logarithmic scale, so that several 

orders of magnitude in radius can be clearly seen, from small to large particles regions. The 
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lognormal distribution is shown to be a good fit for the observed shapes of ambient aerosols 

distributions.  

The actual particle concentration, i.e., the number of particles per cm3 of air having 

radius in the range of 0 − ! is expressed by:  

 ! ! = !! !′ !"′

!

!

 (3.12) 

where !! ! !" represents the number of particles per cm3 of air having radius in the range 

from ! to (! + !").  

The particle number size distribution, in [cm-3], is defined as: 

 !! log ! =
!"

! log !
 (3.13) 

Some aerosol properties depend on the particle surface area and volume distributions 

with respect to the particle size, so similarly, we define the surface area distribution, in [µm2 

cm-3], considering particles as spheres: 
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and the volume size distribution, in [µm3 cm-3]: 
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Finally, if all particles are assumed to have the same density, !, in [g cm-3], the 

particles mass distribution, in [µg µm-1 cm-3], is expressed as: 
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If this hypothesis is not reasonable, one must use different density for each class of particles, 

at least for fine and coarse modes, if the type of particles is not known. 

An example of typical aerosol number, surface and volume size distributions for urban 

particles is illustrated in Figure 3.9. 

The total number, surface area and total volume of aerosols per cm3 of air are 

expressed by Equations (3.17), (3.18) and (3.19) respectively: 
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and they are equal to the area below the number, surface area and volume size distributions, 

illustrated in Figure 3.9. The total mass concentration is expressed as: 

 !! = !!(log !)! log !
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 (3.20) 

and for the calculations of the PM10, PM2.5 and PM1 mass concentrations the integration 

needs to be done over the corresponding size ranges. 

Therefore, the number and size of aerosols can be measured in real time with particle 

sizers. From these measurements, surface area, volume and mass distributions and 

concentrations can be derived. 

 

Figure 3.9. Example of number (top), surface (middle) and volume (bottom) size distributions 

for urban aerosols (taken from Seinfeld and Pandis (2006)). 

3.3.1.1. Mini-WRAS 

A portable particle sizer, mini-WRAS (Wide Range Aerosol Spectrometer, model 

1.371, Grimm Aerosol Technik, http://www.grimm-aerosol.com/), provided by LASIR 

(Laboratoire de Spectrochimie Infrarouge et Raman) from University of Lille, is integrated in 

the MAMS payload for real-time measurements of airborne particles size and number 

concentration. Mass concentrations for the PM1, PM2.5 and PM10 size fractions are 

determined based on the size distribution measurements and assuming a density of 1.7 g 

cm-3, typical value for urban particles. The instrument classifies particles by their electrical 

mobility diameter and optical diameter in 40 size-bins, from 0.01 to 35 µm. It has a temporal 

resolution of 1 minute and the flow rate is 1.2 L/min. Ultrafine and fine particles in the 0.01-
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concentrations and the vehicle’s speed is illustrated in Figure 3.11 for mobile measurements 

on a South to North of France transect.  

The horizontal green lines in the bottom figure represent the minimum (57.6 km/h) 

and maximum (90 km/h) limits of air velocity as defined by the manufacturer for the 1 mm 

diameter inlet used for the isokinetic probe for mobile sampling. A significant different 

behaviour, e.g. sudden peaks of PMx concentrations or erroneous values of PMx, would be 

expected when the speed exceeds 90 km/h, yet this is not the case for the recorded data, 

shown in Figure 3.11. An extremely low difference between the PM1, PM2.5 and PM10 could 

indicate a leak in the air-sampling path, but this is not the case, as it can be seen from Figure 

3.11. The tests suggested that sampling at speeds higher than 90 km/h did not affect the 

measurements. However, tests in a controlled airflow and particle concentration, such as 

wind tunnel experiments, have not been done during this work. These could have been more 

conclusive on the particle loss at different sampling speed. 

 

Figure 3.11. Example of temporal variability of PM10, PM2.5 and PM1 mass concentrations derived 

from GRIMM mini-WRAS mobile measurements in France (top) and vehicle’s speed (bottom). 

For reasons of time efficiency (especially for the long transects) and taking into 

account that mostly, the mobile measurements were performed along motorways, speeds 

higher than 90 km/h were chosen for mobile observations and were kept on average at a 

constant speed of 110 km/h. This corresponds to a spatial resolution of 1.83 km for particles 

size and concentrations in situ measurements. 

3.3.1.2. Sky-OPC 

For a specific mobile campaign in North China Plain (presented further, in Section 

5.2), a Sky-OPC (model 1.129, Grimm Aerosol Technik), belonging to the Institute of 

Atmospheric Physics (IAP) of CAS (Chinese Academy of Sciences) Key Laboratory for 

Middle Atmosphere and Global Environment Observation (LAGEO), was set up in a van 
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The physical operating principle, technical details and scientific interest of all these 

instruments for aerosols characterization have been detailed. Data processing and validation 

against reference instruments have been presented as well. 

Some concluding remarks are noteworthy after having the overview of each 

instrument. The measurement principle of both particle sizers, mini-WRAS and Sky-OPC, is 

the same, the only differences being the particle size ranges (0.01-32 µm vs. 0.25-32 µm 

diameter), the instruments dimensions (34x31x12 cm vs. 25.5x18.2x7.2 cm LxWxH), weight 

(7.6 kg vs. 4.75 kg with external pump), sampling resolution (1 minute vs. 6 seconds or down 

to 1 second) and their designation for different applications (handheld vs. airborne 

installation). A Sky-OPC would be preferred for mobile applications because of higher 

resolution, reduced size and weight, the only downside being the lack of ultrafine particles 

measurements. The scientific interest of integrating a multiwavelength lidar with polarization 

channels, as it was initially considered, and adding sky-scanning capabilities to the mobile 

sun photometer is brought into attention and will be discussed further.  
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Chapter 4. Inversion methods for retrieval of aerosol 
physical and optical properties  

4.1. Inversion of lidar data  

The lidar backscattering signals contain height-resolved information on atmospheric 

scattering and extinction processes. In order to derive aerosol properties from lidar 

measurements, alone or in synergy with other instruments, one must appeal to inversion 

methods.  

4.1.1. Klett method with optical depth constraint 

The method introduced by Klett (1981) is the most common approach used to solve 

the lidar equation (Eq. (3.5)) by imposing a constant value for the aerosol lidar ratio, 

parameter which links the aerosol extinction and backscatter coefficients, and by using the 

constraint of the aerosol optical depth from sun photometer measurements.  

In this work, a Klett-based algorithm was used to derive the profiles of extinction 

coefficient and the columnar lidar ratio. The algorithm, BASIC, was developed by Mortier 

(2013) and has been described in detail in the mentioned reference. The main input for the 

algorithm are the sun photometer and the lidar data, AOD and range corrected signals, 

respectively, in order to produce a number of variables, namely the extinction coefficient 

profiles, a columnar lidar ratio and clouds, aerosol layers and PBL detection. The algorithm 

has been used for the automatic processing of the 12-year LOA’s lidar database for Lille, 

France and M’Bour, Senegal sites and is still used for routine processing of joint lidar and 

sun photometer data. It is also available at ICARE/AERIS data center and has been adapted 

for processing of lidar and sun photometer data from the ACTRIS-FR network. Before 

describing the inversion procedure some steps included in the algorithm will be discussed 

further.  

First, signal filtering is applied on the lidar profiles. Filtering or smoothing allows 

separating the high frequency signals due to noise from the useful return signals coming 

from molecular and particular backscatter. Micro-lidars are low power systems so that during 

the day, when there is background light, and if the aerosol content is high, the signal-to-noise 

ratio (SNR) can become low at near altitudes, where there are still aerosols and the inversion 

cannot be initialized. For these situations, a signal filtering needs to be applied in order to not 

start the inversion on a noise peak and bias the results. There is thus the necessity to 

increase the lidar SNR without averaging on time, which would cause a loss of temporal and 

spatial resolution. This is especially important for mobile observations (conducted during the 

day), as this would impact the resolution of the mobile sampling. For this issue a Fourier 

transform filtering method is used.  

Cloud detection is also performed before the extraction of aerosol extinction 

coefficients. The sun photometer data is filtered for clouds and other obstacles encountered 

on the mobile transects as presented in Section 3.2.1.3. The lidar data needs to be cloud-
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screened as well. The lidar cloud detection is based on the method proposed by Pal et al. 

(1992), which relies on the vertical variability of each profile. The first derivative (slope) of the 

RCS is calculated and the positions where the slope changes sign from negative to positive 

corresponds to peaks in the profile due to the presence of noise or clouds. In order to 

separate the noise contribution, a function describing the rapid variation of noise with altitude 

is used and a threshold is imposed to distinguish between clouds and noise. More details 

can be found in (Mortier, 2013). The cloud detection gives the clouds base, peak and top.  

The detection of the boundary layer is done using the Haar wavelet covariance 

transform method (WCT) (Baars et al., 2008; Brooks, 2003), which is a robust method even 

when the SNR is low. The knowledge of the vertical and temporal development of the 

boundary layer is important for air quality modeling and forecast as it contains precious 

information about the particulates concentration and dynamics. Under stable atmospheric 

conditions, the dispersion of aerosols originating from surface level is inhibited, leading to air 

pollution events, hence the interest for air quality monitoring and prediction. The altitude of 

the PBL and of the top of aerosol layers in the free troposphere are provided by the 

algorithm. 

The Klett-Fernald inversion method requires the knowledge of an aerosol and noise-

free zone or reference altitude. There are two approaches of inversion of lidar signals: the 

backward integration and the forward integration mode. The backward inversion starts from 

the highest reference altitude (zref), where only molecular contribution is supposed and where 

optical properties are known, while the forward inversion can be used in complicated 

situations when no molecular zone can be determined in the measured backscatter profile 

and thus the knowledge of optical properties of aerosols close to the surface (z0) is required 

in order to initiate the inversion. The forward method is known to be unstable because of the 

assumptions that need to be made for the point close to the surface level.  

The backward method is used in BASIC algorithm. Finding a reference molecular 

point to start the inversion is done by normalizing the lidar return signal to the theoretical 

molecular profile and by searching for the aerosol-free altitude to initialize the inversion. The 

molecular backscattering and extinction profiles are calculated using the pressure and 

temperature profiles from the US Standard Atmosphere 1976 (NASA, 1976) or from the 

radiosounding data from a close site, when it is possible. The choice of the reference altitude 

is done by searching the position of the minimum of a moving average in a user-specified 

range, which is supposed to be aerosol and noise-free. This avoids starting the inversion on 

an aerosol or noise peak, which would bias the results.  

After filtering the signals for noise and clouds, the lidar profile is normalized to the 

molecular profile and the retrieval of the aerosol extinction coefficient can be performed 

starting from the reference altitude.  

4.1.1.1. Aerosol extinction coefficient and effective extinction-to-

backscatter ratio 

The lidar equation (Eq. (3.5)) that we recall here: 
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 (4.1) 

is an undetermined equation, with two unknown variables (!!"#  and !!"# ), !  being the 

received total lidar signal after corrections (Eq. (3.7)) and !!"# and !!"# are the molecular 

backscattering and extinction coefficients, respectively, calculated as mentioned previously. 

A relationship between the two unknown variables is necessary for solving Equation (4.1), 

relationship that is defined by the aerosol extinction-to-backscatter ratio or lidar ratio, !" (Eq. 

(3.9)). 

The molecular extinction-to-backscatter ratio is constant, !"!"# = 8! 3 sr, and !"!"# 

must be assumed vertically constant in order to simplify Equation (4.1). The methodology to 

invert the lidar signals is similar to that described by Leon et al. (2009) and is based on the 

Klett (1981) and Fernald (1984) solutions to the inverse problem:  
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  (4.2) 

with !!"# the reference altitude, where the signal is supposed to come only from molecular 

scattering. 

The inversion starts with an average value of !"!"# set up to 50 sr, which results in an 

initial extinction coefficient profile from which the AOD from the lidar profile,  !!"# , is 

calculated. Then, the calculated AOD from the lidar profile is compared to the AOD from the 

sun photometer measurements, !!"#$!, interpolated for the lidar wavelength. If !!"# is lower 

or higher than !!"#$! the value of !"!"# is increased or decreased, respectively, until !!"# 

converges to !!"#$!. The lidar RCS profile is extrapolated from !!"# to the ground in order to 

limit the bias on the calculated !!"# caused by the missing signals in the lidar’s “blind zone”. A 

height-independent value of lidar ratio and height-resolved extinction coefficients are 

retrieved using this iterative inversion method constrained by the sun photometer AOD. The 

same method applied on micro-lidar observations has been used in previous studies 

(Chazette et al., 1995; Chazette, 2003; He et al., 2006; Mortier et al., 2013) and proved to be 

reliable for deriving realistic lidar ratio values, that are consistent with calculated lidar ratio 

from optical properties derived from AERONET measurements or from a Mie code. In this 

work mobile lidar profiles were inverted into extinction coefficient profiles using the constraint 

of coincident AOD at 532 nm interpolated from PLASMA measurements. 

4.1.1.2. Mass concentration profiles 

Using the derived extinction coefficient profiles, !!"#(!), mass concentration profiles 

can be estimated if assumptions on the atmospheric aerosol types are made. The profiles of 

mass concentration are calculated using Equation (4.3): 

 ! ! =
4

3
!!"# !

! ! ∙ !
!
∙ !! !

!!"#
!!"#

!!"#

!, !, ! ∙ !! ! ∙ !!!"

!!"#

!!"#
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where !  is the particle radius, !! is the normalized volume size distribution, !!"#  is the 

extinction efficiency and ! is the particle density. As mentioned in Section 3.3.1, different 

density for different size ranges, fine and coarse modes, respectively, must be chosen if the 

vertical distribution of the aerosol types is known. Typical values of particle density, !, and 

complex refractive index, ! , for different aerosol types used for mass concentration 

calculations are shown in Table 4.1. These values are based mainly on the work of Hess et 

al. (1998) and Dubovik et al. (2002). !!"# is computed for the assumed refractive index using 

Mie theory. The volume size distribution can be mono-modal or bi-modal lognormal 

distribution, defined based on the parameters describing the distribution for each mode, 

namely the modal radius, !!, width, !, and number concentration, !. The size distributions 

used for calculations are constructed either based on the assumption of specific aerosol 

types or derived from spectral sun photometer measurements (columnar size distribution) as 

described further in Section 4.2, or from the in-situ-derived size distribution at surface level. 

This methodology has been applied for volcanic ash mass concentration estimations 

(Mortier et al., 2013) and for deriving mass concentrations profiles from mobile observations 

(Popovici et al., 2018). In this work, this method has been applied to mobile lidar data. The 

results and parameters used for each case study will be discussed for each case study 

presented in Section 5 and Section 6.  

Aerosol type !, g cm
-3 Reference n k LR532 nm, sr 

 

Urban/ 

industrial/ 

mixed 

1.7 - 1.8 (Hess et al., 1998) 1.43 ± 0.04 0.01 ± 0.006 53 ± 11
(a)

 

Desert 

dust 

2.6 (Hess et al., 1998) 1.53 ± 0.05 0.001 ± 0.001 59 ± 11
(a)

 

Biomass 

burning 

1.22 – 1.92 (Levin et al., 2010) 1.5 ± 0.03 0.014 ± 0.006 53 ± 11
(a)

 

Volcanic 

ash 

2.6 (Schumann et al., 2011) 1.57 ± 0.02 0.002 ± 0.001 50-60 
(b) 

 

Marine 1.3 - 1.7 (Stock et al., 2011; 

Zhang et al., 2005) 

1.36 ± 0.01 0.0015 ± 0.001 23 ± 5 
(a)

 

Table 4.1 Approximate typical particle density, ρ, real part, n, and imaginary part, k, of the 

complex refractive index and lidar ratio at 532 nm (LR532 nm) for different aerosol types;  

(a) (Müller et al., 2007a), (b) (Mattis et al., 2010) 

A better characterization of aerosol type layering can be achieved using multi-

wavelength, polarization lidars. Having a lidar with at least two wavelengths will make 

possible the calculation of the Angstrom exponent profile, which will allow discriminating 

between fine and coarse mode vertically. This, along with the depolarization measurements 

(related to the particles shape), will help get a first aerosol typing along the lidar profiles. For 

typical Angstrom exponent and depolarization values, aerosols could be classified as fine or 

coarse, which, together with the properties defined in Table 4.1 Approximate typical particle 

density, ρ, real part, n, and imaginary part, k, of the complex refractive index and lidar ratio at 

532 nm (LR532 nm) for different aerosol types, would allow a better estimation of mass 

concentration profiles. This procedure could be automatized in order to provide a first-order 

estimation of the mass concentration profiles in near real time for mobile observations. For 
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MAMS, this can be improved after the integration of the CE376 micro-lidar presented in 

Section 3.2.2.1. 

4.1.1.3. Uncertainties of the algorithm 

The most important source of uncertainty on lidar measurements is the uncertainty on 

the overlap function, especially at lower altitude levels where the incomplete overlap affects 

the measurements. Applying a wrong overlap correction can lead to an underestimation or 

overestimation of the attenuated backscatter signals and consequently of the derived aerosol 

variables such as extinction coefficient and mass concentration in the near-field range. Since 

most of aerosols are located near the surface and up to 1-2 km or up to 4-5 km in case of 

transported aerosols, the problem of incomplete overlap must be solved in order to 

quantitatively assess the aerosol properties within the first 5 km. An uncertainty of 10% 

above 2 km, increasing to 25% at ground level, was assessed for the overlap correction 

factor used for our lidar data (Sect. 3.2.2.2). Additional uncertainties on lidar measurements 

are the statistical fluctuations of the measured signal, the detector dead-time, the fluctuations 

in laser energy and the afterpulse correction. According to Welton and Campbell (2002), the 

contribution of these corrections is either negligible or less than 5%. 

The main sources of uncertainties in the retrieval of extinction coefficient come from 

the unknown lidar ratio vertical variation, the uncertainty on the lidar signal at the reference 

altitude, the uncertainty on the overlap function and the missing signal below !!"#. The 

molecular model can also induce a relative uncertainty of 5% according to Chazette et al. 

(1995). In our study we use the radiosounding data from the closest site when possible, 

trying to reduce the uncertainties related to the molecular profile. If the layers in the 

atmosphere are not well-mixed, the assumption of a constant lidar ratio will lead to a bias in 

the retrieved extinction coefficient profiles. In the absence of direct measurements of lidar 

ratio vertical variation, column-averaged lidar ratio is the closest estimate that can be 

achieved. The overall error in the aerosol extinction coefficient and lidar ratio is not easy to 

be precisely computed, so in this study we estimate errors to be in the range of 15-25%, with 

maximum uncertainty at !!"#. 

As we apply the same methodology as Mortier et al. (2013) to derive the mass 

concentration profiles for mobile measurements, the same uncertainties have been 

considered here. Considering an uncertainty of 15-25% on the extinction coefficient along 

with the uncertainty on the particle size distribution, refractive index and density, a total 

average uncertainty of 35-40% is expected on the mass concentration when considering 

independent errors. 

4.1.2. Klett method with optical depth and near-end constraints 

In situ measurements can also be considered in joint retrievals with remote sensing 

measurements as an additional constraint to improve the retrieval of extinction coefficient in 

the lidar’s “blind zone”, from !!"# to the surface level. 

The first option is to use the nephelometer scattering measurements, if they are 

available. The extinction coefficients at surface level can be considered equal to the 

scattering coefficients measured by the nephelometer if the scattering process is dominant 
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for the particles in study and no or little absorption can be assumed. This can be done when 

no absorption measurements are available and if this assumption is reasonable; in the 

contrary case, absorption coefficients from aethalometer measurements should be used to 

compute the extinction coefficient at ground level. This has been done for the data from the 

campaign in North China Plain, where both scattering and absorption measurements at 

surface level were available.  

A second option is to use the particles size distribution at surface level measured by 

the aerosol spectrometers and compute the optical properties for the lidar wavelength and 

assuming that the particles are homogeneous and that they have a known refractive index. 

The optical properties are calculated using a Mie scattering code for spherical aerosols or 

using the T-matrix code of Dubovik et al. (2006) for non-spherical aerosols. This method is 

applied on aerosol spectrometers data, namely for the mobile measurements conducted with 

the mini-WRAS set up in MAMS and with the Sky-OPC in the campaign in North China Plain. 

Nevertheless, care needs to be taken with in situ measurements as they measure the 

properties of dried particles and not in atmospheric conditions as it is done by lidar 

measurements. Some aerosols can take up water and the effect of humidity is seen to be 

rather constant up to 70% RH, but then a sharp increase of scattering and extinction 

coefficients is shown for RH>70% (Randriamiarisoa et al., 2006; Skupin et al., 2016). The 

extinction enhancement factor, !", describing the increase of particle extinction coefficient 

with respect to the dry extinction coefficient, is defined as: 

 !" ! =
!!"#,!"# !,!"!

!!"#,!!" !,!"!
 (4.4) 

where !!"#,!"# !,!"!  is the wet extinction coefficient at, e.g. !"! = 0.8 for 80% relative 

humidity and !!"#,!"# !,!"!  is the dry extinction coefficient at, e.g. !"! = 0.4  for 40% 

relative humidity or !"!~0.5 − 0.6 for 50-60% relative humidity if the aerosols can be still 

considered dry for this RH range. 

 Following Hänel (1984), a relationship for the dependence of particle extinction on 

ambient RH conditions for anthropogenic pollution is described in Skupin et al. (2016): 

 !!"#,!"# !,!"! = !!"#,!"# !,!"! = 0 (1 − !"!)
! (4.5) 

where ! is an empirical hygroscopic exponent that can be found in the literature Skupin et al. 

(2016). 

It has been found that for a wavelength of 550 nm, the mean extinction enhancement 

factor was 1.75 ± 0.4 for an increase of relative humidity from 40 to 80%, for particles in an 

urban environment. A mean hygroscopic exponent of 0.46 was found for a dataset of 4 year 

remote sensing measurements (Skupin et al., 2016). Another relationship to correct for the 

RF effect on particles is presented in Section 5.2.2.2. 

In our case, the mobile measurements were conducted mostly during the day and 

during spring and summer, in rather low RH conditions. For cases with RH > 40% a 

correction for the RH effect has been applied. The RH measured by the meteorological 

station set up on the roof of the mobile systems has been used for the RH correction. 

The measured or calculated extinction coefficient from in situ data, !!"# !! , is then 

used to constrain the extinction profile at the surface. A linear interpolation is applied 
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between the extinction at the last available altitude bin before the lidar’s “blind zone”, 

!!"# !!"# , (calculated using the !!"#$! constraint) and !!"# !! . A new !!"# is calculated by 

integrating the extinction profile, which now includes the surface constraint, and then the 

iterations on !"!"# continue until the difference between the lidar and sun photometer AOD is 

minimized, same as described in Section 4.1.1.1.  

 

4.1.3. Near-end solution to the lidar equation 

An inversion method was proposed by Kovalev (2003) for situations where the 

combined use of the lidar and sun photometer data is complicated. This applies to situations 

when clouds are present or if the lidar has a small total measurement range and cannot 

reach an aerosol-free range or for specific applications such as horizontal measurements 

across aerosol plumes. For these cases, establishing some distant aerosol-free zone is not 

possible to initialize the standard Klett inversion using the far-end boundary value. 

The near-end inversion presented here is based on the use of a reference extinction 

coefficient value at surface level from in situ measurements, !!(! = 0), as a boundary 

condition to solve the lidar equation. The extinction coefficients at surface level can be 

obtained from nephelometer, aethalometer and particle sizers measurements, as described 

in Section 4.1.2. This method also implies the assumption of a homogeneous atmosphere 

between the two end points where the lidar signal is inverted and the use of a range-

independent particulate extinction-to-backscatter ratio, !"!"# . This proves to be valid for 

aerosols in the PBL, a significant lidar ratio change being observed above the PBL (Ferrare 

et al., 1998a, 1998b). This assumption can also be made for horizontal measurements, if the 

aerosol plume is considered to be homogeneous and that the aerosol type is known and the 

optical properties (lidar ratio included) can be calculated for that specific aerosol type. Also, 

the molecular extinction and backscatter profiles need to be known and these are calculated 

using the US Standard Atmosphere 1976 (NASA, 1976).  

First, the backscatter-to-extinction ratio, !, is defined: 

 ! =
3 8!

1/!"!"#
    

(4.6) 

Then, a new variable, !!(!), the weighted extinction coefficient is introduced: 

 !! ! = !! ! + !!!(!) (4.7) 

where !!(!)  and !!(!)  are the particulate extinction and molecular backscattering 

coefficients at range !, respectively. 

The profile of aerosol extinction coefficient is computed using Equation (4.8): 

 
!! ! =

0.5 !(!)

 1

1 − !!"#
!

!(!!)!"′
!!"#

!!
 − ! !!

!

!!
!"′

− !!!(!) 
(4.8) 

where !!"# is the maximal measurement range and !! is the minimal measurement range, 

where the overlap is complete or the last lidar bin available after the overlap correction. In 
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our case, !!  is considered to be 180 m. ! !  is the range-transformed signal and is 

expressed as: 

 ! ! = ! ! !
! exp 2 1 − ! !! !

!
!!

!

!

!!

 (4.9) 

where !(!)!! is the range-corrected signal at range z and ! is defined by Eq.    (4.6).  

!!"#
!  in Equation (4.8) is the effective transmittance and is expressed as: 

 !!"#
!

= exp −2 !! !
!
!!

!

!!"#

!!

  (4.10) 

!!"#
!  can be found using the reference in situ data at the lidar location and can take values 

from 0 to 1.  

A procedure of matching the extinction coefficient in the lidar near field to the 

extinction coefficient from the in situ data is initialized with the following initial value of !!"#
! : 

 !!"#,!"!#
!

= 1 −
2!!(!!)

!(!!)
! !

!
!"′

!!"#

!!

 (4.11) 

A negative value of !!"#,!"!#
!  means that an unrealistic value of !!(!!) , thus of in situ 

reference value, or !"!"# is used for the inversion. 

After the initial iteration, when !!"#,!"!#
!  is used to invert the extinction coefficient 

profile, a linear fit is applied on the near field of the lidar derived extinction profile, obtained 

after the first iteration, and an extrapolation is made to the ground. The value of !!"#
!  is 

varied until the extrapolated value of lidar extinction coefficient matches the in situ extinction 

coefficient within an acceptable error. 

This method has been used on simulated and experimental data in the works of 

Kovalev (2003) and Adam et al. (2004), showing rather good results for clear atmospheres, 

but limited for high turbid atmospheres. These works also show that aerosol extinction 

coefficient could be retrieved even if clouds are present at the far range of the measurement 

range. 

With all its limits, I consider that this method is worth being explored for the 

advantages it offers. If the right assumptions are made, namely a reliable lidar ratio for the 

assumed or known aerosol type and a correct near-end boundary condition from the in situ 

data, this method has the potential to be used for aerosol extinction coefficient retrievals in 

complicated situations or for specific applications. 

This method has been applied on horizontal lidar measurements, where calibration on 

an aerosol-free zone was not possible. The measurements have been conducted recently, 

on an industrial site, with the purpose of estimating the particle concentrations. Due to the 

recent development of this method and that more sensitivity tests on the input parameters 

are needed, the results are too premature to be shown and will not be presented in this work. 
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4.1.4. Optimized fitting of observations  

The recently developed GRASP (Generalized Retrieval of Aerosol and Surface 

Properties) (Dubovik et al., 2014) algorithm and software (https://www.grasp-open.com/) is 

briefly presented here. The algorithm makes aerosol retrievals using statistically optimized 

multi-variable fitting of observations from multiple instruments and it is based on a 

generalized multi-term Least Square Method (LSM). The retrievals start from a priori 

constraints on actual observations and are performed until the residuals are minimized. The 

generalized inversion algorithm development is based on the works done by Dubovik & King 

(2000), Dubovik (2004) and Dubovik et al. (2008, 2011). It was first developed for the 

retrieval of aerosol properties from AERONET sun photometer observations and it has been 

extended to the integration of multiple-observations, resulting in a unified inversion procedure 

that integrates ideas from different inversion methods. For inverting the lidar data, we are 

interested in one of its applications, GARRLiC (Generalized Aerosol Retrieval from 

Radiometer and Lidar Combined data), which combines the lidar and sun photometer 

observations. It has been developed and described in details by Lopatin et al. (2013) and 

Lopatin (2014). GARRLiC combines the lidar measurements at three wavelengths (typically 

355, 532 and 1064 nm) and the sun photometer’s sun and sky measurements at four 

wavelengths (440, 675, 870 and 1020 nm), namely the aerosol optical depths (AOD) or total 

optical depths (TOD) and the normalized sky radiances up to 35 scattering angles. The 

algorithm calculates the volume size distribution, complex refractive index, particle sphere 

fraction, single scattering albedo (SSA) and lidar ratio (LR) for both fine and coarse mode if 

sufficient information is input (e.g. minimum two lidar wavelengths and sky measurements). 

GRASP allows the vertical distinguishing between fine and coarse modes and the description 

of aerosol absorption vertical variability. 
GRASP/GARRLiC proves to be a precious tool for inverting multi-wavelength lidar 

measurements combined with photometer’s sky and sun measurements. This algorithm can 

be applied in perspective for the processing of mobile lidar and sun photometer data 

provided by the future version of MAMS, which will integrate two-wavelength lidar 

measurements and photometer sky measurements. 

 

4.2. Inversion of sun photometer data  

4.2.1. GRASP-AOD method for columnar size distribution 

We use GRASP algorithm and software described in Section 4.1.4 to derive the total 

column aerosol volume size distribution from spectral direct sun photometer measurements. 

This particular application is called GRASP-AOD and has been described in detail by Torres 

et al. (2017). Aerosols are modelled as a mixture of spherical and non-spherical fractions and 

the inversion requires an assumption on the refractive index, real part and imaginary part, as 

well as on the sphere fraction. Six parameters describing the bimodal lognormal size 

distribution are retrieved, namely the volume median radius, !!, volume concentration, !!, 

and standard deviation, !!, for both fine and coarse mode, as well as secondary aerosol 



Chapter 4. Methodology 
 

 58 

properties such as effective radius, total concentration and fine mode AOD at 500 nm. The 

uniqueness of the algorithm lies in the fact that it does not need sky radiance measurements 

for the retrievals and it can be used for applications such as mobile sun photometer 

measurements to determine the spatial variability of total column aerosol size distribution, 

under certain assumptions. 

The uncertainties on the retrieved properties depend firstly on the uncertainty of the 

measured variables. The uncertainty on AOD from PLASMA measurements is 2% in the 

visible and NIR and 3% in the UV. 

For the retrieved products, namely the aerosol total column size distribution, the 

uncertainty on the fine mode volume median radius (!!") and volume concentration (!!") is 

between 5% for the fine-mode predominant cases and 10% for the coarse-mode 

predominant cases. The uncertainty on the retrieved coarse mode volume median radius 

(!!") and volume concentration (!!") is larger than 10% for the fine-mode predominant 

cases. For cases with coarse-mode predominance, the uncertainty is 10% for !!" and around 

20% for !!", as shown by Torres et al. (2017). The characterisation of fine-mode is quite 

accurate even though reliable a priori information on refractive index is needed. The 

characterisation of the coarse mode is more difficult due to the lack of information in this 

spectral range, but can be improved using moderate a priori information on coarse-mode 

parameters (for example, from near almucantar inversions). 

In this work, GRASP-AOD inversion is applied on the on-road mobile PLASMA sun 

photometer measurements, for clear sky situations when sun photometer measurements are 

possible.  

4.3. Summary of retrieved parameters 

The Figure 4.1 summarizes the measured parameters, the methods and the derived 

aerosol properties that are presented in this work. 

The retrieval of aerosol properties has been achieved using existing algorithms and 

from the synergy of remote sensing and in situ measurements.  From PLASMA spectral AOD 

measurements, we derived the columnar volume size distribution (dV(r)/dln(r)) with GRASP-

AOD. The lidar profiles constrained by AOD were inverted with a Klett-based backward 

inversion algorithm called BASIC, which provide the extinction coefficient profiles (σext(λ,z)) 

and the effective height-independent lidar ratio (LR).  Additional measurements at surface 

level can be used to constrain the lidar profile in the lowest 200 m, which is the lidar’s blind 

zone. Using an extinction-to mass relationship and characteristics for different aerosol types, 

the aerosol mass concentration profiles have been derived. More advanced algorithms such 

as GRASP/GARRLiC retrieves more information such as the separation of fine and coarse 

modes vertically, the complex refractive index (n(λ), k(λ),) and the absorption properties 

(SSA), if at least two wavelengths are available for lidar measurements and sky radiances for 

sun photometer. Sky radiance measurements during mobile observations could be achieved 

with the future PLASMA3 mobile sun photometer. Regarding the observations at ground 

level, the nephelometer and aethalometer provide measurements of scattering and 

absorption coefficients and particle sizers provide the particles concentration and size 
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Finally, GRASP algorithm is an advanced retrieval algorithm that makes use of 

combined observations from multiple instruments. Its first application, GARRLiC, makes use 

of combined lidar and sun photometer sun and sky measurements for the retrieval of size 

distribution, complex refractive index and absorption properties for both fine and coarse 

modes. Also, it allows the separation of fine and coarse mode concentrations vertically, using 

the lidar profiles and the optical properties derived. The second application, this time on 

direct sun photometer measurements only, GRASP-AOD, allows the retrieval of columnar 

total volume size distribution, effective radius and fine mode AOD from spectral AOD 

measurements. The uncertainties of the retrieved size distribution lie in 5-10% for the fine 

mode and in 10-20% for the coarse mode. 
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Over the 2016-2017 period, more than 20 mobile campaigns in France and one 

collaborative mobile campaign in North China Plain have been conducted (Table 5.1). MAMS 

has been deployed in northern France, in the framework of regional observation programs 

from Labex CaPPA and CPER CLIMIBIO projects, in the spring and summer periods of 

2016-2017, periods marked by higher occurrence of pollution events (Unga, 2017). During 

the same periods, long-range transports of aerosols over northern France region are quite 

frequently observed by our continuous measurements. Mortier (2013) presented the 

variability of aerosol events over Lille during 2006-2012 period. 

Year Date Location Situation Comments 

2016 11/03 Lille <-> Villeneuve d’Ascq, FR Pollution  

 14/03 Lille <-> Dunkerque, FR Mod. pollution  

 17/03 Villeneuve d’Ascq <-> Cysoing, 

FR 

Pollution  

 28/03-31/03 Lille <-> Obs. Haute Provence, 

FR 

Clean/ Dust  

 19/07 Lille - Dunkerque-Calais- 

Lens-Valenciennes, FR 

Clean  

 20/07 Lille <-> Dunkerque, FR Dust  

 26/08 Lille <-> Dunkerque, FR Pollution/Dust  

 28/11 Lille <-> Douai, FR Pollution  

 05/12 Lille <-> Belgium, FR-BE Pollution  

2017 17/01 Lille <-> Dunkerque, FR Pollution  

 19/01 Lille <-> Douai, FR Pollution  

 20/01 Lille <-> Dunkerque, FR Pollution  

 26/01-27/01 Lille <-> Dunkerque, FR 

Lille <-> Paris Sud, FR 

Pollution  

 14/02 Lille <-> Dunkerque, FR Dust  

 16/03 Lille <-> Dunkerque, FR Dust  

 06/05-22/05 North China Plain 

 

Heavy pollution 

Dust 

Clean 

MOABAI campaign 

(deployment of lidar 

and sun photometer) 

 20/06-21/06 Lille <-> Valenciennes, FR Clean  

 03/07-07/07 Lille–Toulouse– 

Obs. Haute Provence, FR 

Clean/Dust Intercomparison 

ACTRIS-FR 

 28/08-29/08 Lille <-> Palaiseau, FR Pollution/Dust/ 

Canadian smoke 

Intercomparison 

ACTRIS-FR 

2018 26/02-27/02 Lille <-> Paris, FR Clean Intercomparison 

ACTRIS-FR 

 07/05 Lille <-> Dunkerque, FR Clean  

 22/05-01/06 Lille <-> Aix-en-Provence, FR - PM3 campaign 

at an industrial site 

 10/09-13/10 Corsica, FR - EXAEDRE 

campaign 

EXAEDRE	–	EXploiting	new	Atmospheric	Electricity	Data	for	Research	and	the	Environment	

MOABAI	–	Mobile	Observation	of	Atmosphere	By	vehicle-borne	Aerosol	measurement	Instruments	

PM3	 –	 PM	 assessment	 by	 coupling	 Measure	 and	 reverse	 Modeling	 -	 Technological	 and	 methodological	

developments	for	the	quantification	of	diffuse	dust	emissions		

Table 5.1. Summary of mobile measurement campaigns conducted with MAMS in France in the 

2016-2018 period and specific campaigns where remote sensing instruments were deployed. 
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The mobile campaigns conducted in northern France allowed the improvement of the 

mobile system to be an almost autonomous system, only one driver being sometimes 

sufficient since follow-up of the on-going measurements can be achieved through remote 

access software. As in any campaign, especially in the development phases, problems have 

been encountered (problems with too high or too low temperatures affecting the instruments, 

technical problems with PLASMA sun photometer, lidar and particle counter, electronic 

components failures etc.). Performing several campaigns allowed identifying these problems, 

fixing them and increasing the time efficiency to set up and conduct the mobile campaigns. 

The mobile measurements are usually triggered based on the analysis of the 

chemical transport model forecasts provided by the ESMERALDA platform 

(http://www.esmeralda-web.fr/) and PREV’air system (http://www2.prevair.org/) and based on 

the BSC dust forecasts (http://www.bsc.es/ess/bsc-dust-daily-forecast). Checking total NO2 

from OMI satellite measurements (http://www.temis.nl/airpollution/no2.html) also allows 

identifying the sources and the extent of pollution on the previous days and investigating the 

possibility of the pursuit of the pollution event the next day. The French air quality network 

issues warnings (by SMS and emails) when an air pollution event is on-going or is forecasted 

for the next day. In order to see if there are transported aerosol layers in the free troposphere 

we make use of our continuous micro-lidar measurements (model CE370-2, Cimel) to 

identify if, for example, dust transports are seen over Lille. We check the wind direction and 

forecast of dust transport and we follow the layers along the transport direction, or, on the 

contrary, in the opposite direction, to observe the spatial gradients over the region, if any. We 

check the satellite measurements, meteorological measurements and forecast, cloud 

coverage and particulate matter surface measurements to evaluate the origins of the aerosol 

event and its extent in order to take decisions regarding the path chosen for mobile 

measurements. Another important criterion taken into account is the distance and the 

duration for a mobile round-trip, to be feasible in one day. Mobile measurements that take 

between 3 to 5 hours are feasible for a quick-response operation and observation in one day.  

The existence of a major motorway axis between Lille and Dunkerque made possible 

to sample this region easily and quickly several times. Owing to its ease of operation, the 

instrumented van can be deployed from one day to another for aerosol studies within 

reasonable distance from Lille. For example, it allowed observing the strong contrast 

between two consecutive days, 19 and 20 July 2016, as shown in Figure 5.2. It was 

observed that during 19 July the aerosol optical depth was very low (0.03-0.09), while on 20 

July the AOD increased by as much as 4 times, due to the intrusion of desert dust, as shown 

by the Angstrom Exponent values, which are lower on 20 July (1-1.4), compared to 19 July 

(1.4-1.8). Also, one can notice the two urban regions, Lille and Dunkerque, distinguished by 

the highest AOD levels. Another case of strong spatial variability, observed on 26 August 

2016, has been presented in Popovici et al. (2018). 
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atmosphere during the scheduled flights over Corsica, in order to have an insight on the 

vertical variability of the aerosol and clouds before the development of storms. 

In the following, two noteworthy case studies will be presented, meant to analyze the 

aerosol variability observed spatially on a long transect from North to South of France, during 

3-8 July 2017, and the high variability observed vertically over a mobile transect from 

Palaiseau to Lille, on 29 August 2017. 

 

5.1.2. Case study: North - South of France, 3-8 July 2017 

During July 2017 a mobile campaign in France has been initiated with two purposes: 

(i) to study the spatial variability of aerosol properties over a long transect (~2700 km) and (ii) 

to go on site with the lidar in MAMS payload at Météo-France in Toulouse (43.577° N, 1.373° 

E) and at Observatoire de Haute Provence (OHP) at Saint-Michel l’Observatoire (43.934° N, 

5.710° E), where two other micro-lidars are set up, for a lidar intercomparison campaign in 

the framework of ACTRIS-France. Mobile measurements have been performed along the 

routes from Lille to Toulouse, passing by OHP and returning back to Lille, in the 3-8 July 

2017 period. The details of the mobile and stationary measurements conducted in this period 

are summarized in Table 5.2. The spatio-temporal and vertical aerosol variability have been 

studied using the column integrated optical properties (AOD and Ångström Exponent) from 

mobile sun photometer measurements, the vertical aerosol layers distribution and 

concentration from lidar measurements while the particles number and mass concentrations 

at surface level have been assessed from the aerosol spectrometer measurements. 

5.1.2.1. Synoptic situation 

During the 3rd and 4th of July, a high-pressure system centered over the Atlantic 

Ocean covered the west and central parts of France, so that anticyclonic conditions 

maintained a dry and sunny weather over most of France. Starting with the 5th of July, a 

shallow low-pressure system developed over the west of the Iberian Peninsula and 

southwestern France, moving towards the western Mediterranean, and a second low-

pressure system formed over Brittany, France, on the 6th of July. The low-pressure system 

maintained over the Iberian Peninsula throughout the following days, which, together with a 

subtropical ridge extending over the western Mediterranean, induced south-southwesterly 

flow, favoring the transport of dust from Saharan regions. This explains the extent of the dust 

transport over the south-central parts of France over the course of three days (6-8 July). The 

synoptic situations on the 3rd and 6th of July are illustrated in Figure 5.3, where sea level 

pressure and 500 hPa geopotential height are presented. The dust transport is also shown 

by the BSC-DREAM 8b dust model forecast (http://ess.bsc.es/bsc-dust-daily-forecast) and 

the HYSPLIT backward trajectories (Figure 5.4), which illustrate that the air masses up to 4.5 

km were originating from North of Africa and were moving from the SW direction, passing 

over the Iberian Peninsula before reaching southern France. 
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Occitanie) and countryside and mountains regions (Centre-Val de Loire, Nouvelle-Aquitaine, 

Grand Est), less agglomerated and less impacted by heavy traffic. 

The vertical distribution of aerosols over the mobile transects, depicted by lidar 

measurements, is presented in Figure 5.6. On the 3rd of July, during the descent from Lille to 

Toulouse (Figure 5.6a), the presence of low level clouds over most of the transect has 

prevented aerosol profiling above 1 km. Nevertheless, an increase in the lidar backscatter 

signal was observed below 1 km, on the way from Lille to Paris, and an elevated layer in the 

free troposphere, at about 3 km altitude, was seen intermitently starting with the central 

region of France. The analysis of the HYSPLIT backward trajectories performed for the layer 

at 3 km altitude showed that the air masses moved from the West, over the Atlantic Ocean. 

The PBL height was around 1.5 km, as seen during the periods when it was observable. 

On the 4th of July, mobile measurements were done to study the variability along 

Toulouse’s ring road (Figure 5.6d,e,f). As shown previously, the aerosol loading was low 

(AOD of 0.06 at 440 nm) and the lidar measurements showed aerosols distributed in the PBL 

up to 1 km and fine aerosol layers above 1 km and up to 2.5 km altitude, separated from the 

PBL contribution. No significant spatial variability was observed in the development of the 

PBL or in the distribution of the lofted aerosol layers, neither on the southern or the northern 

sections of the transect. Later in the evening, during stationary measurements at Météo-

France, and the next day until 14:00 UTC, aerosol layers up to 4 km altitude were observed. 

According to AERONET observations on 4 July at Toulouse, an increase in the fine mode 

AOD (from 0.03 to 0.07) and Angstrom Exponent values (from 1.1 to 1.7) was observed 

during this interval, which coincides with the aerosol intrusion in the free troposphere seen in 

the lidar measurements. This suggests that the lofted layers are composed of fine particles. 

Linking this to the aerosol layer at 3 km seen on the descent from Lille to Toulouse, one 

might think that they have the same origin. Indeed, the HYSPLIT backtrajectories show that 

the layer at 3 km altitude (detected while descending from Lille to Toulouse on the 3rd of July) 

descended towards South, being detected at Toulouse on the 4th and 5th of July. The 

backward trajectories over 300 hours show that the air masses crossed regions in the United 

Stated where wildfires took place around 23-24 June 2017. These elements suggest that the 

fine aerosols layers at around 3 km altitude could be transported smoke. 

On the 5th of July, starting with 14:00 UTC, the coarse mode AOD increases and the 

Angstrom Exponent decreases, which coincides with the arrival of another well-separated 

layer, in the 3-4 km altitude range, marking the beginning of dust transport. In the afternoon, 

MAMS took the road to Nice, before reaching OHP on the 6th of July. The lidar 

measurements (Figure 5.6b) show aerosols in the PBL up to around 2 km, and lofted layers 

in the 2-4 km altitude range from Toulouse to Montpellier. Then, a decrease in the particle 

concentration and in the aerosol layers height is observed after Montpellier, on the way to 

Nice. An interesting feature is seen in the lidar profiles shown in Figure 5.6b, a high increase 

in the backscatter signal below 1 km altitude, on the route from Toulouse to the coast. A 

zoom on the aerosol backscatter profiles below 2 km altitude, during 14:34-18:10 UTC, is 

presented in Figure 5.7a. The highest backscatter signal is observed at about 800 m altitude 

around 16:00 UTC and at 300 m altitude around 16:30 UTC. This could suggest that particles 

in this layer act as cloud condensation nuclei (CCN) and lead to cloud formation, but is just a 

hypothesis. 
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showed that there is a strong link between the sharp increase in AOD and the arrival of sea 

breeze at a site in Negev Desert in Israel, 80 km from the Mediterranen seashore, behaviour 

that is seen also in our case. The increase in the AOD and in the lidar backscatter signal can 

be explained not only by the enhanced size of particles due to the arrival of more humid air 

masses, but also by the air masses recirculation, bringing a larger quantity of aerosols. 

The dust transport continued to be observed on the 6th of July in the 2-4 km altitude 

range, during mobile measurements from Nice to OHP (680 m a.s.l), and at OHP, from 6th to 

7th of July, the dust layers being distributed up to 6-7 km a.s.l. The lidar mobile 

measurements on the way back to Lille on the 7th and 8th July (Figure 5.6c) allowed 

observing the desert dust transport along the South-North axis of France. The aerosol layers 

distributed up to around 5 km altitude, making difficult to separate the aerosol contributions of 

local, urban pollution, from the desert dust contribution. Nevertheless, a contrast can be seen 

in the lidar backscatter signals in the lowermost altitudes (below 2 km), which allows to 

distinguish the main polluted regions and cities along the route : the segment of the A7 

highway connecting cities in the South (Montpellier, Marseille, Nice) to Lyon, Lyon, Dijon and 

Lille. Higher particle concentration is due to the more important traffic flowing inward and 

outward the cities and due to the enhanced socio-economic activities and industries in this 

regions. Sparse clouds (4-6 km altitude) and low-level clouds forming at the top of the PBL 

are observed on the 8th of July when approaching Lille. One can see that the highest 

backscatter signals in the PBL were recorded when reaching Lille, showing the contrast 

between the Grand Est region (mostly countryside and no large urban agglomerations) and 

Lille (metropolis with high traffic inward and outward the city). 

5.1.2.3. Particle number and mass concentrations at surface level 

The particle number concentrations at surface level measured on-road by the Grimm 

mini-WRAS in MAMS payload are presented in Figure 5.8. The range of particle number 

concentrations recorded when passing by the main cities and highway segments are 

summarized in Table 5.3. 

The mean particle number concentrations were mostly below 40 000 particles/cm3 

with higher concentration in main cities and along the most circulated highways (A6-A7). The 

lowest particle concentrations (<10 000 per cm3) were observed in the Center, Nouvelle 

Aquitaine, Occitanie and Grand Est regions. The highest number concentration were 

recorded when crossing the Paris ring road (<200 000 per cm3) and the Fourvière tunnel in 

Lyon, where a staggering number of 328 400 particles/cm3 was recorded in 1 minute. 

Fourvière tunnel is a 2 x 2 lanes tunnel passing through the center of Lyon, having a length 

of 1853 m and recording a passage of ~ 120 000 vehicles per day 

(http://cpdp.debatpublic.fr/cpdp-anneau-

top/site/DEBATPUBLIC_ANNEAU_TOP_ORG/DOCS/AUDITION_PUBLIQUE_5_FEVRIER/ANA

LYSE_TRAFIC_GRAND_LYON_05021.PDF). Several studies have been conducted in road 

tunnels (Gëller et al., 2005; Gouriou et al., 2004; Gustafsson et al., 2012; Weingartner et al., 

1997). Gouriou et al. (2004) and Gustafsson et al. (2012) found average particle number 

concentrations below 500 000 and 300 000 particles/cm
3
 in Grand Mare tunnel in Rouen, France, 

and in Söderleden tunnel in Stockholm, Sweden, respectively. 
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Figure 5.8. Particle number concentrations measured on-road by Grimm mini-WRAS during 3-8 

July 2017. The peaks size and the color bar show the range of values observed. 

Date Location Particle number concentration (min-max) (#/cm
3
)  

3 July  Paris     9 987 – 196 300 

3 July Paris-Toulouse      745 – 38 400 

4 July Toulouse    4 631 – 94 660 

5 July Toulouse-Antibes    1 439 – 39 790 

6 July Antibes-Frejus    5 485 – 69 980 

7 July Aix-en-Provence-Lyon (A7)    3 657 – 79 310 

7 July Fourviere Tunnel 180 700 – 328 400 

8 July Dijon-Chaumont    6 665 – 45 030 

8 July Chaumont-Lille    2 581 – 30 070 

Table 5.3. Particle number concentrations (minimum and maximum values) recorded when 

crossing the ring-roads of main cities and highway segments during on-road measurements in 3-

8 July 2017 period 

The observations presented here also point to the problem of high levels of air pollution 

in road tunnels that is affecting the people in vehicles and draws attention that a continuous 

monitoring of particle concentrations in tunnels would be relevant. The implementation of air 

quality measurements inside tunnels could help identify and find effective ways to reduce 

particle emissions and exposure. Other mobile measurements along roads showed particle 

concentrations around 160 000 cm-3 on the ring motorway in Amsterdam, Netherlands 

(Weijers et al., 2004) and between 150 000 and 500 000 cm-3 along the A2 highway through 

the Swiss Alps (Weimer et al., 2009). 

The particle volume size distributions measured on-road at the surface level are 

presented in Figure 5.9. They are representative for particles along highways, so mostly fine 

particles, centered at a diameter of 0.19 µm were observed, particles coming from 

automobiles emissions. Hildemann et al. (1991) showed that the mass size distributions of 

both gasoline and diesel cars emissions present a single mode with a peak at 0.2 µm. The 

coarse mode contribution, centered at 3 µm diameter, was rather low along the motorways 

but showed an increase starting from 6 July, which coincides with the period of dust 

intrusion, indicating that the dust particles also reached the surface. A high peak in the 

coarse mode is observed on 6 July, around 08:00 UTC, which corresponds to the moment 
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Figure 5.11. Total column volume size distributions retrieved with GRASP-AOD for the mobile 

transect on 7 July 2017, 13:50 UTC at OHP (blue), 14:52 UTC at 43.86° N, 5.30° E, between OHP 

and Avignon (red), 15:44 UTC at 44.08° N, 4.87° E, near Orange (green) and 16:58 UTC at 44.86° 

N, 4.86° E, near Valence (magenta). The size distribution from the closest AERONET standard 

inversion for OHP_OBSERVATOIRE at 14:43 UTC (black) is also represented as reference. 

5.1.2.5. Extinction coefficient and mass concentration profiles 

The coincident in situ and remote sensing measurements were used in joint 

inversions in order to derive the extinction coefficient profiles down to the surface level. First, 

the inversion of lidar data was done using the AOD constraint as described in Section 4.1.1. 

Then, extinction coefficients at ground level were computed for the measured size 

distributions by means of a Mie scattering code, assuming a constant value of 1.53-0.01i for 

the refractive index. This value, typical for urban haze, was chosen according to the study of 

Skupin et al. (2016). We applied no correction for the relative humidity effect on particles as 

the values recorded along the transect were under 30%. The calculated extinction 

coefficients from the in situ data were then used to constrain the extinction profile at the 

surface level. A linear interpolation was applied between 300 m agl and the surface level and 

the profile of extinction was iterated until the AOD from lidar matched with the one measured 

by the sun photometer. The extinction profiles derived for the mobile measurement on 7 July, 

between OHP (43.93° N, 5.71° E) and Valence (45.25° N, 4.83° E), are shown in Figure 

5.12. The extinction coefficient varied on average between 0.03 and 0.10 km-1 and transport 

of dust in the free troposphere can be observed up to 5 km. Uncertainties on the extinction 

coefficients computed at ground level are related to the vertical and horizontal 

inhomogeneities in the aerosol distribution, the use of a constant and possible non-

appropriate refractive index for the scattering calculations and the assumption on the shape 

of the particles. A joint experiment with scattering and absorption measurements is needed in 

order to quantify these uncertainties on the calculations. 
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Figure 5.12. (a) Spatio-temporal variability of extinction coefficient derived from the joint 

inversion of in situ and remote sensing measurements and (b) example of extinction profile 

along the mobile transect at 15:36 UTC. The illustrated example corresponds to mobile 

measurements performed on 7th July 2017 from OHP at Saint-Michel l’Observatoire (43.93° N, 

5.71° E) to Valence (45.25° N, 4.83° E), France. 

From the retrieved extinction coefficient profiles, the mass concentration profiles were 

estimated using assumptions on the aerosol types and on their properties. We considered 

two aerosol contributions, urban/industrial/traffic-related aerosols in the PBL roughly below 1 

km altitude and dust particles up to 5 km altitude. As discussed previously, the separation of 

the aerosol contributions over the vertical profiles was not possible, as sometimes the dust 

layers were observed to mix with the local pollution aerosols. We thus considered a visual a 

priori “boundary” at 465 m agl, to separate the mass concentration calculations for the dust 

and urban aerosols components. This was done in order to limit the errors made in the mass 

concentration calculations and to see the impact on the results. An urban aerosol type 

volume size distribution was modeled from the particles size distribution at surface level 

measured by Grimm mini-WRAS along roads. The volume size distribution for the 

transported dust was modeled using the parameters of the columnar total volume size 

distribution retrieved with GRASP-AOD from PLASMA sun photometer measurements. A bi-

lognormal size distribution was considered for the aerosol layers in the free troposphere, with 

a small fine mode, taking into account that the air masses crossed over land (Iberian 

Peninsula and southern France) and could have mixed with pollution, fine particles along the 

way, as shown by Denjean et al. (2016). The modeled volume size distributions for urban 

and dust aerosol types, used for the calculations are depicted in Figure 5.13d, presenting a 

fine-mode dominant size distribution centered at 0.1 µm radius for aerosols in the PBL and a 

coarse-mode dominant size distribution, centered at 2 µm, for the aerosols transported 

above the PBL. A refractive index of 1.53-0.01i was used for the urban aerosol type, 

following Skupin et al. (2016) and of 1.53-0.008i for the transported dust, based on the 

closest AERONET inversions at OHP. A particle density of 1.7 g cm-3, typical for urban 

aerosols was used for aerosols in the PBL, while a density of 2.6 g cm-3 was used for dust. 
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quality stations along the route as shown in Figure 5.15. Nevertheless, these measurements 

are not directly comparable as they do not have the same integration time, measurement 

method and do not rely on the same method of calculation. They are shown as an indication 

that the range of values is coherent. 

 

 

Figure 5.15. PM10 mass concentrations measured by Grimm mini-WRAS (black), computed from 

the extinction coefficient at 532 nm derived with Mie calculations and using a particle density of 

1.7 g cm3 (red) and hourly averages recorded at air quality (AQ) stations along the route (green 

stars). The name and type of air quality stations are written above the figure. 

 

5.1.3.  Extraordinary event of stratospheric aerosols, August 

2017 

Summer 2017 was a period rich in atmospheric events over France and Europe. 

These events, namely long-range aerosol transports and pollution events, could be 

monitored thanks to the instrumented platforms placed over France’s territory, to the air 

quality network and to the mobile system, allowing a description of aerosol variability at all 

levels. Particularly, the second half of August 2017 was remarkable, as long-standing aerosol 

transports in the free troposphere and tropopause (3-13 km) and stratosphere (14-20 km) 

have been observed over Lille, France (50.612 ° N, 3.142 ° E, 60 m a.s.l). This event was 

remarkable by its extent (stratospheric aerosol layers observed at different EARLINET 

stations in Europe, from Evora, Portugal, to Limassol, Cyprus, and to Andøya, Norway) and 

its duration (more than 15 days). These aerosol layers observed over Europe in this altitude 

range are related to the worst wildfire season in British Columbia, Canada, since 1950, with 

about 900 000 ha of burned forest (Ansmann et al., 2018). Several studies (Ansmann et al., 

2018; Haarig et al., 2018; Hu et al., 2018; Khaykin et al., 2018) have already documented the 

origins, the transport and the microphysical and optical properties of the stratospheric smoke 

layer, using observations over France and Germany. This event is also outstanding for the 

AOD levels of the stratospheric layer, the highest since the Mt. Pinatubo eruption in June 

1991. Ansmann et al. (2018) reports AOD of 0.2-0.59 at 532 nm for the stratospheric layer, 

compared to an AOD around 0.2 recorded after the Mt. Pinatubo eruption. The observations 
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and analysis of the stratospheric aerosol layer detected over northern France have been very 

well documented by Hu et al. (2018). Originating from forest fires, the smoke particles are 

carbon-rich, highly absorbent particles, warming the atmospheric layers where they are 

found and slightly cooling the Earth’s surface. Hu et al. (2018) estimated a warming in the 

layer of around 3-4 K/day. 

The mobile system, MAMS, also observed these stratospheric aerosol layers on 28 

and 29 August 2017. First detected on 28 August afternoon at Palaiseau, France (48.712° N, 

2.215° E, 156 m a.s.l), this remarkable layer was detected and followed by MAMS, on its 

return journey from Palaiseau to Lille on 29 August afternoon.  

5.1.3.1. Lidar and sun photometer measurements 

The Cimel CE370 micro-lidar in the MAMS payload was in operation at Palaiseau on 

28 August, for an intercomparison with the IPRAL lidar (Bravo-Aranda et al., 2016) at SIRTA 

(Site Instrumental de Recherche par Télédétection Atmosphérique, Haeffelin et al., 2005) 

when it first detected the stratospheric aerosol layers. Short after the arrival at Palaiseau, 

around 13:00 UTC, a 1 km thick layer between 18 and 19 km could be barely discerned in 

the lidar quicklooks due to the low signal-to-noise during daytime. Later, between 18:00 and 

21:00 UTC, the observed layer was thicker and more homogeneous, in the 17.5-20 km 

altitude range, and was better distinguishable during night-time due to a better SNR. During 

the night from 28 to 29 August, the layer could be clearly seen and its vertical structure 

varied until 06:00 UTC on 29 August when the layer appeared like two well-separated layers 

spanning in the 16-20 km altitude range. The stratospheric aerosol layer continued to be 

observed on 29 August, on the way back from Palaiseau to Lille, from 14:00 to 16:30 UTC, 

but similarly to the first day, the aerosol backscattering could be barely discerned from noise 

during daytime. In order to distinguish the aerosols layers from noise, smoothing was applied 

on the lidar signals. The same structure of double-peak layer was observed all along the 

route back to Lille. Figure 5.16 presents the lidar range-corrected signals on 29 August 2017 

measured by the three systems, at Palaiseau, Lille and on-route between the two points (Hu 

et al., 2018). IPRAL lidar system in Palaiseau first detected the aerosol layer in the range 

of 18-20 km starting with 28 August 12:00 UTC, reaching a thickness of 4 km between 16-20 

km at 12:00 UTC on 29 August. LILAS lidar in Lille observed a shallow layer ranging 

between 18-20 km on 29 August, starting with 08:00 UTC. The thickness of the layer 

increased until 16:00 UTC, reaching 4 km around 16 to 20 km. 

The total AOD at 532 nm, computed from the sun photometer (CIMEL for Lille and 

Palaiseau and PLASMA for MAMS) measurements at 440 and 870 nm are also shown in 

Figure 5.16. The mean, minimum and maximum values of total AOD and Angstrom Exponent 

for Palaiseau and Lille sites and mobile system are summarized in Table 5.4. At Palaiseau, 

the mean AOD and Angstrom Exponent were 0.36 and 0.77, respectively. The mean AOD 

and Angstrom Exponent recorded by PLASMA were 0.4 and 0.74, respectively, and varied 

very little along the route. At Lille, the AOD increased from 0.2 in the morning around 08:00 

UTC to 0.45 in the afternoon and was correlated with the decrease of Angstrom Exponent 

from 1.23 to 0.77, showing the impact of stratospheric layers intrusion. The Angstrom 

Exponent values for both fixed sites and mobile system indicate a significant contribution of 
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coarse particles in the atmospheric column. As indication, for an urban site like Lille, where 

fine particles are predominant, a mean value of 0.2 for AOD at 532 nm and 1.2 for Angstrom 

Exponent were found for the 1999 - 2012 period (Mortier, 2013). The urban/traffic-generated 

fine particles are generally centered at a particle diameter around 0.2 µm. The lower 

Angstrom Exponent values show the contribution of larger particles in the smoke layer, of 

0.33 µm diameter (Haarig et al., 2018; Hu et al., 2018), added to the coarse dust particles 

present below 5 km. 

 

Figure 5.16. Temporal (and spatio-temporal for MAMS) variability of lidar range-corrected 

signals (RCS) measured by IPRAL lidar at Palaiseau (left), CIMEL micro-lidar set up in MAMS , 

along the transect Palaiseau-Lille (middle) and LILAS lidar at Lille (right) on 29 August 2017. 

The mobile measurements started around 14:00 UT at Palaiseau and ended around 16:30 at 

Lille. The total AOD at 532 nm from AERONET Palaiseau and Lille sites as well as from PLASMA 

mobile sun-photometer along the transect Palaiseau-Lille are overlapped (magenta). 

Site Palaiseau MAMS Lille 

 !!"# !!!"/!"# !!"# !!!"/!"# !!"# !!!"/!"# 

Mean 0.36 0.77 0.4 0.74 0.33 0.97 

Min 0.27 0.63 0.38 0.67 0.2 0.77 

Max 0.4 0.88 0.48 1.1 0.45 1.23 

Table 5.4. Summary of mean, minimum and maximum values of aerosol optical depth at 532 nm 

(τ!"#) and Angstrom Exponent computed between 440 and 870 nm (α!!"/!"#) observed on 29 

August 2017 at Palaiseau, along the route from Palaiseau to Lille (by MAMS) and at Lille. 

Below the stratospheric aerosol layers, the three lidar systems detected particles in 

the free troposphere up to 5 km, which correspond to transported Saharan dust, according to 

the BSC-DREAM 8b dust model forecast (http://ess.bsc.es/bsc-dust-daily-forecast) and to 

the HYSPLIT backward trajectories (Figure 5.17). The back trajectories and the wind fields at 

3000 m show that the air masses were moving from the S-SW direction, passing over Spain 

and western France.  
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Figure 5.18. Spatio-temporal variability of PM10, PM2.5 and PM1 concentrations derived from 

Grimm mini-WRAS measurements along the Palaiseau-Lille transect on 29 August 2017, 14:00-

16:22 UTC. The closest PM10 records (in space and time) from air quality stations along the 

route are also depicted (stars). 

Air quality (AQ) station 

 

Station 

type 

UTC 

AQ 

PM10 AQ 

(µg m
-3

) 

UTC 

Mobile 

PM10 MAMS 

(µg m
-3

) 

Distance 

(km) 

Boulevard Périphérique  

Est (48.84° N, 2.41° E) 

traffic 14:00 39 14:11 38 0.2 

Bobigny 

(48.904° N, 2.46 ° E) 

background 14:00 20 14:18 28 6 

Creil 

(49.26° N, 2.47° E) 

urban 15:00 33 14:48 22 15 

Nogent sur Oise 

(49.28° N, 2.48° E) 

urban 15:00 29 14:48 23 16 

Saint Laurent Blangy 

(50.31° N, 2.81° E) 

suburban 16:00 16 15:48 19 6 

Douai Theuriet 

(50.38° N, 3.07° E) 

urban 16:00 25 15:57 22 6 

Lille Fives 

(50.63° N, 3.09° E) 

urban 17:00 19 16:16 21 4 

Table 5.5. Comparison of measured PM10 from air quality stations closest to the investigated 

route and the corresponding values from mobile measurements on 29 August 2017, from 

Palaiseau to Lille. 

5.1.3.3. Extinction coefficients and mass concentrations profiles 

From coincident lidar-sun-photometer mobile measurements, aerosol extinction 

coefficient profiles were derived using Klett method (Klett, 1981) and are presented in Figure 

5.20. During noon hours the signal noise due to sunlight is the highest so the profiles needed 

to be smoothed. A moving average filter (window length of 225 m) has been applied to the 

lidar signals prior to deriving extinction profiles in order to improve the signal-to-noise ratio. 

To improve even more the SNR, the lidar profiles were accumulated in the following time 
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intervals: 14:00−15:00 UTC (corresponding spatially to 100 km distance from Palaiseau to 

Compiègne), 15:00−15:45 UTC (100 km on the route from Compiègne to Arras) and 

16:12−16:24 UTC at Lille. The mean aerosol optical depth at 532 nm derived from PLASMA 

sun photometer measurements along the route for each segment was used to constrain the 

lidar inversions. The molecular profile used in the lidar inversions was computed using the 

temperature and pressure profile from the closest radiosonde (Trappes, 48.77 °N, 1.99 °E, 

~20 km from Palaiseau) profile recorded on 29 August 2017 at 12:00 UTC. The reference 

height for the inversions has been selected just above the stratospheric aerosol layer, at 

about 20 km. 

The main source of errors in the retrievals is this choice of the reference height, 

chosen in a range still highly impacted by noise even after filtering. The variability due to the 

reference height could not be estimated due to the limited choices of reference points. The 

lidar ratios resulting from the AOD-constrained inversions were low (30-38 sr), indicating that 

the AOD calculated from the lidar profiles (!!"#) were higher than the ones measured by the 

sun photometer (!!"#$!), and thus the lidar ratios were decreased until !!"# converged to 

!!"#$!. A higher !!"# can be explained by the presence of noise that is summed along with 

the aerosol layers contribution. Another source is the reference height. Since the noise 

increases with altitude, a reference altitude selection at too high altitude could result in the 

initialization of the inversion on a large noise peak (negative or positive), and shift the 

extinction profile or the fact the lidar ratio is not constant over the atmospheric column. As 

shown by Mortier (2013), two inversions initialized at 15 m difference can imply a difference 

of !!"# of more than 0.2 and thus propagate important errors on extinction and backscatter 

profiles. We tried to estimate the uncertainty in the retrievals using different lidar ratios (30-70 

sr) as input (not constraining the profile by the sun photometer AOD) and setting the 

reference height to around 7-8 km. The uncertainty on the retrieved aerosol extinction 

profiles is considered to be about 35%, being the variation using different lidar ratios for the 

inversions. We are aware that it is complicated to retrieve reliable extinction coefficient 

profiles from lidar profiles with low SNR and that the choice of the reference height is highly 

important, this is why the following results need to be taken cautiously. 

 

 !!" 
µm 

!!" 
µm 

!! !! !! !! !! !! !! !! 

urban/PBL 0.2 2.2 0.4 0.57 1/3 1.7 2.6 1.43 0.01 
dust 0.2 1.9 0.4 0.6 4/1 1.7 2.6 1.55 0.005 

smoke 0.33 - 0.54 - - 1.35 - 1.55 0.02 

Table 5.6. Parameters used for the calculations of mass concentration profiles: modal radius for 

fine, !!", and coarse, !!",  mode, in µm, the geometric standard deviation for fine, !!, and coarse, 

!!,  mode, the ratio of volume concentration of coarse to fine mode, !! !!,  the particle density, !, 

in g cm-3, the real part of the refractive index, !! and the imaginary part of the refractive index, 

!!.  Each corresponds to a different aerosol type, urban aerosols in the PBL up to 1 km, dust 

mixed with urban aerosols, in 1-4 km altitude range, and aged smoke in the 16-20 km altitude 

range. 

The total AOD was thus the result of three contributions: urban, traffic-generated 

aerosols below 1 km, transported Saharan dust in the 1-4 km altitude range and smoke from 

Canadian wildfires, injected into the stratosphere and transported at an altitude of 16-20 km. 
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Figure 5.20 illustrates the extinction coefficient and mass concentration profiles 

derived from lidar-sun-photometer inversions. The AOD contribution of each aerosol layer to 

the total AOD was then estimated from the retrieved extinction profiles and are discussed 

further. 

The stratospheric layer-mean extinction coefficient at 532 nm was 0.06 ± 0.03 km-1 

and the layer-mean mass concentration was 11 ± 5 µg m-3. Haarig et al. (2018) found a 

mean mass concentration of 38 ± 12 µg m-3, corresponding to a mean extinction coefficient 

of around 0.22 km-1, for the stratospheric smoke layer between 15 and 16 km, on 22 August 

2017 night, over Germany. The AOD at 532 nm of the stratospheric smoke layer, estimated 

from MAMS measurements, was in the 0.19-0.23 range, consistent with values derived from 

IPRAL and LILAS lidar measurements at Palaiseau and Lille, respectively (Hu et al., 2018). 

The dust layer-mean extinction coefficient at 532 nm was 0.04 ± 0.01 km-1 and the 

dust contribution to the total AOD was 0.13 at 532 nm, within the range of dust AOD at 550 

nm (0.02-0.15), forecasted by both BSC-DREAM8b (Basart et al., 2012; Nickovic et al., 

2001; Pérez et al., 2006b, 2006a) and NMMB/BSC-Dust (Pérez et al., 2011) models. 

Maximum dust mass concentrations around 20-25 µg m-3 and 40-50 µg m-3 at about 2 km 

altitude were forecasted by BSC-DREAM8b and by NMMB/BSC-Dust, respectively, while the 

estimated layer-mean mass concentration from mobile measurements was 47 ± 14 µg m-3. 

The values forecasted by NMMB/BSC-Dust model are close to our dust mass concentrations 

from mobile observations, while the ones forecasted by BSC-DREAM8b are rather low. 

These findings are in good agreement with the study of Gama et al. (2015), which showed 

that the results from NMMB/BSC-Dust are in better agreement with the observed 

concentrations at Cape Verde over 1 year. 
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averaged retrieved extinction coefficient profile from mobile measurements on 29 August 

2017, daytime, to one CALIOP extinction profile from Level 2 APRO aerosol products of the 

same stratospheric smoke layer detected over Serbia on 29 August 2017, night-time (Figure 

5.21c). There is a remarkable similarity both in smoke layer vertical structure and in 

extinction coefficient between the profiles derived from the ground-based and satellite-based 

lidar. A maximum extinction of 0.11 km-1 at 18.9 km altitude was observed in the mobile lidar 

profile while a maximum of 0.12 km-1 was observed at 17.8 km altitude in the CALIOP profile. 

The layer-mean extinction was 0.07 ± 0.03 km-1 (17-18.7 km) for CALIOP and 0.05 ± 0.03 

km-1 (16.26-20 km) for the mobile lidar. The very good agreement in the retrieved extinction 

coefficient values is a strong support for the statement that our retrievals for the smoke layer 

are realistic. 

Taking into account the analysis and the support information, we consider that the 

results presented herein are consistent with other works and they are realistic, despite the 

fact that we used a low-power lidar for the aerosol backscatter profiles and that high 

uncertainties are introduced in the retrievals. 

5.1.4. Conclusions 

In order to obtain an almost autonomous mobile exploratory platform (MAMS), a 

certain number of campaigns were needed for testing and finding the problems and 

improving the mobile system. Using the lessons learnt from each campaign allowed 

continuous improvements in order to have a robust mobile system at this moment. This work 

provided expertise in planning and organization of mobile campaigns, troubleshooting in 

case of problems and increase in efficiency in setting up the instruments to be ready for the 

mobile observations.  

The first case study illustrates the aerosol properties variability measured on-road 

during a major trip (~2500 km) over the territory of France throughout 3-8 July 2017. The 

PM10 concentrations at surface level were relatively low, below 50 µg m-3, exception making 

crossing a traffic jam in Paris and a tunnel in Lyon and an important transport of Saharan 

dust up to 5 km altitude was observed over eastern France during the last part of the 

campaign. The measurements allowed mapping the gradient between big cities/busy 

highways and countryside/mountains regions and the estimations of mass concentrations 

profiles proved to be consistent with the dust forecast. 

The second example is a case of strong vertical variability of aerosol layers travelling 

through the atmosphere in the boundary layer, the free troposphere and, remarkably, in the 

stratosphere, variability observed within a distance of ~ 250 km from Palaiseau to Lille, 

France, on 29 August 2017. Surprisingly, the aerosol optical depths in the highest layers of 

the atmosphere (0.22) and in the free troposphere (0.13) were higher than the local aerosol 

contribution (0.06) of the total aerosol optical depth at 532 nm of 0.41. It was an 

extraordinary event of long-range transport of aged smoke from intense Canadian wildfires, 

added to a transport of Saharan dust in the free troposphere. 
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comprehensive understanding of aerosols’ effects on climate and environment. Therefore, it 

was of great significance to make an effort to investigate and characterize these properties 

by in-situ and remote sensing observations at a fine scale. The campaign was purposed to 

provide datasets of mobile measurements in North China Plain region, which will be helpful 

in addressing these issues. 

The MOABAI campaign had several scientific and technical aims:  

o elucidate and quantify the 4-D distribution of aerosols in a polluted region using mobile 

observations 

o get a comprehensive characterization of aerosol properties and their vertical distribution 

in variable atmospheric situations, from clean to heavy pollution days and to dust 

episodes 

o capture signatures of regional transport of aerosols and sources 

o test the possibility of deploying remote sensing instruments integrated in MAMS to 

another mobile platform 

o obtain datasets of key aerosol properties in regions where there are no existing 

observational sites (no lidar or sun photometer)  

o couple in situ and remote sensing measurements in order to characterize the aerosol 

profile down to the surface level 

o estimate particle mass concentration profiles down to surface level and show interest for 

air quality monitoring and regional scale aerosol data modeling 

o get a better characterization of aerosol microphysical properties and chemical 

composition with the help of in situ instruments, to improve the aerosol mass 

concentration estimates 

o show interest of integrating more in situ instruments in the MAMS 

o conduct for the first time an exercise of planned deployment of the mobile platform on 

the CALIOP space-borne lidar’s foot-print at different time and locations and show 

interest of the mobile system for CAL/VAL activities. 

The mobile measurements have been conducted on 10 days, out of which 6 days in 

Beijing on the 4th, 5th and 6th ring-roads at different time of the day and also by night and 4 

days outside of Beijing, on the Beijing – Baoding (38.87° N, 115.46° E)  - Tianjin (39.34° N, 

117.36° E), Tianjin – Tangshan (39.63° N, 118.18° E), Tangshan - Beijing and Beijing  - 

Xiahuayuan (40.50° N, 115.28° E) transects. The main characteristics of aerosol loadings 

and their vertical extent observed during mobile measurements in Beijing are summarized in 

Table 5.7. Summary of aerosol properties observed during the mobile measurements in 

Beijing: aerosol optical depth at 440 nm (τ440), Angstrom Exponent computed between 440 

and 870 nm (α) and aerosol layers’ vertical extent as measured by lidar. Please note that 4th , 

5th and 6th refer to the Bejing’s ring-roads.. During the campaign, four types of days were 

observed in Beijing: two days of pollution or “background” (moderate pollution) situation with 

a contribution of dust transported from Gobi desert, when the air masses moved from west 

directions (9 and 11 May 2017), three heavy pollution days, when the air flow moved from 

south of China (18, 19 and 21 May 2017), one day with moderate pollution or what we will 

call “background” situation for Beijing (15 May 2017) and one “clean” day, marked by lower 
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In the case of pollution days, the PBL development was limited, up to 1 - 1.5 km 

altitude and marked by high AOD in the 0.8 - 1.8 range and Angstrom Exponent (AE) values 

typical for fine mode particles predominance (1.2 – 1.6). The highest AOD were recorded 

when the air masses were moving from south directions. For the “background” and “clean” 

situations there seems to be a contribution of both fine and coarse mode aerosols, indicated 

by lower AE and by the presence of aerosol layers above 2 km. For indication, the average 

τ!!" and α in Beijing during spring are 0.8 and 1, respectively (Yu et al., 2017). Lower AE in 

spring compared to other seasons show the impact of dust episodes, as observed also 

during the mobile measurements in MOABAI campaign.  

Figure 5.24 shows the vertical distribution of aerosol and cloud layers measured by 

the mobile lidar along the three transects, AB, BC and CA. 

The lidar measurements along the AB transect (Fig. 5.24a), from Beijing to Tianjin, 

passing by Baoding, show a PBL developed up to 1 - 1.5 km and a lofted aerosol layer in the 

1.5 - 2.5 km altitude range, layer that starts to be observed near Baoding and even fine 

aerosol layers up to 5 km are detected along the Baoding - Tianjin transect and scattered 

clouds in the 4.5 - 11 km altitude range along the second half of the mobile transect. A higher 

particle concentration can be observed when reaching Baoding, one of China’s most polluted 

cities (The Guardian). The days of 17 and 18 May 2017 were clear sky days, so the lidar 

backscattered signals are represented only up to 6 km in Figure 5.24a and Figure 5.24b. On 

17 May 2017, along the BC transect (Fig. 5.24b), from Tianjin to Tangshan, the PBL height 

varied between 1 and 1.8 km over different sections of the transect. A higher particle 

concentration near the surface was observed near Tianjin and significant increase in lidar 

backscatter signal when crossing heavily polluted coastal region. Beside aerosols in the 

lower layers up to about 2 km, a well-separated, lofted layer in the 2.2 – 3.5 km altitude 

range was observed all along the mobile transect. For both 16 and 17 May 2017, the 

HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory, Stein et al., 2015) 

backward trajectories show that the lofted aerosol layers are originating from Inner Mongolia. 

Finally, the third transect, CA (Fig. 5.24c), from Tangshan to Beijing was a case of heavy 

pollution, when aerosols were mostly concentrated at the surface and up to 1 – 1.5 km. One 

can clearly notice the important increase in aerosol concentrations, compared to previous 

days. The air masses backward trajectories show an air flow from SW direction, crossing 

polluted industrial areas such as Tianjin, Baoding and Shijiazhuang. It has been previously 

reported that heavy pollution episodes occur when the air masses move from south direction 

(Yu et al., 2017). 

The following section will be focused on the in-depth analysis of the mobile 

measurements conducted on 17 May 2017, along the Tianjin-Tangshan transect. 
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the transect we headed northeast towards Tangshan (another heavily industrialized and 

polluted city) and stopped at Guye around 16:00. 

The weather was fair, with clear sky along the whole transect, ambient temperatures 

(T) ranging between 24° and 30° Celsius and relative humidity (RH) in the 30 - 65 % range, 

with a noticeable increase along the coast of Bohai Sea (Figure 5.28c). Backward trajectories 

(Figure 5.33b) showed a flux from S-SE at ground level and up to 1 km and a flux from NW 

at 3 km, explaining the presence of fine dust layer transported from Inner Mongolia. 

The Binhai New Area consists of the former districts of Tanggu, Hangu and Dagang 

and part of the Dongli and Jinan District and has been founded to promote the economic 

growth of Tianjin. This explains why this region is marked by a multitude of industries and 

activity sectors, from machinery factories, petro-chemical manufacturing plants, automotive 

fitting factories and electronics facilities to sea salt production and shipbuilding and port 

activity. The area accounted 271 industrial enterprises in 2012, resulting in heavy pollution in 

the region (Kong et al., 2010; Su et al., 2017). It is a region where the microphysical and 

optical properties of aerosols are not well characterized, much less at a fine scale. The 

situation is even more complex in spring as mineral dust transports occur frequently, adding 

to the local anthropogenic aerosols, which makes this region worth being given attention, 

accepting in the same time that it is a challenging study area. 

One previous study using mobile lidar measurements has been conducted in Tianjin, 

in different seasons in 2016 (Lyu et al., 2018). Another study by Su et al. (2017) presents the 

variability of aerosol microphysical and optical properties as measured by sun photometers 

set up at three sites, urban, industrial and coastal areas of Tianjin. Nevertheless, this is the 

first time a mobile measurements study with such rich instrumentation and methodology, 

combining remote sensing and in situ measurements, is conducted in Tianjin and in the 

Binhai New Area. 

5.2.2.2. In situ measurements at surface level 

The particle number and volume concentrations variability along the investigated 

route, as measured by the Grimm Sky-OPC are depicted in Figure 5.25. 
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could correspond to sulphate and ammonium contributions, as shown by Zhuang et al. 

(1999) in a study conducted on a coastal site in Hong Kong. According to the same study, 

the nitrates dominated at a coarse mode diameter of 3.95 µm. Similarly, this could explain 

the peak at 3.5 µm in our case.  

The volume concentrations of the three fine modes centered at 0.28, 0.45 and 0.65 

µm diameter increase significantly when reaching the polluted coastal region (after 12:00). 

The volume concentrations of particles with modal diameters at 0.28 and 0.45 µm are two 

and three times higher at 12:00-12:30 and 12:30-13:00, respectively, than the concentrations 

recorded at 11:30-12:00 and before or after this segments of the mobile transect. 

The explanation for the increase in particle number and volume concentrations in the 

11:40-14:00 time interval is two-fold. On one side, we passed by a region with significant 

higher pollution (several industries along the coast, activity in the port, ship emissions), thus 

higher number of particles. Studies on ship emissions showed that particles with Dp < 0.3 µm 

dominate the ship emissions (Merico et al., 2016; Petzold et al., 2008), which would explain 

the increase in our case of the fine mode centered at 0.28 µm when passing by the Tianjin 

port. On the other side, the increase in volume concentration could be an effect of particle 

growth in the presence of higher relative humidity, when particles smaller than the detection 

limit of the instrument grow due to water uptake. A clear correlation between the increase of 

relative humidity and the increase of number and volume concentrations is seen in Figure 

5.28a and Figure 5.28c. It has been shown that the ship exhaust particles are highly 

hygroscopic in humid marine environment (Popovicheva et al., 2009). In our case, if particles 

smaller than 0.25 µm (the minimum detectable particle diameter of Sky-Opc) would increase 

in size due to water uptake, they would be counted in the upper size bins, resulting thus in an 

increase of number of particles in the upper size bins. An increase in concentration is 

observed for particles in the 0.25 < Dp < 0.8 µm range, meaning that, according to our 

hypotheses and reasoning, the particles with Dp < 0.8 µm were more hygroscopic and 

affected by the water uptake. This could be a lead on the particles type. Another interesting 

event depicted in Figure 5.28c is a clear episode of sea breeze, between 12:10 and 13:40, 

marked by sudden increase of RH correlated with drop in temperature. This sea breeze 

event suggests that marine aerosols (sea salt) were transported inland, possibly adding 

contribution to the particles in the size distribution. Sea salt occurs in aerosol with diameter 

Dp > 0.3 µm and are highly hygroscopic (Randles et al., 2004). According to the review of 

Heintzenberg et al. (2000), the size distribution of marine aerosols presents 3 distinct modes 

in the fine mode, centered at 0.05, 0.15 and 0.4 µm diameter. Indeed, an increase in the 

concentrations of the 0.45 µm diameter particles is seen in the size distribution but this does 

not suffice to discriminate a marine aerosol contribution. 

The scattering, absorption and extinction coefficients at 525 nm derived from in situ 

measurements at ground level are presented in Figure 5.28b.  
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Figure 5.28. Spatio-temporal variability of (a) particle volume size distribution as measured by 

Grimm Sky-OPC, (b) scattering coefficient measured by nephelometer (black), scattering 

coefficient corrected for RH (green), absorption coefficient derived from aethalometer 

measurements (light blue), extinction coefficient computed from nephelometer and 

aethalometer measurements (magenta) and extinction coefficient computed using the extinction 

to scattering ratios generated from Mie calculations based on size distributions measured by 

Sky-OPC (brown), (c) temperature (T) (black) and relative humidity (RH) (blue) measured by 

the weather station and (d) vehicle’s speed along the mobile transect from Tianjin to Tangshan 

on 17 May 2017. 
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As a reminder, an Aurora 4000 polar nephelometer was used for the measurements of 

aerosols scattering coefficients at 3 wavelengths (450, 525 and 635 nm) and a Maggee 

Scientific AE33 7-wavelength (370, 470, 520, 590, 660, 880 and 950 nm) aethalometer was 

used to derive the BC concentrations and the aerosol absorption coefficients. The 

nephelometer data were recorded every 30 s while the aethalometer data were recorded 

every 1 s. The aethalometer data was averaged on 30 s intervals in order to match the 

nephelometer data. 

The scattering coefficients derived from nephelometer measurements were corrected 

for the effect of relative humidity using the following empirical equation: 

! !" = 1 + ! (!" 100)
!

 

where ! = 2.3 and ! = 6.27 found by Pan et al. (2009) were used for the pollution segments 

of the mobile transect (from 08:40 until 12:00 and from 13:30 until 16:00) and a different 

parameterization, for mixed urban-marine aerosols transect segments (from 12:00 until 

13:30), with ! = 3.26 and ! = 3.27, following Liu et al. (2008). The aerosol hygroscopic 

growth factors, ! !" , for the two aerosol types, polluted and mixed urban-marine, are 

illustrated in Figure 5.29.  

 

Figure 5.29. Aerosol hygroscopic growth factors, f RH , for polluted aerosol type (light grey) and 

mixed, marine-urban, aerosol type (light red). The range of relative humidity (RH) recorded 

during the mobile measurements and the corresponding f RH  used as correction are marked 

with black and red. 

The wet scattering coefficients were computed as: 

!!"#,!"# = ! !" ∗ !!"#,!"# 

where !!"#,!"# is measured by the nephelometer. Finally, the ambient extinction coefficients 

at 525 nm at ground level derived from in situ measurements were computed as the sum of 

the scattering and absorption coefficients.  

Beside the extinction coefficients derived from nephelometer and aethalometer 

measurements, the extinction coefficients computed using the nephelometer data and the 
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extinction to scattering ratios generated from Mie calculations, assuming core-shell structure 

of black carbon (BC) and non-BC components, and using the particle number size 

distributions from Grimm Sky-OPC, are also represented in Figure 5.28b (brown line) and are 

very comparable to the measured ones.  

5.2.2.3. Columnar volume size distribution  

The total column particles volume size distributions were retrieved with GRASP-AOD 

(Torres et al., 2017) from the spectral AOD at 8 wavelengths, 340, 380, 440, 500, 675, 870, 

1020 and 1640 nm, measured by PLASMA sun photometer. The inversion method requires 

the assumption of the refractive index and of the sphere fraction. The uncertainties of the 

retrieved size distribution lie within 5-10% for the fine mode and within 10-20% for the coarse 

mode (Torres et al., 2017). 

Assumptions on the chemical composition of particles suspended in the atmosphere 

were made based on the modes identified in the in-situ-derived size distributions. An 

important contribution of elemental carbon (EC), organic carbon (OC) and sulphates was 

considered, indicated by the narrow fine mode peak at 0.29 µm, followed by a nitrates 

component, presenting a coarse mode centered at 3.5 µm and lastly, a small contribution of 

fine layer of transported dust in altitude, in the 2.2 - 3.5 km height range (drawn from lidar 

data and backward trajectories analysis) and possibly contribution of sea salt during the sea 

breeze event. According to a study conducted in Tianjin, in spring 2009 (Han et al., 2012), an 

average refractive index of 1.52-0.018i was estimated for a similar aerosol mixture as in the 

present case. For the retrievals, the assumption of spherical particles and a complex 

refractive index of m = 1.52 − 0.008i were used for most of the transect, supposing less 

absorbing particles and no significant change in the particles type (based on the analysis of 

complementary data such as in situ and lidar). For the transect sections along the coast 

(12:00-13:30) a complex refractive index of m = 1.46 − 0.008i was used, considering an 

influence of the relative humidity on aerosols and considering the intrusion of sea salt. This 

was considered following the results from Schuster et al. (2009), showing the dependency of 

the refractive index in function of the water fraction. We believe that the refractive index 

chosen is reasonable for the aerosol types in the present case (fine particles that are 

predominantly sulphates) and for the maximum relative humidity (60 – 65%). 

Spectral AOD measured by PLASMA along the route were averaged for each 30 

minutes time intervals corresponding to the transect segments depicted on the map in Figure 

5.27a and are shown in Figure 5.30b for some selected time intervals. Figure 5.30a shows 

the Angstrom Exponent, ! , calculated using !! 440 , !!(675) and !!(870). The retrieved 

columnar particles volume size distributions along the mobile transect from Tianjin to 

Tangshan are illustrated in Figure 5.30c as color map representation and in Figure 5.30d for 

some selected time intervals. The AOD spectral dependency shows that fine mode particles 

are predominant, presenting higher extinction at shorter wavelengths.  
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Figure 5.30. Spatio-temporal variability of (a) Angstrom Exponent computed from τ! 440 , 

τ!(675) and τ!(870), (b) spectral AOD for some time intervals along the mobile transect, (c) 

total column volume size distributions retrieved with GRASP-AOD (color map representation) 

and (d) columnar volume size distributions for some time intervals along the mobile transect. 

All size distributions are averaged on 30 minutes time intervals and can be localized on the 

mobile transect using the map colour coded by local time shown in Figure 5.27a. 

The columnar volume size distributions present two modes, fine and coarse, centered 

at 0.3 and 3.4 µm diameter, respectively. The characteristics of the size distributions do not 

change significantly, except for an increase in the concentration of both fine and coarse 

modes when reaching the polluted coastal region. This increase is due to higher particle 

number concentrations and possible due to the growth of the particles size due to water 

uptake. Also, the coarse mode could increase along the coast due to the intrusion of sea salt 

inland during the sea breeze event, in the 12:10 - 13:40 time interval. The change in particle 

size is shown by both Angstrom Exponent and volume size distributions in Figure 5.30a and 

Figure 5.30c, respectively. First, the highest ! values are recorded in the city of Tianjin, 

correlated with a higher fine mode, followed by a decrease in ! between 10:00 and 11:30, 

correlated with an increase in the coarse mode. In the coastal industrial region, the 

concentrations of both fine and coarse modes increase significantly and ! increases but is 

still lower than at Tianjin due to an important contribution of the coarse mode. Finally, ! 

increases again at 14:00, after leaving the industrial region, when fine mode becomes again 

the predominant particle contribution. It can be also noticed that the increase in the 

concentrations of the fine mode in the 12:00-13:30 time interval is consistent with the 

increase seen in the size distributions at surface level, two times higher. 
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The columnar volume size distribution (VSD) retrieved with GRASP-AOD was 

compared qualitatively to the one at ground level derived from particle counter 

measurements and they agree very well. Figure 5.31 illustrates the columnar vs. surface 

level size distribution comparison for the 11:00 - 11:30 time interval. The scale of the in-situ-

derived volume size distributions (at right) is adjusted as to compare the relative contribution 

of each mode, as seen on the total column and at the surface level. Please note also the 

different units of the two size distributions. What do both in situ and columnar VSD very well 

describe are the positions of the fine mode and coarse mode diameter at 0.3 and 3.5 µm, 

respectively. This gives confidence in the GRASP-AOD retrievals and shows that the two 

major aerosol contributions are the same as discussed previously in the situ data section. A 

higher concentration of the coarse mode is observed in the columnar size distribution which 

is normal, given that there is a dust layer contribution on the column and that the number 

concentration of particles is higher when integrating on the total atmospheric column than at 

the surface level. 

From the analysis of both ground level in-situ-derived and columnar sun-photometer-

derived volume size distributions we can conclude that aerosols predominantly present in the 

atmosphere along the mobile transect from Tianjin to Tangshan were sulphates and black 

carbon in the fine mode, with a diameter of 0.3 µm, and nitrates, in the coarse mode, with a 

diameter of 3.5 µm. 

 

Figure 5.31. Particle volume size distributions (VSD) on the atmospheric column (blue), 

retrieved with GRASP-AOD, and at ground level (red), measured by Grimm Sky-Opc, for different 

time intervals. Please note the change of the Y-axis of the in situ VSD at right and the different 

units for columnar and ground level VSD. 

 

5.2.2.4. Comparison of extinction coefficients at ground level (in situ vs. 

lidar) 

Figure 5.32 illustrates the spatio-temporal variation of aerosol extinction coefficients 

as measured by the in situ instruments (nephelometer and aethalometer) and the point at 
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ground level from the extinction profiles derived from lidar with BASIC Klett backward 

inversion, when using a constant extrapolation below 200 m altitude. The green shaded area 

marks the uncertainty on lidar measurements due to the overlap correction. 

The lidar extinction coefficients at 200 m altitude, that we extrapolate to the ground 

level and consider our lidar-derived extinction at ground level, agree remarkably well with the 

extinction at ground level measured by the in situ instruments. This proves again that our 

overlap correction is reliable and that lidar signals down to 200 m are usable. Significant 

differences are observed when arriving at the coast, in the 12:00 - 13:30 time interval, 

probably due to the inhomogeneity of the aerosol distribution in the lowest 200 m. The values 

measured by the in situ instruments at surface level are much higher than the ones derived 

from lidar measurements. The reasons for these differences are two-fold. First, this strong 

increase in particle concentration and/or change in aerosol type can be purely local, at the 

surface level, below 200 m, where the nephelometer measures and not be « seen » at 200 

m. Second, the ! !"  correction applied to the nephelometer data for this time interval could 

be not appropriate for the aerosol mixture in our case and can lead to an overestimation of 

scattering coefficients. Both dry and ambient extinction coefficients from in situ data are 

depicted as to see the impact of the ! !"  correction on the values in the 12:00 – 13:30 time 

interval. The lidar-derived extinction coefficients are highly correlated with values measured 

by in situ at surface level with R2 of 0.98, slope of 1.01 and RMS of 0.03 all along the 

transect excluding the values in the 12:00 – 13:30 time interval. The correlation decreases 

when including these values (R2 of 0.9, slope of 0.53) and the differences are higher (RMS of 

0.23) for this time interval. 

 

Figure 5.32. Spatio-temporal variation of aerosol extinction coefficient at 525 nm as derived 

from in situ measurements (nephelometer and aethalometer) with no correction for RH (black) 

and with f RH  correction (magenta) and of extinction coefficients at 532 nm derived from lidar 

measurements extrapolated from 200 m to the ground (green). The green shaded area 

corresponds to the uncertainty on lidar measurements due to the overlap correction. 

 

5.2.2.5. Extinction coefficient profiles 

The spatial variability of the extinction coefficients profiles at 532 nm derived from the 

synergy of lidar and sun photometer measurements is represented in Figure 5.33a. In this 
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follows: at Tianjin (08:54 local time), at an intermediate point between Tianjin and Binhai New 

Area, when passing near Cangzhou in Hebei province (10:51), when crossing a salt pan 

(12:31), when crossing the Tianjin port (13:02) and near Tangshan (15:22). The extinction 

coefficients profiles are depicted on the left while the mass concentrations profiles are 

presented on the right. On each figure, one can see the impact of the inversions without and 

with the in situ constraint. The mean differences in the aerosol extinction coefficients below 

200 m using the two methods (extrapolation and in situ constraint) were about 0.03 ± 0.02 

km-1, with the highest difference of 0.22 ± 0.15 km-1 at 12:31 and the lowest difference of 

0.004 ± 0.003 km-1 at 10:51. The standard deviations correspond to the differences variability 

in this altitude range, from ground to 200 m. 

Above the PBL, an elevated aerosol layer in the 2.2 – 3.5 km altitude range was 

observed all along the mobile transect. The source of the elevated layer and of the aerosols 

in the PBL has been determined based on the air masses back trajectories performed with 

HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory, (Stein et al., 2015); 

https://www.arl.noaa.gov/hysplit/hysplit/). The backward trajectories at ground level, 500 m 

and 3000 m, starting at 13:00 local time (05:00 UTC) are illustrated in Figure 5.33b. It can be 

observed that the air masses at 500 m and at ground level are moving from S and SE 

direction, passing over heavily polluted regions and over the sea, respectively, while the air 

masses at 3000 m are moving from NW direction, passing over the Mongolian Plateau and 

Inner Mongolia, indicating that the elevated layer is most likely desert dust. It has been 

reported that southerly winds are associated with heavy pollution (Chen and Wang, 2015; He 

et al., 2009; Yu et al., 2017), while advection of desert dust to an elevation of < 3000 m is 

common when air flows are dominated by westerly winds (Sun et al., 2001). 
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Time interval !!"# (km-1) !" (sr) Mass concentration (µg m-3) 

08:40 - 09:00 0.14 ± 0.15 66 ± 10 80 ± 85 

09:00 - 09:30 0.15 ± 0.15 59 ± 17 85 ± 82 

09:30 - 10:00 0.13 ± 0.10 56 ± 10 75 ± 57 

10:00 - 10:30 0.14 ± 0.07 52 ± 12 80 ± 41 

10:30 - 11:00 0.13 ± 0.06 50 ± 11 74 ± 34 

11:00 - 11:30 0.14 ± 0.06 43 ± 14 78 ± 33 

11:30 - 12:00 0.1 ± 0.06 46 ± 14 57 ± 34 

12:00 - 12:30 0.18 ± 0.09 40 ± 13 100 ± 50 

12:30 - 13:00 0.16 ± 0.13 35 ± 12 88 ± 72 

13:00 - 13:30 0.15 ± 0.13 39 ± 11 83 ± 71 

13:30 - 14:00 0.15 ± 0.13 45 ± 11 87 ± 74 

14:00 - 14:30 0.13 ± 0.11 42 ± 8 73 ± 60 

14:30 - 15:00 0.13 ± 0.12 52 ± 12 71 ± 65 

15:00 - 15:30 0.13 ± 0.12 47 ± 11 75 ± 66 

15:30 - 16:00 0.13 ± 0.11 57 ± 14 71 ± 59 

Table 5.8 Mean aerosol extinction coefficients at 532 nm and mass concentrations in the PBL up 

to 2 km altitude, for each time interval correspondent to transect segments depicted in Figure 

5.27a. The mean height-independent lidar ratios at 532 nm derived from the lidar-sun-

photometer synergy are also presented for each transect segment. The standard deviations 

represent the temporal variability within each transect segment. The values presented 

correspond to the method of in situ constraint for the lowest 200 m. 
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Figure 5.34. Aerosol extinction coefficient profiles and lidar ratios at 532 nm (left) and mass 

concentrations profiles (right) at different time along the mobile transect: 08:54 (a, b), 10:51 (c, 

d), 12:31 (e, f), 13:02 (g, h) and 15:22 (i, j), local time. The extinction profiles derived using a 

constant extrapolation below 200 m (light blue) and using the in situ constraint corrected for 

RH (magenta) and not corrected for RH (black) are depicted in each figure at left. The mass 

concentrations calculated from extinction coefficients profiles derived using a constant 

extrapolation (blue) and in situ constraint (green) below 200 m are depicted at right.  
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The separation of the elevated dust layer has been done based on the layer detection 

provided by BASIC algorithm and software. Nonetheless, only the top of aerosol layers (TL) 

and the top of the PBL (BL) are output and the detection is limited when the aerosol layers 

are not well delimited. For this, a detection of the base of the elevated layer has been done, 

using the first derivative of the extinction profiles and applying some threshold to separate 

the aerosol contributions above PBL. The results of the detection of the base and of the top 

of the elevated layer are depicted in Figure 5.37. The mean extinction coefficient of the dust 

layer was 0.05 ± 0.03 km-1, with a maximum of 0.15 km-1 reached at an altitude of 2880 m 

around 10:30. The mean AOD at 532 nm of the dust layer ranging between 2.2 and 3.5 km 

was 0.06 ± 0.01, representing around 18-20% of the total AOD. 

5.2.2.6. Extinction-to-backscatter ratio 

The variability of height-independent extinction-to-backscatter ratio or lidar ratios at 

532 nm derived from lidar-sun-photometer inversions is presented in Table 5.8, for each 

segment of the mobile transect. Please note that the standard deviations correspond to the 

temporal variability in each segment and not the lidar ratio uncertainty, which is about 20%. It 

can be observed that the LR values decrease from about 66 ± 10 sr at Tianjin to 35 ± 12 sr 

when crossing the Binhai New Area and then increase again to 57 ± 14 sr near Tangshan. 

The decrease in the LR indicates a change in the aerosol type. The lidar ratios around 60 sr, 

found at Tianjin and Tangshan, are characteristics for urban/industrial aerosol type while the 

lidar ratios around 40 sr correspond to a more marine aerosol type (Ackermann, 1998; Müller 

et al., 2001, 2007b). Our case is most likely to be a case of mixture of continental polluted 

and marine polluted aerosols, considering the sources along the coast, without forgetting the 

contribution of the elevated dust layer to the effective extinction-to-backscatter ratio, or lidar 

ratio. The values found around Tianjin and Tangshan are consistent with a previous study in 

Shangdianzi, located in the northern part of the North China Plain, where a mean lidar ratio 

of 60 sr was found (Hänel et al., 2012). The lidar ratios found along the coast are similar to 

those found at a site on the French coast (Boyouk et al., 2011), 33 ± 14 sr, and on the 

Portuguese coast (Ansmann et al., 2001), ~ 40 sr. Furthermore, both studies evidenced the 

presence of a sharp peak in the backscatter signal in the marine boundary layer ranging 

between 200 and 650 m when the air masses were coming from the sea direction. This is 

similar to what is observed in our case, a strong increase in the scattering coefficients below 

200 m when reaching the coast. The contribution of sea salt is evident; both from the 

temperature and RH measurements, describing the sea breeze event, and from the fact that 

sea salt exploitation is conducted in the same area where the peaks were observed. As 

shown in the backward trajectories in Figure 5.33b, the air masses below 1 km and at 

surface level were moving from S-SE direction, while the air masses at 3 km were moving 

from NW direction, crossing over Inner Mongolia. 

The Tianjin municipality has a long history of sea salt exploitation and currently there 

are still two saltpans that are exploited nowadays. Figure 5.35 (Wang et al., 2015) illustrates 

the coastal landscape map of Tianjin Binhai New Area in 2013, showing the location of salt 

pans, urban land and harbor. The strong increase of extinction coefficients seen below 200 

m and decrease of the columnar lidar ratio correspond to the time intervals when the mobile 
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 !!" !!" !! !! !! !! ! !! !! 

mean 0.13 1.66 0.43 0.68 0.8 1.75 1.5 0.01 

std 0.01 0.03 0.01 0.03 0.1 0.34 0.05 0.005 

impact on 

mass (PBL) 

7 % 0.5 % 0.7 % 0.6 % 4 % 20 % 13 % 1 % 

impact on 

mass (dust) 

- 2 % - 3 % - 20 % 1 % 0.1 % 

Table 5.9 Parameters used for the calculations of mass concentration: modal radius for fine, !!", 

and coarse, !!",  mode, in µm, the geometric standard deviation for fine, !!, and coarse, !!,  mode, 

the ratio of volume concentration of coarse to fine mode, !! !!,  the particle density, !, in g cm-3, 

the real part of the refractive index, !! and the imaginary part of the refractive index, !!.  

As shown previously, the weighting of dust layer contribution was possible using the layer 

detection and was estimated to 20% of the total AOD. Given that AOD is a column-integrated 

parameter, one can consider that 20% of dust contribution to the total AOD means 20% of  

the total columnar particle concentration. Considering that the elevated layer consists of 

desert dust particles (coarse), a contribution of 0.2 to the total coarse mode volume size 

distribution was used for the layer in the free troposphere and was subtracted from the total 

coarse volume size distribution in order to consider the rest of the size distribution as coming 

solely from aerosols below 2 km. This resulted in a ratio of coarse to fine mode particles 

concentration of 0.8, which was used for the mass calculations for the PBL. The modeled 

volume size distributions used for the mass calculations in the PBL (VSDPBL) and in the dust 

layer (VSDlayer), as well as the mean volume size distribution retrieved with GRASP-AOD are 

presented in Figure 5.36. 

 

Figure 5.36. Columnar volume size distribution (VSD) retrieved with GRASP-AOD and its spatio-

temporal variability along the mobile transect as standard deviation (blue), modelled volume 

size distribution for aerosols within the PBL, up to 2 km (black) and coarse mono-modal volume 

size distribution modelled for the dust layer ranging between 2.2 and 3.5 km (red). 
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An average particle density was calculated for the urban/industrial aerosol based on 

the chemical composition and densities presented in Table 5.10, following Han et al. (2012), 

and using the sea salt density as in Tsekeri et al. (2017). A value of 1.75 g/cm3 was used for 

the estimations of mass concentrations in the PBL, while a density of 2.6 g/cm3 was used for 

the dust layer. 

Table 5.10. Particle density for different aerosol types considered in mixture in the PBL. 

The refractive index considered for the calculations of mass concentrations in the PBL 

was 1.5-0.01i while a refractive index of 1.5-0.005i was used for the dust layer. 

The estimation of aerosol mass concentration is a complex issue involving numerous 

assumptions, namely the particle size distribution, shape, chemical composition, mixing state 

and the homogeneity and stationarity of all these parameters with height. Thus, the 

associated uncertainties are also difficult to be evaluated. In this study, the standard 

deviation of each parameter given in Table 5.9 was used as a measure of the uncertainty 

associated with the derived quantity (VSD) or assumption  (!  and ! ). To this adds the 

uncertainty on the lidar signal and inversion, which is considered to be 20%. The highest 

uncertainty is introduced by the assumed particle density, with an impact of 20 %, followed 

by the refractive index, with an impact of 13 % on the mass concentration. Considering the 

errors as statistically independent, an overall uncertainty of 32 % was evaluated for mass 

concentration profiles. 

The mass concentration profiles computed using these parameters and using the two 

methods for the extinction coefficients in the lowest 200 m are illustrated in Figure 5.37. This 

is purposed to show the impact of different parameters on the mass concentration 

estimations. One can see the striking difference in the mass concentrations estimated in the 

elevated dust layer. If a particle density of 2.6 g/cm3, characteristic for dust, is used for 

calculations, the mass concentrations are about three times higher than if considering a 

particle density of 1.7 g/cm3, characteristic for urban aerosols. This shows the importance of 

additional information such as depolarization and spectral height-resolved measurements 

that would allow making a better first guess on the particle type in each layer and 

consequently, use a more realistic particle density for each aerosol layer. Furthermore, one 

can see the impact of the method used to derive extinction coefficients in the lowest 200 m 

(constant extrapolation or in situ constraint). The mass concentrations found with the in situ 

constraint on the extinction coefficient profile were two to three times higher in the 12:30 – 

13:30 time interval than the values obtained when using the constant extrapolation. This 

shows that in situ measurements at ground level can help approximate the aerosols’ 

variability in the lidar’s “blind zone” closer to reality, and should be used as constraint in the 

inversion when existent. There is no method to validate this, except profiling in the lowest 

200 m with some airborne measurements or with a lidar with full overlap at near range 

(below 200 m). Some examples of mass concentration profiles derived from extinction 

coefficient profiles using the two methods for the lowest 200 m are presented in Figure 5.34. 

Aerosol type sulphate nitrate EC OC residue sea salt 

!, g/cm3 1.76 1.73 2 1.4 2.3 1.3 
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vertical variability of aerosols and for separating aerosol contributions (transport vs. local) on 

the total column. 

A summary of the various atmospheric situations observed during the campaign and 

of the main aerosol properties such as AOD, Angstrom Exponent and aerosol layer height 

was given. 

A complete analysis was then focused on a case study of mobile measurements in a 

heavily polluted and complex area, between Tianjin and Tangshan cities and along the 

Binhai New Area and the Tianjin port. In situ and remote sensing datasets were analyzed 

and combined in order to give an in-depth characterization of aerosol optical, microphysical 

and chemical properties and their spatial and vertical variability. 

The particle mass concentration profiles were estimated based on the lidar and sun 

photometer measurements and inversions and using complementary information regarding 

the particles type, such as the particle volume size distribution, retrieved with GRASP-AOD, 

and using hypotheses on the aerosols chemical composition based on the analysis of all 

datasets, coming from both remote sensing and in situ measurements. This allowed 

obtaining reliable and realistic mass concentration values, which compare well to the surface 

air quality measurements, despite all the uncertainties.  

The knowledge of the columnar volume size distribution allowed determining the PM10 

and PM2.5 fractions of the total mass, method that seemed to give good results when 

comparing the calculated mass concentration with the ones measured at air quality stations, 

even if it was a purely indicative comparison. 

The impacts of different parameters on the mass calculations were presented and 

discussed. As pointed throughout the analysis, a better characterization of the aerosol type in 

each layer, using for example depolarization and spectral height-resolved measurements, 

would allow a better estimation of the mass concentration profiles. Improving the 

instrumentation, combining in situ and remote sensing measurements and improving 

methods to better characterize aerosol properties will help reduce the uncertainties on the 

estimations of mass concentrations. All these arguments point to the utility of further work 

and improvements. 

The evaluation of the particle mass concentrations profiles shows potential 

capabilities of lidar measurements for air quality applications, such as estimation of PM10 and 

PM2.5 at local and regional level using a mobile system. The mass concentration estimation 

on more than one point and a small spatial scale is important for so many applications: alert 

in case of volcano eruption and dispersion of volcanic ash or of smoke plumes in case of 

natural or induced fires, important for aviation and for aerosol large scale modeling, important 

for air quality monitoring and modeling and for a better comprehension of pollution events 

and dynamics at local and regional scale and forecast of pollution events and last, but not 

least, important for climate modeling. 
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MODIS data shows high AOD values along the coast and over northern France and 

Belgium-Netherlands regions, in the range 0.3 and 0.8, which is consistent with the 

chemistry-transport model predictions of pollution event and of dust transport over these 

regions. As we can see, PLASMA and MODIS data are in good agreement. MODIS was 

highly correlated with ground mobile sun photometer with R2 of 0.76, slope of 1.13, intercept 

of 0.11 and RMSE of 0.17. These results are consistent with the results of Wang et al. 

(2017), who found a correlation with R2 of 0.76, slope of 0.9, intercept of 0.11 and RMSE of 

0.17 for Aqua-MODIS AOD at 3 km horizontal resolution (MYD04_3K). The results of 

comparison are very good considering the uncertainty due to the atmospheric variability 

imposed by atmospheric motion and different times of MODIS and PLASMA measurements. 

The lack of AOD data in the same regions is consistent for both instruments and is due to the 

presence of scattered clouds at 4 km altitude, showing that both cloud-screening algorithms 

are successful. 

The differences between PLASMA and MODIS AOD (higher around Lille) can be 

explained by the fact that MODIS AOD map represents a “snapshot” of the atmosphere’s 

integrated aerosol content at the time of Aqua satellite overpass over the region (12:05 

UTC), while the mobile measurements overlapped on the map correspond to the time 

interval 11:53-13:16 UTC. We started our mobile transect from Villeneuve d’Ascq (a suburb 

of Lille) at 11:53 UTC. A possible reason for the difference at Lille could be that at the Aqua 

overpass time, a higher aerosol concentration and/or presence of clouds could have been 

recorded in the 10 km ×10 km km area. Regarding the rest of the transect after Lille, the 

differences are more difficult to quantify since the measurements’ time of MODIS and 

PLASMA are different. Nevertheless, a mean absolute difference of 0.14 in AOD at 550 nm 

was obtained over the rest of the transect, which is acceptable taking into account all the 

variables that can explain this difference (i.e. different temporal and spatial resolution, 

accuracy for both instruments and products, atmospheric variability within 1 hour of 

measurements and the uncertainty in the retrieved MODIS AOD). We consider that the 

results of this first comparison are encouraging, taking into account the above mentioned 

parameters, and shows the importance of the pursuit of such studies for evaluating satellite 

products. A campaign for validating satellite retrievals using sun photometers was done 

during the DRAGON (Distributed Regional Aerosol Gridded Observation Networks) 

campaign (Holben et al., unpublished), when a gridded network of sun photometers was 

established in Washington, Beijing, Seoul and Korea. A mobile sun photometer for CAL/VAL 

campaigns offers the advantage of being easily deployed at the desired locations instead of 

setting up several photometers at fixed locations. 

 

6.1.2.  Comparison with CALIOP aerosol extinction coefficient 

The validation of CALIOP data and aerosol products has been done previously and 

has made the subject of several works showing the comparison against ground-based (Kim 

et al., 2008; Liu et al., 2017; Mamouri et al., 2009; Mona et al., 2009; Papagiannopoulos et 

al., 2016; Pappalardo et al., 2010; Wandinger et al., 2011; Wu et al., 2011) and airborne 

(McGill et al., 2007; Mioche et al., 2010) lidar measurements. The capabilities of ground-
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based lidar networks, such as EARLINET, to validate satellite-based data and aerosol 

products cannot be denied. Nonetheless, the data that can be used for a direct comparison 

are limited, depending on the number of coincidences over a specific region and usually a 

certain distance to the closest overpass is considered for the comparison. This distance 

generally ranges between 10 and 150 km, as considered in some studies. Most of the 

mentioned works rely on the data from EARLINET ground-based lidar network. 

 Here, we present a new alternative for the validation of space-borne lidar data and 

aerosol products: using a lightweight mobile system with a lidar integrated in its payload, 

system capable of being easily deployed on the satellite’s track, from one day to another, 

according to the time and location of the satellite’s overpasses. MAMS is the perfect 

candidate for this activity. Its data quality has been assured; it has been compared against 

two reference research lidars in EARLINET and profiles down to the ground have been 

validated against in situ measurements at ground level. The lidar in MAMS payload can thus 

be considered as a reliable mobile reference lidar.  

Many studies treat the comparison of ground-based and satellite-based lidar 

attenuated backscatter and the backscatter coefficient and less are focused on the 

comparison of the extinction coefficient aerosol product. Papagiannopoulos et al. (2016) 

presents the comparison against extinction coefficients provided at 5 lidar stations in 

EARLINET, at a minimum distance around 60 km and within 150 km range from the satellite 

ground track. A mean relative difference of 25% was found for the extinction retrievals and 

the comparison of profiles was done down to 1-2 km altitude. Kim et al. (2008) presents the 

comparison against aerosol extinction profiles from ground-based lidar within 10-km from the 

satellite’s ground track, finding that both ground-based and satellite-based lidars agree within 

about 0.02 km-1 in the PBL for a clear sky condition and that there are large discrepancies for 

aerosol retrievals under semi-transparent cirrus-clouds, during daytime.  

Here we present the comparison of extinction coefficients at 532 nm derived from 

CALIOP algorithms against retrievals from the MAMS ground-based lidar data.  

CALIOP Level 2 aerosol product (APRO) of extinction coefficient at 532 nm has been 

used for the comparison. The aerosol profile products are reported at a uniform spatial 

resolution of 60-m vertically in the troposphere, up to 20 km, and 5-km horizontally. The 

description of CALIOP data and retrieval of extinction coefficient profiles can be found in 

Winker et al. (2009) and Young et al. (2013).  

For the ground-based lidar set up in MAMS the inversions have been performed with 

the Klett-based algorithm, BASIC, using the aerosol optical depth constraint during the 

daytime and using a constant extinction-to backscatter ratio (lidar ratio) during nighttime. The 

AOD used for the daytime retrievals have been derived from the coincident PLASMA sun 

photometer measurements. The lidar ratio employed for the nighttime retrievals is the one 

used in the CALIOP retrievals for polluted continental aerosol type (70 sr). 

We present initial validation results of the satellite-based lidar CALIOP onboard 

CALIPSO using coincident measurements done by the ground-based Cimel lidar set up in 

MAMS, during an experiment conducted in North China Plain. I coordinated and conducted 

this intercomparison in the framework of MOABAI campaign. MAMS was driven to the 

closest location of the satellite’s ground track during the mobile measurements in progress at 

the time of the overpass, checking the overpass prediction tools. We thus performed three 
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computed for the range from 0.5 km to the last altitude of retrieved aerosol profile from 

CALIOP, for 16, 17 and 18 May 2017, respectively. 

Both lidars agree on the aerosol structures (PBL) describing very well the top of the 

boundary layer for all three observations. The accuracy of the top of the PBL is very good 

during clear sky conditions. These results show that for specific studies, ground-based and 

satellite-based lidars, together with in situ measurements at ground level, complement each 

other and could be combined in order to provide the complete information on the aerosol 

vertical distribution, from ground level to the highest layers of the atmosphere. 

Compared to other studies, the results presented here are outstanding by the 

employed method (using a mobile system to go on CALIPSO satellite’s ground track) and by 

achieving the closest distance to the track (1-3 km), limiting thus the discrepancies in the 

comparison due to the spatial and temporal variability. This application of the mobile system 

is extremely interesting for CAL/VAL activities of current and future space missions. 

 

6.2. Evaluation of chemistry-transport models 

6.2.1. Air quality model (ESMERALDA) 

In this part we evaluate the modeled PM10 concentrations at surface level against the 

concentrations observed through mobile measurements. For the comparison we have 

considered the PM10 concentrations modeled by ESMERALDA (EtudeS MultiRegionALes De 

l’Atmosphere, http://www.esmeralda-web.fr/), which is based on the chemistry-transport 

CHIMERE model (Menut et al., 2013). The model provides hourly predictions of PM10 (along 

with other chemical components) on a 3-km resolution grid (regional domain) for each day. 

For our study, the model outputs assimilating the data from regional air quality stations were 

considered. We determined how well the model agrees with the surface measurements in 

revealing the spatial variability of particle concentration. The aerosol spectrometer 

measurements at surface level are complementary to the lidar measurements because they 

are carried out at ground level, in the lidar’s “blind zone” (from surface to 180 m agl). 

Additionally, they allow verifying the order of magnitude of the particle mass concentration 

derived from lidar-photometer coupling at its closest point to the surface. These 

measurements can also be considered in a joint retrieval as an additional constraint to 

improve the extinction coefficient, mostly in the lower part of the profile, as shown previously.   

The mobile measurements of particle number concentration performed along Lille-

Palaiseau transect on 28 August 2017, from 08:00 UTC to 11:30 UTC, have been considered 

for the comparison. From these measurements, PM10, PM2.5 and PM1 concentrations along 

the transect have been calculated. In order to compare the PM10 variability from model to that 

from mobile observations, we selected the modelled PM10 corresponding to each hour spent 

on the road and the corresponding segments of the mobile transect. Figure 6.4a depicts the 

spatial variability of modelled PM10 (contour plot) along with the measured PM10 on Lille-

Palaiseau mobile transect (color mapped circles). The ATMO Hauts-de-France and 

AIRPARIF air quality stations closest to the investigated route are also shown in Figure 6.4a 

(color mapped stars).  
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Figure 6.4. Spatial variability of (a) modelled PM10 concentrations and PM10 measured by mini-

WRAS during mobile observations along Lille-Palaiseau transect on 28 August 2017. Air quality 

stations along the road are marked with colormapped stars. The colormap is the same for both 

the measured and the modelled PM10 concentrations . (b) extinction coefficient at 532 nm at 

ground level computed using Mie calculations on aerosol spectrometer data. 

The model outputs and the mobile observations are consistent in describing the same 

gradient in PM10 from Lille to Paris, showing concentrations higher than 65 µg m-3 around 

Lille (50.61 ° N, 3.14 ° E) and around 20 µg m-3 at Palaiseau (48.712 ° N, 2.215 ° E). Some 

differences can be noted, higher observed than modeled concentrations around Lille and 

localized peaks along the transect and when crossing Paris ring road. One must consider 

that our measurements have higher resolution (1 minute), while the model outputs 

correspond to the concentrations at the exact hour. Spatially, we obtain localized 

measurements along roads compared to the 3-km resolution of the model. Furthermore, the 

mobile measurements are performed along highways, which can present higher variability of 

the concentrations, depending on the fluctuations of the road traffic. The measured PM10 

when entering the highway at Lille reach 110 µg m-3 and decrease to 40 µg m-3 at 80 km 

away from Lille, and to 25 µg m-3, when approaching Île-de-France. Higher concentrations 

(43-72 µg m-3) are observed along the east side of the ring-road surrounding Paris. High 

levels of fine particles (PM1) around Lille and the Paris ring road indicate the influence of 

heavy traffic. Table 6.1 reports the PM10 levels recorded as 15-minutes average at air quality 

stations along the route and the corresponding 1-minute aerosol spectrometer 

measurements from mobile observations.  
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Air quality (AQ) station 

 

Station 

type 

UTC 

AQ 

PM10 AQ 

(µg/m
3
) 

UTC 

Mobile 

PM10 Mobile 

(µg/m
3
) 

Distance 

(km) 

Lille Fives 

(50.63° N, 3.09° E) 

urban 8:00 62 7:30-8:00 61±6 4 

Douai Theuriet 

(50.38° N, 3.07° E) 

urban 8:30 68 8:32 94 6 

Saint Laurent Blangy 

(50.31° N, 2.81° E) 

suburban 10:00 54 8:37 70 6 

Nogent sur Oise 

(49.28° N, 2.48° E) 

urban 10:15 27 10:18 33 16 

Creil 

(49.26° N, 2.47° E) 

urban 10:15 31 10:19 36 15 

Bobigny 

(48.904° N, 2.46 ° E) 

background 11:00 20 10:48 43 6 

Route nationale 2- Pantin 

(48.902° N, 2.39° E) 

traffic 11:00 40 10:48 43 1.2 

Boulevard Périphérique Est 

(48.84° N, 2.41° E) 

traffic 11:00 33 10:58 62 0.2 

Table 6.1 Comparison of measured PM10 from air quality stations closest to the investigated 

route and the corresponding mobile measurements on 28 August 2017 from Lille to Palaiseau, 

France. 

We checked the PM10 values from air quality station, model and our measurements at 

the departure point, Lille, and the agreement is excellent: 62 µg m-3 measured at Lille Fives 

air quality station (average between 07:00-08:00 UTC), 61 ± 6 µg m-3 measured by the 

aerosol spectrometer on board the mobile platform (average between 07:30-08:00 UTC) and 

61 µg m-3 from model (at 08:00 UTC). The mobile measurements were performed along the 

major highway (A1) connecting Lille to Paris, which explains the enhanced PM10 values 

compared to the levels measured by regional air quality monitoring stations. Taking into 

account all the variables, e.g. distance between the mobile and stationary measurements, 

type of station and temporal resolution, the PM10 concentration levels from air quality stations 

and our measurements are in good agreement. Regarding the comparison with the modelled 

PM10, leaving aside the different temporal and spatial resolutions of the model versus 

observations, the results are in very good agreement. As ESMERALDA models the 

background concentrations (due to the size of the mesh), the differences observed along 

highways are normal, especially as higher concentrations along roads are dependent on 

unpredictable events like traffic jams. Our results show a possible application of the mobile 

platform for evaluating chemistry-transport models performances. 

The aerosol extinction coefficient near surface (Figure 6.4b) was obtained by applying 

scattering theory (Mie in our case) on the size distributions measured by Grimm mini-WRAS 

and assuming a refractive index of 1.58-0.01i. The in-situ-derived extinction coefficients at 

surface level show that same gradient from Lille to Palaiseau as observed in the PM10 

concentrations. Extinction as high as 0.50 km-1 was obtained on the highway at Lille, which 

decreased to 0.07 km-1 at Palaiseau. As mentioned previously, this information can be used 

to constrain the lidar inversion at surface level and will be implemented for the routine 

retrievals of extinction coefficient profiles from mobile measurements. 
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We first compared the aerosol extinction coefficient at the lowest lidar detectable 

range (180 m) with the extinction coefficient at ground level computed at 532 nm using Mie 

theory. Aerosol scattering and absorption coefficients can be calculated if the size distribution 

and refractive index are known and assuming spherical particles. For our Mie calculations we 

used the size distribution measured at Lille, 15:30 UTC by an aerosol spectrometer and the 

refractive index was computed using an indirect method. For the last nephelometer and 

aethalometer measurements at Lille, 08:00 UTC, aerosol absorption and scattering 

coefficients were simulated for different refractive indices until the difference between 

measured and computed scattering and absorption coefficients was minimized. A value of 

1.58-0.01i was found for the complex refractive index. This value is within the range of 

retrieved refractive indices of 1.56-0.01i to 1.58-0.01i found by Levin et al. (2009) for a 

mixture of organics, soil, sulphates, nitrates and carbon, which are characteristic components 

in urban environments (Niemi et al., 2006). After finding the refractive index, we apply Mie 

theory to compute the aerosol extinction coefficient at 532 nm. We can see in Figure 6.5a an 

excellent agreement between the calculated extinction coefficient (0.10 km-1) at ground level 

and the near surface (180 m agl) lidar-derived extinction coefficient (0.10 ± 0.03 km-1).  

In order to compare our observations to the BSC’s DREAM8b dust model simulations, 

the lidar extinction coefficient profile was reduced to the model’s vertical resolution by 

applying sliding averages around model’s height levels. The dust layer is delimited between 

2 and 5.8 km, seen by both observations and model. The mean lidar-derived extinction is 

0.025 km-1 (±0.015), while the model’s mean extinction is 0.012 km-1 (±0.006), resulting in a 

mean bias of -0.01 and a RMSE of 0.02. For the comparison, it should be kept in mind that 

the lidar-derived extinction coefficient uncertainties are of the order of 15-25%. The optical 

depth of the dust layer is 0.08 at 532 nm from lidar observations compared to 0.04 at 550 nm 

from model simulations. The differences between model and observations can be explained 

by the limited vertical model resolution compared to the lidar resolution and by the spatial 

and temporal differences between the observed and modeled profiles considered for the 

comparison. The contribution of anthropogenic pollution below 2.5 km explains the 

differences between model and observations, since the model provides extinction coefficient 

only for dust particles. Mobile observations between Lille and Dunkerque show that the 

predictions of the dust model is correct, even for low AOD of the dust layers. A strong peak in 

extinction is observed at 870 m, with value as high as 0.69 km-1 (±0.02). Radiosonde 

measurements at Trappes at 12:00 UTC (not shown here) show a PBL height of the order of 

878 m, marked by a maximum of relative humidity of 73%, which agrees surprisingly well, 

despite different locations, with the strong increase in extinction coefficient at 870 m agl 

observed from lidar measurements over Lille. Urban aerosols are subject to water uptake 

(Swietlicki et al., 2008), which leads to changes in aerosol optical properties that could 

explain the high extinction values at the top of the PBL.  

The lidar-derived mass concentration profiles (Figure 6.5b) were calculated from the 

retrieved extinction coefficient and by assuming typical aerosol properties. A first aerosol 

model (“aerosol model 1”), consisting of a fine-mode dominant volume size distribution and a 

refractive index of 1.58-0.01i, was applied for calculations of mass concentrations up to 2.4 

km altitude, while above 2.4 km, a size distribution with equal contributions of fine and coarse 

fractions and a complex refractive index of 1.5-0.005i were used (“aerosol model 2”). These 
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choices were made based on hypotheses on the aerosol types within the atmospheric 

column: small, absorbing particles in the first layers up to 2.4 km and less absorbing, 

transported dust particles, (possibly mixing with pollution particles along the transport) above 

2.4 km. The aerosol density values used for the calculations were 1.7 g cm-3 and 2.6 g cm-3, 

relevant for urban and desert dust particles, respectively. A mean lidar-derived mass 

concentration of 16 ± 10 µg/m3 is obtained for the dust layer above 2.4 km, compared to a 

mean modeled dust concentration of 11 ± 6 µg/m3, resulting in a mean bias of -5 and a 

RMSE of 9. These results show a pretty good agreement in regards of the uncertainties on 

both observations and model sides. The calculated mass concentration for the urban 

aerosols below 2.4 km reaches a maximum of 152 ± 5 µg/m3 at 870 m and a value of 23 ± 6 

µg/m3 near the surface (180 m agl). The near-surface value is comparable to the closest 

PM10 from ATMO Hauts-de-France (Lille Fives) air quality measurement, of 30 µg/m3 at 

15:45 UTC.  

 

6.3. Lidar intercomparison campaigns in France 

6.3.1. Context, instruments and intercomparison methodology 

Owing to the mobility and robustness of the lidar system in MAMS, the mobile 

exploratory platform was involved in a lidar intecomparison campaign and deployed on 

several French lidar sites. France operates high and low power lidars and ceilometers at 

several observation stations (Lille, Paris, Palaiseau, Clermont Ferrand, Observatoire de 

Haute Provence, La Réunion Island and Dakar, Senegal). These lidar sites, together with the 

sun photometer sites, belong to the ACTRIS France network, dedicated to research on 

climate and air quality. In addition, Météo France runs an operational network of five low 

power commercial micro-pulse lidars (MPL) designed and commercialized by Sigma Space 

company. ACTRIS-France has supported a network activity purposed to check the 

consistency of lidar measurements and derived aerosols products on the French territory. 

The advantage of using MAMS for this campaign is the ease of deployment of the mobile 

lidar on-site at different locations, compared to the installation of more performant lidars 

which are bulky, require special containers and it takes more time for the shipment of the 

instruments and for the installation. MAMS is a simple solution for this type of studies and is 

more cost effective compared to the organization of intercomparison campaigns with more 

performant lidar system, such as Raman lidars. The performance of the CE370 lidar set up in 

MAMS has been validated against two high-performance Raman lidars in EARLINET, which 

gives confidence in our measurements and it can be considered as a reference, mobile, low 

power system. 

The map of the French lidar sites involved in the campaign is presented in Figure 6.6. 

The periods of observation, site locations and main characteristics of the lidar systems are 

summarized in Table 6.2. Each intercomparison span over 2 days as to have daytime and 

night-time measurements to compare the performances of the systems by day and by night. 

Once arrived on site, the mobile lidar does not require any special setup, the lidar remaining 

in the vehicle and performing continuous measurements. Caution must be taken only to use 
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Period 

 

Location Lidar 

name 

Main lidar characteristics 

all periods MAMS CE370 CIMEL micropulse Lidar (532 nm), monoaxial 

4.7 kHz, 20 µJ, APD/PhC, 15 m resolution 

14/09/2016 Lille 

(50.61° N, 3.14° E) 

MiniMPL SigmaSpace micropulse Lidar (532 nm), biaxial 

2.5 kHz, 4 µJ, APD/PhC, 30 m resolution 

04-

05/07/2017 

Toulouse 

(43.57 ° N, 1.37 ° E) 

MiniMPL SigmaSpace micropulse Lidar (532 nm), biaxial 

2.5 kHz, 4 µJ, APD/PhC, 30 m resolution 

06-

07/07/2017 

OHP 

(43.93° N, 5.71 ° E) 

CE376-

GP 

CIMEL micropulse Lidar (532 nm s, p), biaxial 

4.7 kHz, 7 µJ, APD/PhC, 15 m resolution 

28-

29/08/2017 

Palaiseau 

(48.71 ° N, 2.21 ° E) 

 

IPRAL 

 

 

Multi-λ Raman lidar: (355/532 s, p and 1064 nm) 

30 Hz, 375mJ@355 nm, biaxial,  

Analog/PhC, 7.5 m resolution 

Trappes 

(48.77 ° N, 2.01 ° E) 

MiniMPL SigmaSpace micropulse Lidar (532 nm), biaxial 

2.5 kHz, 4 µJ, APD/PhC, 30 m resolution 

23/11/ 2017 Lille 

(50.61° N, 3.14° E) 

LILAS Multi-λ  Raman Lidar: (355/532/1064 nm s, p)  

20 Hz, 60mJ@532 nm, coaxial/biaxial, 

Analog/PhC, 7.5 m resolution 

26-

27/02/2018 

Paris 

(48.84° N, 2.35° E) 

CE376-

GPNP 

CIMEL micropulse Lidar (532/808 nm s, p) 

4.7 kHz, 7 µJ, biaxial, APD/PhC, 15 m resolution 

24-25, 

29/09/2018 

Aléria, Corsica 

(42.10° N, 9.51° E) 

MiniMPL SigmaSpace micropulse Lidar (532 nm), biaxial 

2.5 kHz, 4 µJ, APD/PhC, 30 m resolution 

Table 6.2. Dates, locations, lidar names and main characteristics of low and high power lidar 

systems on France territory involved in the intercomparison campaigns during 2017-2018. 

A comparison of the lidar signals was performed in order to examine the capability of 

each lidar system in identifying aerosol and cloud layers. In each case, the aerosol and cloud 

layers were well identified by all systems. 

In order to use the lidar profiles measured at each station for operational aerosol 

monitoring, in synergy or not with sun photometers, or with in situ ground level aerosol data, 

it is also necessary to evaluate their capability of providing aerosol extinction coefficient 

profiles and height-independent lidar ratios. These variables are provided by the BASIC 

algorithm, which is set up at ICARE/AERIS data and services center and is ready for the 

operational processing of lidar inputs. Nevertheless, one must first check the reliability of the 

input lidar data. The extinction profiles for some cases have been derived using BASIC 

algorithm with the same input parameters (same reference zone, same filtering method) for 

each set of 2 lidar data, as to see the impact on the retrievals due to the input lidar data.  

 

6.3.2. Toulouse 

The quicklooks of the RCS time series provided by CE370 microlidar set up in MAMS 

and the MiniMPL at Météo France site at Toulouse, on 4 July 2017, from 15:00 to 24:00 UTC 

are shown in Figure 6.7. 
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km. This is not normal for this type of system (biaxial), which should have a full overlap at 

lower range, around 1 km, as found for other MiniMPL set up at Lille and Trappes sites, 

consistent with the evaluation of MiniMPL data at Lille done by Hervo and Haefele (2016). 

After removing the predefined overlap correction for the MiniMPL at Meteo France Toulouse 

the MiniMPL RCS (magenta) is very similar to that of CE370 (green) in Figure 6.8a. 

The suggestions after this intercomparison exercise are to check the overlap 

correction and see whether this is or not the reason for the biased extinction coefficient and 

lidar ratio retrievals.  

 

6.3.3.  Observatoire de Haute-Provence (OHP) 

This observatory has been operating stratosphere lidars for a long time in the 

framework of NDACC (Network for Detection of Atmospheric Composition Change) at the 

Gérard Mégie Station (SGM). More recently, since 2015, a micro-lidar is operated by ICOS 

(Integrated Carbon Observation System), station close to SGM, performing observations of 

interest for the monitoring of the boundary layer and of the aerosols in the free troposphere. 

The micro-lidar is the CE376-GP model from Cimel company and its main characteristics are 

presented in Table 6.2. 

The quicklooks of the RCS time series provided by CE370 microlidar set up in MAMS 

and the CE376-GP at OHP, on 7 July 2017, from 00:00 to 14:00 UTC are shown in Figure 

6.9. The quicklooks of the RCS time series show aerosol layers up to around 5 km agl and 

both lidar systems detect all the aerosol layer structures. As presented in Section 5.1.2.2, 

these lofted aerosol layers in the free troposphere correspond to a desert dust transport. The 

atmosphere above 5 km agl is dominated by the molecular scattering. One can also notice 

that the CE376-GP lidar has more limited vertical useful range during the day compared to 

CE370. This is due to the configuration of the lidar system, the CE376-GP having a biaxial 

configuration and thus a higher FOV and a shorter focal length, which unfortunately allows 

more background light to be recorded by the lidar system. Nevertheless, the signals during 

the day could be acceptable up to around 6 km if a noise filtering is applied before inverting 

the data. This is important prior to inversions as to not initialize the retrievals on a noise 

peak. During night-time the CE376 has improved sensitivity, similar to CE370 lidar, being 

able to profile aerosol and cloud layers up to 12 km altitude. The relative differences of the 

non-smoothed lidar signals from the calculated Rayleigh signal are within 10% and the SNR 

is higher than 1 up to 9 km altitude for the CE370 lidar. However, when applying the 

Rayleigh-fit check on the CE376-GP lidar signals, we noticed that there is a problem with the 

CE376-GP lidar, as the nighttime signals did not fit to the calculated molecular profile (Figure 

6.10). Another common issue could be the temperature-dependent variations in the overlap 

function if the thermal enclosure is not working properly. This could be one reason for some 

problems.  

 











Chapter 6. Applications of the mobile system 
 

 141 

The comparison with the other two Cimel micro-lidars operated on French territory 

showed that the system set up at OHP had a technical problem and rather good agreement 

with the system in Paris (LATMOS / QUALAIR). The data from Paris are still subject to 

changes, as some corrections need to be rechecked, but from the comparison it was seen 

that the CE376-GPNP microlidar RCS are overestimated below 1.3 km. This higher RCS 

could come from a small optical adjustment that needs to be made on the lidar system. The 

impact on the derived extinction coefficient profiles was checked and showed that too low 

and not so physical lidar ratio values were obtained from the CE376-GPNP input data. A 

problem in the optical adjustment of the CE376-GP at OHP has been identified thanks to this 

intercomparison campaign and allowed to fix and improve the performances of the lidar 

system.  

A very good agreement in lidar profiles has been identified from the comparison of the 

CE370 from MAMS mobile system with the two reference lidars in EARLINET, IPRAL at 

Palaiseau and LILAS at Lille. When comparing to LILAS, the two profiles were almost 

identical above 700 m (full overlap altitude of LILAS system). When comparing CE370 to 

IPRAL, it was observed that IPRAL signals below 700 m are higher than those from CE370 

and it needs to be checked whether this difference is coming from an optical adjustment 

needed for the near-range telescope or from the saturation of the detector due to the high 

backscatter signals in the near-range. 

All in all, the lidar intercomparison campaigns were useful and successful, allowing 

identifying the problems on some lidar systems and data processing and the improvements 

or check-ups that need to be made on some systems. This activity brought us a step forward 

in the consistency and quality assurance of lidar data from various lidar systems on French 

territory. Checking the lidar input data is a vital step before feeding the data processing 

chains and inversion algorithms in order to obtain the researched aerosol variables. This 

activity is not so expensive and should be performed for each new lidar system and from 

time to time. We suggest it could be incorporated in the ACTRIS-FR SOP (GT1). 

 

6.4. Conclusions 

Three possible applications of MAMS mobile exploratory platform have been 

explored.  

The evaluation of satellite derived products, such as the aerosol optical depth (AOD) 

from MODIS instrument embarked on Aqua satellite, was purposed to show the interest, and 

agility, of MAMS for CAL/VAL activities. MAMS, together with its PLASMA sun photometer is 

a more cost-efficient and time-efficient solution due to the mobility and the robustness of the 

proposed mobile sun photometer. For the moment, the current one has some limits (no sky 

measurements capability) for the validation of other variables, such as the absorption (SSA), 

but it is planned in perspectives. 

The evaluations of two chemistry-transport models, one designed for dust vertical 

concentration predictions (BSC-DREAM8b) and one designed for particulate matter 

concentration predictions (ESMERALDA) at the surface level, used by the French air quality 

network, have been presented, showing the interest of a mobile facility to validate the model 
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versus observations and the possibility to track spatially the predicted variability of aerosol 

concentrations.  

Finally, the results of the first lidar intercomparison campaigns organized at French 

national scale have been presented. The uniqueness of this campaign consists in the use of 

a mobile exploratory platform, MAMS, which was easily deployed from one site to another in 

order to check the quality of measurements at almost each French lidar station. This was a 

needed and useful activity that allowed checking the uniformity of measurements and 

identifying the problems on some lidar systems, which is a mandatory step for a network 

before retrieving, delivering and disseminating aerosol products for significant use tot the 

scientific community. This activity is complementary approach to the ACTRIS-EU/LiCal 

calibration SOP. 
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Chapter 7. Conclusions and perspectives  

7.1. Conclusions 

This work is resulting of collaboration between a research laboratory (LOA) and a 

manufacturer of remote sensing instruments (CIMEL), in the framework of a CIFRE 

(Conventions Industrielles de Formation par la REcherche) project, whose objective is to 

promote the development of public-private research partnership.  

One can thus understand that objectives on both research and manufacturer sides 

have been defined. 

The interest for the research laboratory is to design and develop a robust mobile 

system, integrating instruments for aerosol observations, system which could be easily 

deployed for studies of aerosol spatial variability at regional and national scale or more 

widely. The need of such systems has emerged in the framework of Labex CaPPA 

(Chemical and Physical Properties of the Atmosphere) and CLIMIBIO CPER (Changement 

climatique, Dynamique de l'atmosphère, Impacts sur la biodiversité et la santé humaine) 

projects, aimed to study the evolution of environments and climate and to gain a better 

knowledge on the 4-D distribution of aerosol properties. This context offered us the 

playground to embark remote sensing and in situ instruments on a mobile platform, to 

combine complementary measurements through instruments synergy and improve aerosol 

properties retrievals. A direction that was explored, in particular, was the estimation of 

particle mass concentration profiles from the acquired data on aerosol properties, variable on 

which not many researches focus on, being however requested. But what is better: 

something to start from and see what can be improved or not trying at all? We have taken up 

this challenge and we have improved our knowledge through the performed studies. 

The interests for the manufacturer were to introduce the concept of a compact mobile 

system to the market, to test and to validate their instruments for such mobile applications. 

Not only the instrument manufacturer has such interest, but also researchers in search of 

exploring new methods to observe the variability of aerosol properties. Another aim was to 

show the interest of the company’s robust instruments for applications such as satellite 

CAL/VAL and models validation, applications that were overlooked for low power lidars, due 

to the existence of more performant systems on the market or in the research community. 

Nevertheless, the advantages of such proposed system, its compactness, mobility, 

robustness, stand out compared to other systems and cannot be achieved by too many 

instruments. This work was fruitful for the company as it allowed putting in value their 

instruments for research, through different mobile studies, opening interest from the research 

communities. Identifying eventual problems while testing the instruments allowed the 

manufacturer to improve their instruments. Finally, it also allowed the manufacturer to 

acknowledge what additional information is needed for their instruments in order to better 

address the aerosols mass concentration estimation issue, what are the technical 

developments to be made, and will invest more in this direction. The particle mass 

concentration estimations particularly interest the manufacturer, who would like to propose it 
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as a product for the mobile system. Seeing the success and the interest of a mobile system 

for different communities, the company intends to propose a complete MAMS (Mobile 

Aerosol Monitoring System) solution, based on this work. All these would allow increasing 

the demand of their instruments and of the proposed mobile system, MAMS, with its 

associated products, for different applications and eventually bring profit to the company, 

vital element that makes the company function and allows the improvement of instruments.  

I believe that these objectives, on both research and manufacturer side, have been 

achieved through this work and will be continued in the future.  

MAMS (Mobile Aerosol Monitoring System), a ground-based, lightweight, mobile 

exploratory platform dedicated to the measurements of atmospheric aerosols properties, 

designed for both stationary and mobile measurements during the vehicle’s motion, has been 

developed through the efforts of all the people involved. The mobile system and the 

instruments embarked on it, namely a mobile sun photometer, a micropulse lidar and a 

particle sizer, have been presented. All instruments included in the MAMS payload have 

been validated against standard instruments, i.e., master sun photometer in AERONET 

Europe, reference lidar in EARLINET/ACTRIS and TEOM, part of ATMO French air quality 

network. The uniqueness of MAMS consists in combining remote sensing and in situ 

instruments for investigating the vertical and spatial variability of aerosol properties. At this 

time, no other atmospheric mobile laboratory combines lidar, sun photometer and in situ 

aerosol spectrometer. The goal was to obtain a robust, compact, lightweight mobile system 

to be easily deployed for mobile aerosols observations and this has been achieved.  

The interest of integrating additional in situ instruments, namely a nephelometer, and 

an aethalometer has been also presented through the original results obtained in a 

collaborative mobile campaign in China. These in situ instruments are complementary to the 

remote sensing techniques and provide measurements of essential variables such as 

scattering and absorption coefficients at surface level, variables necessary for a better 

comprehension of the type of particles along the studied transects, of their interaction with 

light as well as for completing the lidar extinction profile down to the surface. 

In its current status MAMS is an operational vehicle-based mobile system, ready to be 

used for different aerosol studies and applications. Measurements of spectral AOD with 0.02 

uncertainty are achieved with the sun photometer, while extinction coefficient profiles with an 

uncertainty of 15-25% and mass concentrations profiles with an uncertainty of 35-40% can 

be derived from the synergy of remote sensing and in situ instruments on-board the mobile 

system. These uncertainties can be reduced if we can better characterize aerosols 

microphysical and optical properties with the help of improvement and upgrade of 

measurement capabilities. The advantage of the described mobile system is its great 

flexibility, being able to be deployed for on-road measurements with no or little preparation 

beforehand, compared to airborne campaigns that require more administrative permissions 

and that are more difficult to set up. In addition, the system is cost-effective compared to the 

organization of extensive campaigns, which require more financial and human resources.  

Owing to the ease of its operation, the instrumented van can be deployed in case of 

sudden events necessitating fast reactivity, e.g. pollution and fire events, transport of dust, 

intrusion of volcanic ash etc. as well as for collecting vertical and surface data, important for 

modelling.  
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The aerosol variables that are produced from the measurements and from the 

synergy of remote sensing and in situ instruments on board MAMS are currently: extinction 

coefficient and mass concentration profiles and height-independent extinction-to-backscatter 

ratio from the synergy of remote sensing and in situ instruments; aerosol optical depth, 

Angstrom Exponent and total volume size distribution, column-integrated variables from the 

sun photometer measurements; and particle number and volume concentration and size 

distributions and PM10, PM2.5 and PM1 mass concentrations at surface level from the particle 

sizer measurements. The aerosol variability studies were performed through these variables. 

Regarding the methodology, new developments in the retrieval algorithms have been 

made by integrating the in situ measurements. A method to invert lidar signals without AOD 

constraint but only with in situ constraint has been explored for a specific campaign (PM3, 

PM assessment by coupling Measure and reverse Modeling - Technological and 

methodological developments for the quantification of diffuse dust emissions, campaign on 

an industrial site), which required adapting the inversion methodology, and the preliminary 

results (not discussed) show interesting perspectives of this method for the retrieval of the 

extinction coefficient.  

The mass concentration profiles were estimated using an extinction-to-mass 

relationship and the additional information on aerosol properties such as particle size 

distribution at surface level and on the column have been integrated in the calculations in 

order to discriminate the aerosol contributions. The estimations of mass concentrations 

profiles down to the surface are generally in good agreement with the levels observed at 

surface level by air quality monitoring stations. 

The evaluation of the particle mass concentrations profiles shows potential 

capabilities of lidar measurements for air quality applications, such as estimation of PM10 and 

PM2.5 at local and regional level using a mobile system. The mass concentration estimation 

on more than one point and a small spatial scale is important for so many applications: alert 

in case of volcano eruption and dispersion of volcanic ash or of smoke plumes in case of 

natural or induced fires, important for aviation and for aerosol large scale modeling, important 

for air quality monitoring and modeling and for a better comprehension of pollution events 

and dynamics at local and regional scale and forecast of pollution events and last, but not 

least, important for climate modeling. 

In order to obtain a near autonomous mobile exploratory platform, a certain number of 

campaigns was needed. The campaigns allowed testing the instruments on a mobile 

platform, finding the problems when the systems were not working, fixing them, finding the 

external parameters influencing the proper operation of the instruments, all which allowed 

improving the mobile system. Using the lessons learnt from each campaign allowed 

continuous improvements in order to have a robust mobile system at this moment. Regarding 

the operation of the mobile system, generally, the participation of two operators is advised for 

performing mobile campaigns. The system being quite autonomous, only one driver is 

sometimes sufficient since follow-up of the on-going measurements can be achieved through 

remote access software.  

I participated to the majority of the campaigns, some of which could be performed 

only by 1 or 2 persons, as all the instruments in the mobile system were autonomous in the 

end. Participating to a certain number of campaigns and analyzing the acquired data allowed 
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me to gain expertise in planning and organizing mobile campaigns, to have a critical eye on 

the purpose and main outcomes of the variability studies, to advance in the scientific 

research and to ask myself questions on what is still needed (in instrumentation, synergy and 

methodology) in order to improve the characterization of aerosol properties and what can be 

achieved to this end. It also allowed me to gain experience in troubleshooting instruments in 

case of problems, to quickly find the source of the problems and fix them or to have ideas on 

how to fix them, and this can be achieved only by repeated trials. By acquiring this through 

all these campaigns allowed me to gain the required competences for setting up instruments 

on another mobile platform (MOABAI campaign in China) or to adapt on-site for specific field 

campaigns (on an industrial site). This lead in the end to increasing the time efficiency in 

setting and checking up instruments on the mobile platform in order to be ready quickly for 

mobile observations initiated at short notice. 

Several aerosol variability studies have outcomed from the campaigns performed with 

the mobile system. The majority of the observed aerosol situations (clean, pollution, dust 

transport) has been analyzed and the results have been presented as posters and oral 

communications at different meetings at local, national, European and international level, at 

meetings in the framework of ACTRIS, CLIMIBIO CPER and Labex CaPPA and not only.  

In the present manuscript three variability studies have been presented in details: one 

on a long mobile transect in France, one during the occurrence of an extreme event of 

stratospheric aerosols and one from the MOABAI campaign in China, where the remote 

sensing instruments have been deployed and set up on another mobile platform. 

The first case study from the campaigns conducted in France illustrated the aerosol 

properties variability’ measured on-road during a major trip (~2500 km) over the territory of 

France throughout 3-8 July 2017. The PM10 concentrations at surface level were relatively 

low, below 50 µg m-3, exception making crossing a traffic jam in Paris and a tunnel in Lyon 

and an important transport of Saharan dust up to 5 km altitude was observed over eastern 

France during the last part of the campaign. The measurements allowed mapping the 

gradient between big cities/busy highways and countryside/mountains regions and the 

estimations of mass concentrations profiles have been compared to the dust concentration 

forecast in order to evaluate the agreement of the model with the observations and to point 

out the limits.  

The second example presented is a case of strong vertical variability of aerosol layers 

travelling through the atmosphere, in the boundary layer, the free troposphere and, 

remarkably, in the stratosphere, variability observed within a distance of ~ 250 km from 

Palaiseau to Lille, France, on 29 August 2017. Surprisingly, the aerosol optical depths in the 

highest layers of the atmosphere (0.22) and in the free troposphere (0.13) were higher than 

the local aerosol contribution (0.06) of the total aerosol optical depth at 532 nm of 0.41. It 

was an extraordinary event of long-range transport of aged smoke from intense Canadian 

wildfires, added to a transport of Saharan dust in the free troposphere. 

Finally, an example of spatial variability in North China Plain, during MOABAI 

campaign in the 5-23 May 2017 period, has been presented. It was the first time such studies 

on spatial and vertical variability, using a lidar, a sun photometer and in situ instruments, 

have been conducted in China. The diversity of atmospheric situations, from “clean” to heavy 

pollution days, showed the capabilities and limits of measurements in such cases. Lidar is 
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specifically a key tool in campaigns for providing the vertical variability of aerosols and for 

separating aerosol contributions (transport vs. local) on the total column. A complete analysis 

was focused on a case study of mobile measurements in a heavily polluted and complex 

area, between Tianjin and Tangshan cities and along the Binhai New Area and the Tianjin 

port. In situ and remote sensing datasets were analyzed and combined in order to give an in-

depth characterization of aerosol optical, microphysical and chemical properties and their 

spatial and vertical variability. This work will be submitted for publication. 

Three possible applications of the MAMS have been explored.  

The evaluation of satellite derived products, such as the aerosol optical depth (AOD) 

from MODIS instrument embarked on Aqua satellite, was purposed to show the interest of a 

mobile sun photometer for satellite CAL/VAL activities. MAMS, together with its PLASMA sun 

photometer is a more cost-efficient and time-efficient solution due to the mobility and the 

robustness of the proposed mobile sun photometer. 

The evaluations of two chemistry-transport models, BSC-DREAM8b and 

ESMERALDA, have been presented, showing the interest of a mobile facility to validate the 

model and the possibility to track spatially the predicted variability of aerosol concentrations.  

Finally, the results of the first lidar intercomparison campaigns organized at French 

national scale have been presented. in the frame of ACTRIS-FR campaign, MAMS was used 

to check the quality of measurements at each lidar station. The lidar intercomparison 

campaigns were useful and successful, allowing identifying problems in lidars and data 

processing and outlined the improvements or check-ups that need to be made. This activity 

brought us a step forward in the consistency and quality assurance of lidar data from various 

lidar systems on French territory. Quality assured data is a vital before feeding the data 

processing chains and producing aerosol variables. 

The interest of the mobile system for operational aerosol observation networks within 

ACTRIS appears very clearly and should be maintained. It is complementary to LiCal in 

ACTRIS-EU. 

Doing this work and participating at ACTRIS meetings allowed me to see the interests 

on aerosol studies, the new advancements on technologies, and the links that are beginning 

to strengthen between the remote sensing and in situ communities. We need each other and 

one is no less good than the other. The research work should be more focused on the 

synergy of measurements than on the separation of the “in situ” and “remote sensing” 

measurements. It also showed me the importance of communication between research 

groups in a network. The whole idea of a network is to collaborate and share knowledge, on 

aerosol properties in this case. In the end, let’s say that MAMS mobile system also 

connected the paths and common objectives between different French aerosol 

observatories, not only physically, through on-road measurements, but also at a collaborative 

level, strengthening the efforts for a common goal: improving the knowledge on aerosols.  
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7.2. Perspectives 

The development of a mobile system and the expertise on mobile measurements are 

important for the aerosol community, as shown previously, and should be continued. 

The integration of in situ measurements at surface level is proposed to validate, under 

certain conditions, and improve the satellite measurements and retrievals. The missing 

pieces in the puzzle are the information on particles size, shape and chemical composition at 

global scale, which can be provided by a dense network of in situ measurements. 

Nevertheless, one must take into account that satellite measurements cover the whole 

atmospheric column, so remote-sensing measurements that allow sampling the atmosphere 

vertically would be more valuable. Unfortunately, the existent technologies of remote sensing 

(and in particular, lidars) do not allow obtaining the climate relevant aerosol variables such as 

size, shape and chemical composition vertically more than at a qualitative level. But there is 

place for improvement, technologies improve day-by-day, inversion algorithms also, and we 

believe that once validated against relevant in situ measurements, lidar measurements could 

bring more value. If the mobility feature is added to these measurements, faster, more 

efficient global coverage, compared to fixed observations that need to be dense in order to 

have a global coverage, can be achieved. Concerning the lidar networks already existent, 

research lidars are usually expensive systems, which limits the possibility of having a high 

density of lidar systems to cover the aerosol variability globally. Lidar technologies need to 

be improved in order to determine the size, shape and chemical composition. 

The integration of more in situ instruments such as nephelometer and aethalometer 

has an interest for MAMS evolutions and these could be installed in the mobile observatory 

platform. A Sky-OPC particle sizer may be preferred for mobile applications because of 

higher resolution, reduced size and weight, the only downside being the lack of ultrafine 

particles measurements.  

Near real-time visualization tools of all data sets are under development. On the one 

hand, data is planned to be displayed on a dedicated webpage and on the other hand a 

desktop-based analysis software (iAAMS – Automatic Aerosol Monitoring Station) will collect 

all the measurements and display the spatial variability of aerosol optical depth, Angstrom 

Exponent, lidar RCS and extinction coefficient profiles during the mobile campaigns. Based 

on the additional information such as particle size distribution at surface level and on the 

column, the separation of aerosol modes can be achieved, improving the mass concentration 

calculations. Nevertheless, complex case studies remain a challenge and require post-

analysis. The integration of a second microlidar with two wavelengths and polarization 

channel is envisaged, which will help for the analysis of the more complex aerosol situations. 

Furthermore, sky-scanning possibility will be integrated as feature for the next generation 

PLASMA sun photometer and development are in progress for adapting the standard CIMEL 

CE318-T triple sun photometer for mobile applications. Once these upgrades will be 

completed, the use of more advanced algorithms such as GRASP/GARRLiC (Lopatin et al., 

2013) will give access to the vertical separation of aerosol fine and coarse modes and of 

absorption properties. The modified Cimel sun photometer for mobile applications is currently 

involved in the second phase of the Polarstern campaign and it is in project to be integrated 

in the Marion Dufresne French vessel, for permanent on board operation during cruises.
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Abstract. The majority of ground-based aerosols observa-
tions are limited to fixed locations, narrowing the knowledge
on their spatial variability. In order to overcome this issue, a
compact Mobile Aerosol Monitoring System (MAMS) was
developed to explore the aerosol vertical and spatial variabil-
ity. This mobile laboratory is equipped with a micropulse
lidar, a sun photometer and an aerosol spectrometer. It is
distinguished from other transportable platforms through its
ability to perform on-road measurements and its unique fea-
ture lies in the sun photometer’s capacity for tracking the sun
during motion. The system presents a great flexibility, being
able to respond quickly in case of sudden aerosol events such
as pollution episodes, dust, fire or volcano outbreaks. On-
road mapping of aerosol physical parameters such as attenu-
ated aerosol backscatter, aerosol optical depth, particle num-
ber and mass concentration and size distribution is achieved
through the MAMS. The performance of remote sensing in-
struments on-board has been evaluated through intercompar-
ison with instruments in reference networks (i.e. AERONET
and EARLINET), showing that the system is capable of pro-
viding high quality data. This also illustrates the application
of such a system for instrument intercomparison field cam-
paigns. Applications of the mobile system have been exem-
plified through two case studies in northern France. MODIS
AOD data was compared to ground-based mobile sun pho-

tometer data. A good correlation was observed with R2 of
0.76, showing the usefulness of the mobile system for valida-
tion of satellite-derived products. The performance of BSC-
DREAM8b dust model has been tested by comparison of re-
sults from simulations for the lidar–sun-photometer derived
extinction coefficient and mass concentration profiles. The
comparison indicated that observations and the model are in
good agreement in describing the vertical variability of dust
layers. Moreover, on-road measurements of PM10 were com-
pared with modelled PM10 concentrations and with ATMO
Hauts-de-France and AIRPARIF air quality in situ measure-
ments, presenting an excellent agreement in horizontal spa-
tial representativity of PM10. This proves a possible applica-
tion of mobile platforms for evaluating the chemistry-models
performances.

1 Introduction

Aerosols are a variable component of the atmosphere im-
pacting air quality and climate. In order to monitor the at-
mospheric aerosols, independent ground-based observations
are performed globally, grouped in large networks, such
as the Aerosol Robotic Network (AERONET; Holben et
al., 1998), the Micropulse Lidar Network (MPLNET; Wel-
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ton et al., 2005), and the EARLINET/ACTRIS (Aerosol,
Clouds and Trace gases Research Infrastructure Network;
Pappalardo et al., 2014), or organised in national surface net-
works, dedicated to air quality monitoring (ATMO France,
http://www.atmo-france.org/, last access: 30 March 2018).
Such observations offer capabilities for long-term monitor-
ing of aerosol properties and evaluation of trends, but they
are limited over fixed locations. Lidar is an excellent tool
for studying the height-resolved aerosol characteristics, espe-
cially interesting for pollution episodes and long-range trans-
port situations. Such observations of vertical aerosol struc-
tures and quantification of their contribution to the total col-
umn aerosol content are important as the lifetime of particles
in the free troposphere is of the order of weeks. Furthermore,
concentrations at surface level can sometimes be influenced
by the subsidence of transported aerosols from the free tro-
posphere. Thus, the knowledge of the vertical distribution, as
close to the surface as possible, of aerosols optical properties,
is required to precisely predict aerosol concentrations, espe-
cially for air quality models. Gravimetric measurements of
particles mass concentration at surface level are sparse within
the territory, which directs us to the alternative of using op-
tical aerosol properties to estimate their vertically resolved
mass concentration and to get as accurate estimates as possi-
ble for particle concentration at surface level. This direction
is a challenge, as it requires information on aerosol chemical
and microphysical properties. Nevertheless, in this work we
exemplify this direction on mobile measurements.

Existing lidar networks consist of systems with vari-
ous configurations, from single-wavelength elastic to multi-
wavelength Raman lidar. Most of them are complex instru-
ments that require regular maintenance and a controlled en-
vironment for their operation, so they are predominantly in-
stalled in laboratory rooms. Therefore, their use for atmo-
spheric profiling is limited over a fixed location. Neverthe-
less, the aerosol distribution is highly variable spatially in
case of sudden events; e.g. pollution episodes, dust and fire
outbreaks, volcano eruptions, long-range transports and dis-
persion of pollutants from emission sources. In these situa-
tions, field observations are important, as the spatial variabil-
ity is impossible to assess from point measurements. Mobile
observations are one of the best solutions to map the extent
of such events and to study the regional gradients in aerosol
concentrations. If lidar could be easily deployed at the time
needed, the number of applications would rapidly increase,
from the validation of satellite measurements and model pre-
dictions to the investigation of pollutants dynamics and quan-
tification of diffuse emissions at industrial sites.

A number of mobile on-road experiments focused on the
spatial variability of the particle number and mass concen-
tration along highways in Jordan (Hussein et al., 2017), in
Noord Holland (Weijers et al., 2004) and in an Alpine Valley
(Weimer et al., 2009), of black carbon and particulate sul-
fate concentrations from Mainz, Germany to southern Spain
(Drewnick et al., 2012) and of aerosol and gas phase am-

bient concentrations in Zurich, Switzerland (Bukowiecki et
al., 2002). Other studies investigated the tropospheric trace
gas distribution: NO2 along the Brussels–Heidelberg transect
(Wagner et al., 2010), SO2 and NO2 in Guangzhou, China
(Wu et al., 2013) and CO2 and CH4 in Utah, USA (Bush
et al., 2015). Remote sensing instruments are less involved
in mobile applications due to their size, operation cautions
and sensitivity to misalignment due to movement. Mobile
sun photometer measurements on ship cruises are performed
with Microtops II handheld sun photometers in the frame-
work of the Maritime Aerosol Network (MAN; Smirnov et
al., 2009), a component of AERONET, dedicated to collect
aerosol optical depth data over oceans. In the early develop-
ments of our mobile system, a Microtops II sun photome-
ter was used. Other mobile sun photometer measurements
have been reported by Lewandowski et al. (2010), but they
refer to stationary measurements at different points along the
road, the sun photometer being installed on the roof of the
vehicle for the measurements and taken down during travel.
The first evidence of continuous mobile sun photometer mea-
surements during vehicle’s movement has been presented by
Mortier (2012) during the DRAGON (Distributed Regional
Aerosol Gridded Observation Networks; (Holben et al., un-
published) – USA campaign. For lidar, the term “mobile”
refers mostly to scanning (Chiang et al., 2015; Marchant,
2009), transportable (Berkhout et al., 2016; Chazette et al.,
2014; Freudenthaler et al., 2002) or scanning and trans-
portable (Dou et al., 2014) systems, used for measurements
in remote places, during field campaigns or simply outside
laboratory rooms. To our knowledge, only a few studies pre-
senting ground-based lidar profiling of aerosol properties by
on-road mobile measurements have been conducted, over
Paris agglomeration (Pal et al., 2012; Raut and Chazette,
2009; Royer et al., 2011), on London’s orbital motorway
(Raut et al., 2009) and from Paris to Siberia (Dieudonné et
al., 2015). Thus, we consider that the capability of deploying
remote sensing instruments for on-road mapping of aerosol
properties is not explored enough. For the first time, the de-
scription of a compact mobile system performing on-road
measurements with a lidar, a sun photometer and an aerosol
spectrometer is presented here. The uniqueness of the sys-
tem lies mainly in the sun photometer, capable to track the
sun during vehicle’s motion, and in the synergy of lidar and
sun photometer measurements to derive aerosol optical prop-
erties profiles along the investigated route.

The main objective of this paper is to show the poten-
tial of a mobile platform performing on-road remote sensing
and in situ measurements to derive aerosol properties. The
use of the mobile system for atmospheric studies is versatile,
some of its possible applications being emphasized through-
out this study. Section 2 presents the mobile system and the
instrumentation integrated in the payload as well as the data
processing and quality assurance procedures. The methodol-
ogy used to derive aerosol properties from remote sensing
measurements and discussions on uncertainties are included
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in each part. Furthermore, intercomparisons with reference
instruments are performed and are presented in Sect. 2. In
Sect. 3 two case studies using data from mobile campaigns
in northern France and Paris are presented, examples that
illustrate the capability of our system to evaluate the mass
concentration both vertically resolved and at surface level. In
addition, at surface level, the lidar-derived mass concentra-
tions are compared to air quality stations measurements and
to modelled PM10 concentrations. Section 4 summarises the
status, applications and potential developments of the mobile
system. The last section (Sect. 5) is dedicated to conclusions.

2 Instruments, methodology and data quality

This section is divided into four parts, each focused on a
component of the mobile system: the mobile system as a
whole (Sect. 2.1), the lidar (Sect. 2.2), the mobile sun pho-
tometer (Sect. 2.3) and the particle sizer (Sect. 2.4). For each
component, details of the pre-processing and data quality as-
surance procedures for lidar and sun photometer measure-
ments are given. Comparisons with instruments from refer-
ence networks such as EARLINET (European Aerosol Re-
search Lidar Network) and AERONET (Aerosol Robotic
Network) are also included in each section. The principle
of inversion algorithms used to derive aerosol microphysical
and optical properties such as volume size distribution, ex-
tinction coefficient, effective extinction-to-backscatter ratio
and mass concentration are described. Finally, uncertainties
are discussed in each part.

2.1 Description of the mobile system

Most instruments set up on mobile platforms and deployed
in field campaigns are bulky systems, requiring large vehi-
cles for their installation and transportation. As compared
to such systems, the MAMS (Mobile Aerosol Monitoring
System) is more compact and robust. The mobile laboratory
described here is a minivan equipped with a micro-pulse li-
dar, a sun photometer and an aerosol spectrometer (Fig. 1).
The minivan is a Renault Kangoo Intens Energy 115CH
CO2 140 g km−1 (length: 4.21 m, width: 1.83 m, total height:
1.87 m). A car with a gasoline engine was chosen against one
on diesel due to lower particle emissions and against an elec-
tric car due to higher autonomy (around 500 km). The vehi-
cle’s boot and the rear part of the roof have been modified to
allow the installation of instruments inside and on top of the
vehicle. In order to minimise shocks and vibrations on the
instruments while driving, the rear wheels are equipped with
coil suspension and instruments are equipped with shock-
absorbing devices. For lidar measurements, a 350 ⇥ 250 mm
anti-reflective glass of 8 mm thickness type Conduran magic,
that has a transmission > 90 % for 532 nm, has been embed-
ded in the rear-part of the car’s roof. In order to continu-
ously operate the instruments, a 12 V/300 Ah AGM battery

Figure 1. Mobile system and equipment: (a) lidar transmitter–
receiver optical head, (b) lidar control and acquisition unit, (c) bat-
tery, (d) sine-wave inverter charger, (e) aerosol spectrometer, (f) me-
teorological probe, (g) isokinetic sampling probe and (h) PLASMA
sun photometers.

and a sine-wave inverter-charger are mounted in the vehicle.
With a power consumption of 100 W, an autonomy of 29 h
can be ensured for continuous measurements. The vehicle is
also equipped with an electrical installation and an external
outlet used for charging the battery. During stationary mea-
surements, the battery is fed and recharged using the external
outlet. The total payload including measurement equipment,
battery and inverter is approximately 130 kg.

The real-time geolocation, altitude and driving speed data
are recorded using a Garmin GPS set up on the roof of the
vehicle. Ambient temperature, pressure and relative humid-
ity are monitored at 1 s time resolution with a meteorological
probe (model Testo) installed on the roof of the vehicle. Ad-
ditionally, an action camera is sometimes set up on the roof
to record pictures of the sky, useful for posterior data anal-
ysis. A router with an external antenna is used to connect
the mobile system to the Internet using a SIM card with 3G
connection. Data acquired during the mobile measurements
is further transferred to laboratory-based server for routine
processing. An online platform to visualise measurements in
real-time is under development.

2.2 Micropulse lidar

The lidar included in the MAMS is the CE370 micro-

lidar (Pelon et al., 2008) designed to monitor aerosols and
clouds in the troposphere, typically up to 15 km with a ver-
tical resolution of 15 m. Maximum ranges between 15 and
20 km can be reached for moderate aerosol loadings. It is a
one-channel elastic backscattering lidar operating at 532 nm
with 20 µJ pulse energy and is developed and commer-
cialised by CIMEL Electronique (http://www.cimel.fr/, last
access: 30 March 2018). The instrument’s design consists of
a shared transmitter–receiver telescope (mono-axis system)
connected to the control and acquisition unit through a 10 m
optical fiber. The advantage of the 10 m optical fiber is that
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is the maximum acceptable limit. This means that vertical
sounding up to 16 km can be reached with the CE370 micro-
lidar at nighttime and under low aerosol loadings (AOD of
0.06 at 532 nm).

It should be noted that the same model of micro-lidar
(CE370) has been used for routine continuous aerosol mon-
itoring over Lille, France and M’Bour, Senegal since 2006
and aerosol studies using micro-pulse lidar data are presented
in several works (Léon et al., 2009; Mortier, 2013; Mortier et
al., 2013, 2016).

2.2.2 Comparison with reference lidar in EARLINET

The performance of CIMEL CE370 micro-pulse lidar has
been assessed by comparison with a multi-wavelength Ra-
man lidar, IPRAL (Bravo-Aranda et al., 2016) operating at
SIRTA (Site Instrumental de Recherche par Télédétection
Atmosphérique; Haeffelin et al., 2005), Palaiseau, France
(48.7◦ N, 2.2◦ E; 156 m a.s.l.). The IPRAL lidar system is
part of EARLINET and undergoes the network’s quality as-
surance procedures. The most interesting feature of IPRAL
for this study is its newly integrated near-field telescope,
which gives access to backscattering in the low altitudes of
the atmosphere down to 300 m. The combined signals from
the two telescopes (near-field and far-field) are used in this
work and compared against the signals of the mobile CE370
micro-lidar. The signals from IPRAL are adjusted to a com-
mon vertical resolution of 15 m and no vertical smoothing
is applied to any lidar profiles. Night-time measurements
on 28 August 2017 at Palaiseau, France are considered for
comparison and range corrected signals (RCS) are averaged
over 30 min between 23:15 and 23:45 UTC and normalized
over a vertical range between 5.6 km and 7.6 km a.g.l., where
the aerosol content is considered negligible. The compari-
son of normalized RCS at 532 nm from IPRAL and CE370
lidar, along with the molecular profile computed from ra-
diosounding data at Trappes (48.76◦ N, 2.00◦ E; 168 m a.s.l.)
at 00:00 UTC, 29 August 2017, are shown in Fig. 3. The stan-
dard deviation of CE370 lidar RCS represented in Fig. 3 as
light green shaded area is the uncertainty on the overlap func-
tion.

A multi-layer situation was observed at Palaiseau at this
time interval, which was an ideal case study for comparing
the performance of the two lidar systems. The profiles show
a first aerosol layer from the ground up to 1 km a.g.l. along
with a well-separated aerosol layer up to 4.5 km a.g.l. in the
lower troposphere. In the upper troposphere and lower strato-
sphere cirrus clouds between 10.8 km and 12.2 km a.g.l. and
an aerosol layer between 17 km and 20 km a.g.l. are ob-
served. The air masses back trajectory analysis (not reported)
shows the transport of desert dust in the 2–4.5 km range
and most probably transported biomass burning particles
at higher altitudes originating from intense forest fires in
Canada (Khaykin et al., 2018).

Figure 3. Comparison of the normalized range-corrected signals
profiles at 532 nm recorded by CIMEL CE370 lidar on-board the
mobile platform (green) and IPRAL lidar (red) at Palaiseau, France,
on 28 August 2017 (23:15–23:45 UTC). The profiles are displayed
from 300 m above (complete overlap altitude of IPRAL system).
The Rayleigh profile calculated from radiosonde measurements at
Trappes on 29 August 2017, 00:00 UTC is represented by the black
line.

The two profiles are remarkably similar, showing very
good agreement between the two systems despite the use
of the overlap correction for the micropulse lidar data. The
largest differences are observed in the overlap correction
range of the CE370 lidar but the expected amplitudes of the
signals fall within the overlap uncertainty, which means that
our overlap correction is reasonable down to 0.6 km. The
highest fractional differences between IPRAL and CE370
values of RCS are under 15 % above 2.5 km and reach 70 %
at 0.18 km altitude (minimum altitude considered for CE370
lidar). The lowest fractional differences are < 5 % above
0.84 km and up to 50 % at 0.18 km. A good agreement be-
tween the two systems is observed with discrepancies that
are within the CE370 lidar RCS uncertainty. For higher alti-
tudes in the atmosphere, although the CE370 lidar’s signal-
to-noise ratio above 12 km is significantly lower compared
to IPRAL system, the micropulse lidar is able to detect the
aerosol layer in the UTLS (Upper Troposphere Lower Strato-
sphere) due to the strong backscattering signal of the layers.
Applying noise filtering significantly improves the SNR and
implies that backscatter signals from far range could be ex-
ploitable in such rare situations.

This lidar comparison example is part of an intercompari-
son campaign that involved both research and micropulse li-
dars in ACTRIS-FR and METEO-FRANCE networks. This
case study shows one side application of the mobile system
within checking the uniformity of lidar measurements at dif-
ferent sites and the validation of micro-lidar measurements.
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2.2.3 Aerosol extinction coefficient profiles and

effective extinction-to-backscatter ratio

The lidar backscattering signals contain information on at-
mospheric scattering and extinction processes. After all cor-
rections detailed in Sect. 2.2.1 are applied on lidar signals,
the lidar equation can be written as

S (z) = (βaer (z) + βmol (z))

exp
⇢

−2
Z z

zmin

(

σaer
(

z0
)

+ σmol
(

z0
))

dz0

}

, (1)

where S(z) is the attenuated backscatter, that is, the lidar
background, range, and overlap corrected, calibrated and en-
ergy normalized lidar signal. β(z) and σ(z) are the range
dependant volume backscattering and extinction coefficients
and the subscripts “aer” and “mol” refer to the contribution
of aerosols and molecules, respectively. The lidar equation
(Eq. 1) is an undetermined equation, with two unknown vari-
ables (βaer and σaer), so a relationship between the two vari-
ables is needed. The aerosol extinction-to-backscatter ratio
or lidar ratio (LR) is introduced,

LRaer (z) =
σaer (z)

βaer (z)
, (2)

which depends on the size distribution, wavelength, shape
and composition of aerosols

LRaer =
4⇡

$0P(⇡)
, (3)

where $0 is the single scattering albedo and P(⇡) is the
phase function at scattering angle 180◦.

The molecular extinction-to-backscatter ratio is constant,
LRmol = 8⇡/3 sr and LRaer must be assumed vertically con-
stant in order to simplify the equation. The methodology to
invert lidar signals is similar to that described by Leon et
al. (2009) and is based on the Klett (1981) and Fernald (1984)
solution to the inverse problem.

βaer (z) + βmol (z) =

S (z)exp
⇢

−2
Z z
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}
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−2
R

zref
z0[LRaer(z00)−LRmol]βmol(z00)dz00

o

dz0
,

(4)

where LR is the extinction-to-backscatter ratio or lidar ratio;
the subscripts “aer” and “mol” refer to aerosol and molecules
lidar ratio. zref is the reference altitude, where the signal is
supposed to come only from molecular scattering.

Height-independent values of lidar ratio and extinction co-
efficient profiles are retrieved using an iterative inversion
method constrained by sun photometer AOD. A dichotomous
approach is used on the LR values converging until the dif-
ference between lidar and sun photometer AOD at 532 nm is

minimised. The same method applied on micro-lidar obser-
vations has been used in previous studies (Chazette, 2003;
Chazette et al., 1995; He et al., 2006; Mortier et al., 2013)
and proved to be reliable for deriving realistic LR values,
that are consistent with calculated LR from AERONET mea-
surements or with a Mie code. In this work mobile lidar pro-
files were inverted into extinction coefficient profiles using
the constraint of coincident AOD at 532 nm interpolated from
PLASMA measurements.

2.2.4 Mass concentration profiles

From extinction coefficient profiles, mass concentration can
be derived if assumptions on the atmospheric aerosols are
imposed. The profiles of mass concentration are calculated
using

M (z) =
4
3
σaer (z)

Z rmax

rmin

⇢ (r) · r3 · n1 (r)
R rmax
rmin

Qext (m, r,λ) · n1 (r) · r2dr
dr, (5)

where r is the particle radius, n1 (r) is the normalized volume
size distribution, Qext is the extinction efficiency and ⇢ is the
particle density. The full description of the methodology can
be found in Mortier et al. (2013), where it was applied for
volcanic ash mass concentration calculations. The method re-
quires knowledge of aerosol size distribution and refractive
index and Qext is computed using Mie theory. Climatologi-
cal values for different aerosol types are considered for parti-
cle density (⇢). Practically, the sun-photometer-derived size
distribution is used, when possible, in order to construct an
adequate aerosol model for the atmospheric situation. In this
work, the described method to derive aerosol mass concen-
tration from lidar measurements has been applied to mobile
observations. The parameters chosen for the calculations will
be described for the considered case study in Sect. 3.1.

2.2.5 Uncertainties

The most important source of uncertainty on lidar profiles is
the uncertainty on the overlap function, especially at lower
altitude levels where the incomplete overlap affects the mea-
surements. Applying a wrong overlap correction can lead
to an underestimation or overestimation of the attenuated
backscatter signals and consequently of the derived variables
such as extinction coefficient and mass concentration in the
near-field range. Since most of aerosols are located near the
surface and up to 1–2 or up to 4–5 km in case of transported
aerosols, the problem of incomplete overlap must be solved
in order to quantitatively analyse aerosol properties within
the first 5 km. An uncertainty of 10 % above 2 km, increasing
to 25 % at ground level, was assessed for the overlap correc-
tion factor used for our lidar data (Sect. 2.2.1). Additional
uncertainties on lidar measurements are the statistical fluc-
tuations of the measured signal, the detector dead-time, the
fluctuations in laser energy and the afterpulse correction. Ac-
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cording to Welton and Campbell (2002), the contribution of
these corrections is either negligible or less then 5 %.

The main sources of uncertainties in the retrieval of ex-
tinction coefficient come from the unknown lidar ratio ver-
tical variation, the uncertainty on the lidar signal at the ref-
erence altitude, the uncertainty on the overlap function and
the missing signal below zmin ⇡ 180 m. The molecular model
can also induce a relative uncertainty of 5 % according to
Chazette et al. (1995). In our study we use the radiosound-
ing data from the closest site when possible, trying to reduce
the uncertainties related to the molecular profile. If the layers
in the atmosphere are not well-mixed, the assumption of a
constant lidar ratio will lead to a bias in the retrieval of ex-
tinction coefficient profiles. Nonetheless, we constrain the re-
trievals with the integrated aerosol extinction (AOD), which
improves the reliability of retrieved LR values, compared to
the case when a LR is imposed. In the absence of direct mea-
surements of LR vertical variation, column-averaged LR is
the closest estimate that can be achieved. The overall error in
the aerosol extinction coefficient and lidar ratio is not easy
to be precisely computed, so in this study we estimate errors
to be in the range of 15–25 %, with maximum uncertainty at
zmin ⇡ 180 m.

As we apply the same methodology as Mortier et
al. (2013) to derive the mass concentration profiles for mo-
bile measurements, the same uncertainties have been consid-
ered here. Considering an uncertainty of 15–25 % on the ex-
tinction coefficient along with the uncertainty on the particle
size distribution, refractive index and density, a total average
uncertainty of 35–40 % is expected on the mass concentra-
tion when considering independent errors.

2.3 PLASMA sun photometer

The sun-tracking-photometer PLASMA (Photomètre Léger
Aéroporté pour la Surveillance des Masses d’Air), developed
by Laboratoire d’Optique Atmospherique (LOA), is set up
on the roof of the mobile system for continuous measure-
ments of direct spectral solar radiation. Spectral extinction
Aerosol Optical Depths (AOD) are derived from PLASMA
measurements. The sun photometer has nine channels at sim-
ilar spectral range typical for standardised network instru-
ments: 0.339, 0.379, 0.440, 0.500, 0.674, 0.870, 1.019, 1.643
and 0.94 µm for the atmospheric precipitable water vapour
content. The single-band filters inserted in the optical path
are distributed into two motor-driven filter wheels, one for
the visible and near-infrared wavelengths and one for the in-
frared short-wavelengths. The second wheel contains only
the 1.643 µm channel so it does not turn for the current con-
figuration, but more filters can be added. The full angle field
of view (FOV) of the two collimators is 1.5◦, which is com-
parable to the 1.2◦ FOV of CIMEL photometers, limiting
sensitivity to atmospheric scattering. PLASMA can move
in elevation (0–88◦) and azimuth (0–360◦) and can rotate
in azimuth thanks to a ring power connector, which makes

it suitable for mobile applications. A GPS system delivers
geographical coordinates used to determine the position of
the Sun. The Sun tracking is achieved with the use a four-
quadrant detector and a compass giving the heading, pitch
and roll of the mobile platform. A more detailed description
of the instrument and application to airborne measurements
is presented by Karol et al. (2013). PLASMA sun photometer
has been also used for airborne measurements up to 12 km on
the French Falcon 20 aircraft during the AEROCLO-SA field
campaign over the South Atlantic Ocean as well as during
the SHADOW field campaign in M’Bour, Senegal, on-board
an ultralight (ULM) aircraft. The acquisition time for a com-
plete sequence of direct-sun radiance measurements for all
filters is approximately 1.9 s. As data are filtered for clouds
and other obstacles encountered in the line of sight of the sun
photometer during motion (trees, buildings, bridges etc.), the
temporal sampling is decreased to approximately 10 s. For
a typical vehicle speed of 110 km h−1 this corresponds to a
spatial horizontal resolution of approximately 300 m.

2.3.1 Sun photometer pre-processing and data quality

PLASMA sun photometer data are included in the
AERONET database (instrument #650) and the instrument
is calibrated by Service National d’Observation PHOTONS,
French branch of AERONET, using Langley method at Izaña
Observatory (28.3◦ N, 16.5◦ W; 2400 m a.s.l.) following the
AERONET calibration protocol for the AERONET refer-
ence master instrument. The PLASMA sun photometer is
intercalibrated regularly against a CIMEL CE318 master
sun photometer from PHOTONS network at the Carpen-
tras site (44.1◦ N, 5.1◦ E; 100 m a.s.l.). This allows check-
ing the stability of the instrument as the characteristics may
change over time. Figure 4 presents the comparison of spec-
tral AOD from PLASMA and CIMEL sun photometers co-
incident measurements at Carpentras site, on 12 June 2017.
The comparison with a master instrument shows excellent
agreement between the two instruments with RMS AOD dif-
ferences better than 0.005 for all channels. The sun photome-
ter measurements contaminated by obstacles along the tran-
sect such as clouds, buildings, trees, bridges, etc., are filtered
using the triplet stability criterion described by Smirnov et
al. (2000). The filtering is applied on the recorded digital sig-
nals and consists in applying a threshold of 1 to 3 % max-
imum difference between three consecutive measurements
within a defined time window (from 10 to 30 s for stationary
measurements). The threshold value relates to the expected
AOD variability in a stable atmosphere within the defined
time window and is chosen by the user at the time of pro-
cessing the data. If the condition is not met at any wave-
length, the measurements at all wavelengths are eliminated
from further processing. Filtered measurements are then sub-
mitted manually to AERONET processing system to derive
spectral AOD. However, this method takes some time, up to 1
day, to get the calibrated AOD. Therefore, the internal PHO-
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Figure 4. Comparison of the spectral extinction AOD from
PLASMA (coloured lines) and CIMEL CE-318 (black lines) sun
photometer measurements on 12 June 2017 at Carpentras, France.

TONS AOD computation processing has been considered for
campaigns to produce real time AOD. The desktop-based ac-
quisition software shows the AOD not calibrated in real time,
useful for checking PLASMA measurements along the road.
This monitoring will be improved in order to produce AOD
level 1.5 data (cloud screened) in the future STrAP (Système
de Traitement des AOD de Plasma) web-based processing
system. This will allow the visualisation of real-time cali-
brated PLASMA AOD.

2.3.2 Total column volume size distribution

We use the recently developed GRASP (Generalized Re-
trieval of Aerosol and Surface Properties) (Dubovik et al.,
2014) algorithm and software (more information at http:
//www.grasp-open.com/, last access: 30 March 2018) to de-
rive total column aerosol volume size distribution from spec-
tral direct sun photometer measurements. This particular ap-
plication is called GRASP-AOD and has been described in
detail by Torres et al. (2017). The algorithm is based on
multi-term least square method; the retrievals start from a
priori constraints on actual values and are performed until
the residuals are minimised. Aerosols are modelled as a mix-
ture of spherical and non-spherical fractions and the inver-
sion requires an assumption on the refractive index, real part
and imaginary part, as well as on the sphere fraction. Six pa-
rameters describing the bimodal lognormal size distribution
are retrieved, median radius, volume concentration and stan-
dard deviation for both fine and coarse mode, as well as sec-
ondary aerosol properties such as effective radius, total con-
centration and fine mode AOD at 500 nm. In this work we
show the application of GRASP-AOD inversion to the on-
road PLASMA sun photometer measurements. The unique-
ness of the algorithm lies in the fact that it does not need
coincident sky radiance measurements and it can be used for
applications such as mobile sun photometer measurements
to determine the spatial variability of total column aerosol

size distribution, under certain assumptions and known limi-
tations.

2.3.3 Uncertainties

The uncertainty on AOD from PLASMA sun photometer
comes from the uncertainty in the calibration transfer from a
standard sun photometer. The uncertainty on PLASMA AOD
in the visible and NIR is 2 % compared to 1 % for a standard
CIMEL sun photometer and 3 % compared to 2 % in the UV.

Regarding the retrieved aerosol total column size distribu-
tion, the uncertainty on the fine mode volume median radius
(rVf) and volume concentration (CVf) is between 5 % for the
fine-mode predominant cases and 10 % for the coarse-mode
predominant cases. The uncertainty on the retrieved coarse
mode volume median radius (rVc) and volume concentra-
tion (CVc) is larger than 10 % for the fine-mode predominant
cases. For cases with coarse-mode predominance, the uncer-
tainty is 10 % for rVc and around 20 % for CVc, as shown
by Torres et al. (2017). The characterisation of fine-mode is
quite accurate, even though reliable a priori information on
refractive index is needed. The characterisation of the coarse
mode is more difficult due to lack of information in this spec-
tral range, but can be improved using moderate a priori infor-
mation on coarse-mode parameters (for example, from near
almucantar inversions).

2.4 Aerosol spectrometer

A portable aerosol spectrometer (model Mini-WRAS 1371,
Grimm Aerosol Technik) is integrated in the MAMS pay-
load for real-time measurements of airborne particle size and
mass distribution. Mass concentrations for the PM1, PM2.5
and PM10 size fractions are determined based on optical
size distribution measurements and assuming a density of
1.7 g cm−3, typical value for urban particles. The instrument
classifies particles by their electrical mobility diameter and
optical diameter in 40 size-bins, from 0.01 to 35 µm every
minute with a flow rate of 1.2 Lmin−1. Ultrafine and fine par-
ticles in the 0.01–0.193 µm diameter range are measured with
the electrical mobility spectrometer while fine and coarse
particles in the 0.253–35 µm diameter range are measured
with the optical particle counter. In order to conduct accu-
rate aerosol measurements while the vehicle is in motion,
an isokinetic stainless-steel sampling probe (model 1.152,
Grimm Aerosol Technik) suitable for air velocities up to
25 m s−1 is set up on the roof of the car at a height of 50 cm
above the car’s roof (2.37 m above ground) in the forwards
direction. This setup prevents contamination by the car’s own
exhaust situated at about 30 cm above ground.

Optical particle counters (OPC) similar to mini-WRAS
aerosol spectrometer have been used for mobile applica-
tions such as aircraft, car and underground station measure-
ments (Bush et al., 2015; Cheng and Lin, 2010; Weber et
al., 2012). Grimm and Eatough (2009) have shown that the
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PMx mass concentrations obtained from the conversion of
size distribution to mass distribution are in good agreement
with FDMS measurements, equivalent to gravimetric mea-
surements. Comparison of the GRIMM mini-WRAS particle
counter with a conventional TEOM FDMS monitor from an
air quality station situated nearby, around 5 km distance from
our laboratory, shows very good agreement between the two
instruments, despite the different methods and different lo-
cations. This demonstrates the reliability of the derived PMx

mass concentrations presented further in our study.

3 Results

Two case studies are presented in this section, aiming to give
examples of the products that the algorithms can provide
and also to illustrate the applications of an instrumented mo-
bile system. Section 3.1 focuses on remote sensing measure-
ments performed in the north of France on 26 August 2016,
along the transect Lille–Dunkerque. Comparisons with satel-
lite AOD data from Moderate Resolution Imaging Spec-
troradiometer (MODIS) Aqua daily product MYD04 and
with simulations from Dust Regional Atmospheric Model
(BSC-DREAM8b) are performed and presented. Section 3.2
presents in situ measurements performed along the route of
Lille–Paris on 28 August 2017. Comparison between on-
road particle counter-derived PM10 and ATMO Hauts-de-
France and AIRPARIF PM10 measurements and modelled
PM10 concentrations are conducted and included in this sec-
tion.

3.1 Remote sensing mobile measurements in northern

France

3.1.1 Observation strategy and meteorological

conditions

The MAMS mobile exploratory platform was deployed in
northern France in the spring and summer periods of 2015–
2017, periods marked by higher occurrence of pollution
events (Unga, 2017). During the same periods, long-range
transport of aerosols over northern France region is quite
frequently observed by our continuous measurements. The
work of Mortier (2013) illustrates variability of aerosol
events over Lille during 2006–2012 period.

We present mobile measurements performed on 26 Au-
gust 2016 on the route between Lille (50.61◦ N, 3.14◦ E)
and Dunkerque (51.03◦ N, 2.37◦ E), situated 80 km north-
west of Lille. Mobile measurements were performed be-
tween 12:00 and 13:07 UTC (local time is UTC +02 :

00) along the Lille–Dunkerque route and between 14:20
and 15:52 UTC along Dunkerque-Lille route. The mobile
measurements were triggered based on chemical trans-
port model forecasts provided by the ESMERALDA plat-
form (http://www.esmeralda-web.fr/, last access: 30 March
2018) and PREV’air system (http://www2.prevair.org/, last

access: 30 March 2018) and based on BSC dust fore-
casts (http://www.bsc.es/ess/bsc-dust-daily-forecast, last ac-
cess: 30 March 2018). Daily maximum PM10 concentra-
tions at ground level exceeding 50 µgm−3 were expected
for Lille and lower concentrations around 30 µgm−3 for
Dunkerque. PM10 concentrations at ground level measured
by air quality stations in Lille exceeded 100 µgm−3 at 07:00
local time, which led us to investigate this pollution event.
The prediction maps showed that the pollution plume cov-
ered the Netherlands, Belgium and northern France regions,
with an increase in particulate matter and NO2 concentra-
tions, which are indicators of anthropogenic pollution. Total
NO2 from OMI satellite measurements (http://www.temis.
nl/airpollution/no2.html, last access: 30 March 2018) indeed
showed an increase of concentrations over northern France,
Belgium and the Netherlands. The BSC DREAM8b model
indicated transport of dust over the coastal region, penetrat-
ing inland up to Lille and dust layers between 2 and 5 km,
of low concentration, were predicted for Lille. Regarding
the meteorological conditions, anticyclonic conditions main-
tained a dry and sunny weather over the north of France, with
near surface temperatures between 26 and 28 ◦C at Lille and
around 21 ◦C at Dunkerque and with low wind speeds in the
range of 11 to 13 km h−1 from the north–northeast direction.

The main goal of our measurements was to reveal the spa-
tial variability of atmospheric structures and the evolution of
the aerosol optical properties (aerosol extinction coefficient)
along the route, away from Lille agglomeration. The exis-
tence of a major motorway axis between Lille and Dunkerque
makes it possible to sample this region easily and quickly.

3.1.2 Spatial variability of AOD and comparison with

MODIS data

A strong variability was observed between the two end
points, Lille and Dunkerque. High AOD values in the range
0.6–0.8 at 440 nm were recorded at Lille and surround-
ings between 11:00 and 12:00 UTC and decreased rapidly
to 0.37 when arriving at Dunkerque around 13:07 UTC. The
Ångström exponent, between 1.4 and 1.6 at Lille, decreased
to 1.2 along the route to Dunkerque. The values recorded at
Lille are characteristic for fine particles, typical for urban
sites, while the decrease of the Ångström exponent along
the road indicates the presence of larger particles. During
1 h of stationary measurements starting from 13:15 UTC, the
AOD levels remained stable around 0.4. On the way back to
Lille, AOD and Ångström exponent values increased to 0.75
and 1.6, respectively. AOD at 440 nm and Ångström expo-
nent from PLASMA measurements were compared with data
from closest AERONET sites (Lille and Dunkerque) and a
mean absolute difference of 0.04 was found, proving the re-
liability of PLASMA measurements. One must take into ac-
count that, for this comparison, the closest measurements (in
space and time) were considered and that they are not taken
at the exact same location as AERONET sites.
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Figure 5. Spatial distribution of (a) MODIS Aqua AOD (550 nm) daily product MYD04 10 km; (b) AOD (550 nm) from PLASMA sun
photometer on-road measurements along the Lille–Dunkerque transect on 26 August 2016 are overlapped on MYD04 AOD product.

As an example of the applications of the mobile system,
MODIS AOD data has been evaluated by comparison with
ground mobile sun photometer measurements. We used the
MODIS deep blue (DB) product at 10 km over land (Levy et
al., 2013) for the comparisons. MODIS AOD product with
higher resolution (3 km) would have been preferred to better
address pollution gradients, but not enough pixels coincident
with our mobile transect were available for this day. Figure 5
presents satellite AOD retrievals at 550 nm from MODIS
Aqua daily product MYD04 along with AOD at 550 nm from
mobile PLASMA sun photometer measurements. PLASMA
data were spectrally interpolated to 550 nm using the stan-
dard Ångström exponent method. The overpass of the Aqua
satellite over the region is at 12:05 UTC, so we chose the
route Lille–Dunkerque as representative for our analysis, as
mobile measurements started around 12:00 UTC. The mean
sun photometer AOD was obtained by averaging AOD data
that fell in each MODIS pixels. Five sets of PLASMA-
MODIS AOD were considered for comparison within the
sampling box.

Having a larger spatial coverage, MODIS data shows
higher AOD values along the coast and over northern France
and Belgium–Netherlands regions, in the range 0.3 and 0.8,
which is consistent with model predictions of the pollution
event and of the dust transport. As we can see, PLASMA and
MODIS data are in good agreement. MODIS was highly cor-
related with ground mobile sun photometer with R2 of 0.76,
slope of 1.13, intercept of 0.11 and RMSE of 0.17. These re-
sults are consistent with the findings of Wang et al. (2017),
R2 of 0.76, slope of 0.9, intercept of 0.11 and RMSE of 0.17
for Aqua-MODIS AOD at 3 km (MYD04_3K). The results
of comparison are very good considering the uncertainty due
to the atmospheric variability imposed by atmospheric mo-
tion and different times of MODIS and PLASMA measure-
ments. The lack of AOD data in the same regions for both
instruments is also consistent and is due to the presence of

scattered clouds at 4 km altitude, showing that both cloud-
screening algorithms are successful.

3.1.3 Analysis of lidar vertical observations

Figure 6 shows the lidar range-corrected signals (RCS)
recorded along the route Lille–Dunkerque (Fig. 6a) and
Dunkerque-Lille (Fig. 6b), respectively. High aerosol
backscatter is observed up to 1 km altitude at Lille, ex-
plained by an on-going particle pollution event, decreasing
towards the coastal region (Dunkerque). According to the
chemistry-transport model predictions, the pollution event
impacted Lille city and surroundings within 30 km distance
with predicted PM10 levels exceeding 50 µgm−3, while a
gradient in PM10 concentrations was expected when moving
westward, towards the coast. This is consistent with our lidar
observations, showing a decrease in the aerosol backscatter
in the first aerosol layer (from surface up to 1 km) approxi-
mately 30 km away from Lille and even a stronger decrease
when approaching Dunkerque. This gradient was observed
with our mobile measurements during the whole day, for
both transects. The PBL height decreased from 1 km at
Lille to 0.6 km at Dunkerque, showing the contrast between
continental and coastal sites. Moreover, outside the Lille
region, the presence of several aerosol layers up to 5 km
is revealed. These layers are hardly observed over Lille
due to the strong backscatter in the lower altitudes, which
strongly attenuates the laser beam. Dust aerosol layers
between 2 and 5 km were observed by lidar measurements as
confirmed by Dust Regional Atmospheric Model (DREAM,
http://www.bsc.es/projects/earthscience/visor/bases_datos/
image_viewer/docs/BSC_DREAM8b_model_description.
pdf, last access: 8 August 2018). Lower Ångström exponent
along the road and at Dunkerque indicate an increase of the
aerosol coarse-mode fraction and the analysis of backward
trajectories performed with HYSPLIT (Hybrid Single
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Figure 7. (a) Spectral AOD from PLASMA sun photometer measurements at Dunkerque, on 26 August 2016, 13:54 UTC (green solid line)
and Lille, 15:49 UTC (magenta solid line). The closest spectral AOD from Dunkerque and Lille AERONET sites are represented with dashed
lines. The corresponding total column aerosol volume size distribution retrieved by GRASP-AOD inversions for (b) Dunkerque and (c) Lille
sites. The size distributions from the closest AERONET standard inversion for Dunkerque (13:54) and Lille (15:31) are also represented as
reference.

Figure 8. Spatio-temporal variability of total column aerosol vol-
ume size distribution retrieved with GRASP-AOD using mobile sun
photometer measurements along the Lille–Dunkerque transect on
26 August 2016 (12:18–13:10 UTC).

Lille, while values of 0.05 and 0.14 km−1 for mean and max-
imum extinction are found along the second half of the road.
A second layer is revealed between 1.7 and 2.2 km, with
mean and maximum extinction of 0.17 and 0.54 km−1, re-
spectively. The fine layers between 2.5 and 5 km show lower
contribution to the total aerosol loading with mean and max-
imum extinction of 0.04 and 0.10 km−1, respectively.

The column-integrated lidar ratio (LR) ranges from 35
(±7) to 60 (±14) sr and the average value is close to 43
(±14) sr. Higher LR are found close to Lille, between 51
(±10) and 60 (±14) sr. The LR have been also calculated
with a Mie code using the GRASP-AOD derived size distri-
bution and refractive index associated for inversions and the
LR values, in the range 40–49 sr, are in good agreement with
the lidar-derived LR. The LR retrieved from lidar data have

Figure 9. Spatio-temporal variability of extinction coefficient
(colour map) and extinction-to-backscatter ratio (white dots) at
532 nm from on-road mobile measurements along the Lille–
Dunkerque transect on 26 August 2016 (12:18–13:10 UTC).

been also compared to values derived from standard CIMEL
sun photometer measurements (Léon et al., 2009) and were
found to be on average 20 % lower, which was observed also
in our case when comparing our results with LR calculated
from AERONET standard inversions. However, the values of
LR from standard sun photometer lie within the uncertainty
on LR caused by the uncertainty on overlap correction.

The fine dust layers above 2.5 km have a small contribu-
tion to the column effective LR, so the values obtained can
be attributed to the aerosol layers below. The values found
are characteristic to small, absorbing anthropogenic particles
with LR values typically between 50 and 80 sr (Ackermann,
1998). The values of LR are in good agreement with other
studies on coastal sites: 32–63 sr in Sagres, Portugal (Ans-
mann et al., 2001) and 33 (±14) to 65 (±15) sr at Dunkerque,
France, during sea breeze events (Boyouk et al., 2011). In our
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case, the decrease in LR when approaching Dunkerque also
suggests a change from urban aerosol type to a more ma-
rine type. A shallow layer at 400 m causes a strong backscat-
ter, suggesting that this is the marine boundary layer. The
height-resolved lidar profiles indicate that the layers of ma-
rine and continental particles are well delimited, probably
due to a stable stratification of the lowermost layers prohibit-
ing the mixing between different aerosol types. We suppose
that particles in the second layer, between 1.7 and 2.2 km, are
of different nature than the particles in the layers above, and
that they are more absorbing and hygroscopic. This hypoth-
esis is based on stationary observations at Dunkerque that
showed possible water uptake by particles in this layer, lead-
ing to an increase of the particle size explained by a decrease
in Ångström exponent and a rapid increase in the backscat-
ter coefficient. If the relative humidity at this level is close
to saturation this leads to a large increase in the aerosol ex-
tinction coefficient. However, it is not possible to conclude
on this effect without the actual profile of relative humidity.
These are only hypotheses that could be clarified with more
information on particle size and shape, using a 2λ lidar and
polarisation channel (CIMEL, model CE376), planned to be
integrated in the mobile system’s payload.

3.1.6 Comparison with BSC-DREAM8b at fixed

location

In our study, we evaluate the BSC-DREAM model simula-
tions over Lille by intercomparison with ground-based lidar–
sun-photometer measurements. Figure 10 shows the com-
parison between the aerosol extinction coefficient and mass
concentration profiles at 532 nm derived from lidar–sun-
photometer mobile measurements near Lille, at 15:30 UTC,
and the dust extinction coefficient and concentration pro-
files at 550 nm from BSC DREAM8b simulations for Lille,
16:00 UTC. The uncertainty due to the overlap correction is
represented with light shaded area. The extinction AOD at
532 nm for the mean profile in Fig. 10a is 0.53 and the lidar
ratio is 66 (±14) sr, close to the column integrated lidar ratio
(59 sr) derived from AERONET standard inversion at Lille,
15:30 UTC.

We first compared the aerosol extinction coefficient at the
lowest lidar detectable range (180 m) with the extinction co-
efficient at ground level computed at 532 nm using Mie the-
ory. Aerosol scattering and absorption coefficients can be cal-
culated if the size distribution and refractive index are known
and assuming spherical particles. For our Mie calculations
we used the size distribution measured at Lille, 15:30 UTC,
by an aerosol spectrometer and the refractive index was com-
puted using an indirect method. For the last nephelometer
and aethalometer measurements at Lille, 08:00 UTC, aerosol
absorption and scattering coefficients were simulated for dif-
ferent refractive indices until the difference between mea-
sured and computed scattering and absorption coefficients
was minimised. A value of 1.58 − 0.01i was found for the

Figure 10. Comparison of (a) extinction coefficient and (b) mass
concentration mean profile at Lille, 15:30 UTC from mobile
lidar–sun-photometer measurements (532 nm) (blue) with BSC-
DREAM8b mean dust extinction and concentration at 550 nm
(green). Data points from mobile measurements in the range 2.5–
5 km are reduced to the model resolution (black) for comparison
with the simulated dust profiles.

complex refractive index. This value is within the range of
retrieved refractive indices of 1.56 − 0.01i to 1.58 − 0.01i

found by Levin et al. (2009) for a mixture of organics, soil,
sulfates, nitrates and carbon, which are characteristic com-
ponents in urban environments (Niemi et al., 2006). After
finding the refractive index, we apply Mie theory to com-
pute aerosol extinction coefficient at 532 nm. We can see
in Fig. 10a an excellent agreement between the calculated
extinction coefficient (0.10 km−1) at ground level and the
near surface (180 m a.g.l.) lidar-derived extinction coefficient
(0.10 ± 0.03 km−1).

In order to compare our observations to the BSC’s
DREAM8b dust model simulations, the lidar extinction coef-
ficient profile was reduced to the model’s vertical resolution
by applying sliding averages around model’s height levels.
The dust layer is delimited between 2 and 5.8 km according
to both observations and model. The mean lidar-derived ex-
tinction is 0.025 km−1 (±0.015), while the model’s mean ex-
tinction is 0.012 km−1 (±0.006), resulting in a mean bias of
−0.01 and a RMSE of 0.02. For the comparison, it should be
kept in mind that the lidar-derived extinction coefficient un-
certainties are of the order of 15–25 %. The optical depth of
the dust layer is 0.08 at 532 nm from lidar observations com-
pared to 0.04 at 550 nm from model simulations. The dif-
ferences between model and observations can be explained
by the limited vertical model resolution compared to the li-
dar resolution and by the spatial and temporal differences
between the observed and modelled profiles considered for
the comparison. The contribution of anthropogenic pollu-
tion below 2.5 km explains the differences between model
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and observations, as the model provides extinction coeffi-
cient only for dust particles. Mobile observations between
Lille and Dunkerque show that the predictions of the dust
model is correct, even for low AOD of the dust layers. A
strong peak in extinction is observed at 870 m, with value
as high as 0.69 km−1 (±0.02). Radiosonde measurements at
Trappes at 12:00 UTC (not shown here) show a PBL height
of the order of 878 m, marked by a maximum of relative hu-
midity of 73 %, which agrees surprisingly well, despite dif-
ferent locations, with the strong increase in extinction coeffi-
cient at 870 m a.g.l. observed from lidar measurements over
Lille. Urban aerosols are subject to water uptake (Swietlicki
et al., 2008), which leads to changes in aerosol optical prop-
erties that could explain the high extinction values at the top
of the PBL.

The lidar-derived mass concentration profiles (Fig. 10b)
were calculated from the retrieved extinction coefficient and
by assuming typical aerosol properties. A first aerosol model,
constituted of a fine-mode dominant volume size distribu-
tion and a refractive index of 1.58–0.01i, was applied for
calculations of mass concentrations up to 2.4 km altitude,
while above 2.4 km, a size distribution with equal contribu-
tions of fine and coarse fractions and a complex refractive
index of 1.5–0.005i were used. These choices were made
based on hypotheses on the aerosol types within the atmo-
spheric column: small, absorbing particles in the first layers
up to 2.4 km and less absorbing, transported dust particles
above. The aerosol density values used for the calculations
were 1.7 and 2.6 g cm−3, relevant for urban and desert dust
particles, respectively. A mean lidar-derived mass concentra-
tion of 16 ± 10 µgm−3 is obtained for the dust layer above
2.4 km, compared to a mean modelled dust concentration of
11 ± 6 µgm−3, resulting in a mean bias of −5 and a RMSE
of 9. These results show a pretty good agreement in regard to
the uncertainties on both observations and model sides. The
calculated mass concentration for the urban aerosols below
2.4 km reaches a maximum of 152 ± 5 µgm−3 at 870 m and
a value of 23 ± 6 µgm−3 at near surface (180 m a.g.l.). The
near-surface value is comparable to the closest PM10 from
ATMO Hauts-de-France (Lille Fives) air quality measure-
ment, of 30 µgm−3 at 15:45 UTC.

3.1.7 Mass concentration profiles

Figure 11 presents vertically resolved mass concentration of
aerosols retrieved from mobile measurements along Lille–
Dunkerque route (same as in Sect. 4.1.5) using the optical-
to-mass relationship defined in Sect. 3.2.3 and the micro-
physical properties defined in Sect. 4.1.6. We can notice that
the concentration in the PBL is lower along the route and at
Dunkerque (12:36–13:08 UTC), mean and maximum of 28
and 77 µgm−3, respectively, than at Lille, mean and maxi-
mum of 77 and 175 µgm−3, respectively. Mass concentra-
tions of the layer between 1.7 and 2.2 km reach a maximum
of 287 µgm−3 and a mean value of 90 µgm−3. Higher con-

Figure 11. Spatio-temporal variability of lidar–sun-photometer-
derived mass concentration (colour map) from on-road measure-
ments along Lille–Dunkerque transect on 26 August 2016 (12:18–
13:10 UTC). The PM10 mass concentrations from closest mea-
surements from air quality stations along the route are overlapped
(colour mapped stars).

centrations in this layer can be explained by an increase in
the extinction coefficient. Dust layers aloft 2.5 km show mass
concentration of 26 and 62 µgm−3 for mean and maximum,
respectively. Finally, we compared the lidar-derived mass
concentration at the lowest detectable lidar range, located at
180 m, with PM10 at ground level from two ATMO Hauts-
de-France air quality stations, at Lille (Fives) and Dunkerque
(Malo-les-Bains). The values from ATMO Hauts-de-France
correspond to an averaged value over the last 15 min, while
closest measurement in time was selected for mobile mea-
surements. At Lille, a value of 58 µgm−3 was measured at
12:30 UTC, while the lidar-derived mass concentration at
12:21 UTC, 30 km from Lille, was 77 µgm−3. At Dunkerque,
the station recorded a PM10 value of 13 µgm−3 at 13:15 UTC
compared to 14 µgm−3 from lidar-derived mass concentra-
tion calculations. Taking into account all the hypotheses on
the aerosol microphysical and optical properties and the un-
certainty on the measurements, a maximum uncertainty of
40 % has been previously defined. One can notice that in this
case the relative difference between the lidar-derived mass
concentration and the air quality measurements does not ex-
ceed 30 %.

3.2 In situ mobile measurements and comparison with

modelled PM10

In this part we illustrate how the aerosol spectrometer mo-
bile measurements reveal the spatial variability of the parti-
cle concentration at the surface level. These measurements
are complementary to the ones of lidar because they are car-
ried out at ground level, in the lidar’s “blind zone” (from sur-
face to 180 m a.g.l.). Additionally, it allows the verification
of the order of magnitude of the particle mass concentration
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Table 1. Comparison of measured PM10 from air quality stations closest to the investigated route and the corresponding mobile measure-
ments.

Air quality (AQ) station Station UTC PM10 AQ UTC PM10 mobile Distance
type AQ (µg m−3) mobile (µg m−3) (km)

Lille Fives urban 08:00 62 07:30–08:00 61 ± 6 4
(50.63◦ N, 3.09◦ E)

Douai Theuriet urban 08:30 68 08:32 94 6
(50.38◦ N, 3.07◦ E)

Saint Laurent Blangy suburban 10:00 54 08:37 70 6
(50.31◦ N, 2.81◦ E)

Nogent sur Oise urban 10:15 27 10:18 33 16
(49.28◦ N, 2.48◦ E)

Creil urban 10:15 31 10:19 36 15
(49.26◦ N, 2.47◦ E)

Bobigny background 11:00 20 10:48 43 6
(48.904◦ N, 2.46 ◦ E)

Route nationale 2- pantin traffic 11:00 40 10:48 43 1.2
(48.902◦ N, 2.39◦ E)

Boulevard Périphérique Est traffic 11:00 33 10:58 62 0.2
(48.84◦ N, 2.41◦ E)

derived from lidar–photometer coupling at its closest point
to the surface. Moreover, these measurements can also be
considered in a joint retrieval as an additional constraint to
improve the extinction coefficient, mostly in the lower part
of the profile (not done in this work). Mobile measurements
of particle number concentration have been performed along
Lille–Palaiseau transect on 28 August 2017, from 08:00 to
11:30 UTC. From these measurements, PM10, PM2.5 and
PM1 concentrations along the transect have been calculated.
Predicted PM10 maps given by the ESMERALDA (EtudeS
MultiRegionALes De l’Atmosphere) platform (http://www.
esmeralda-web.fr/, last access: 30 March 2018), which is
based on the chemistry-transport CHIMERE model (Menut
et al., 2013) have been considered in this study for compar-
ison with PM10 from mobile observations. The model pro-
vides hourly predictions of PM10 (along with other chemical
components) on a 3 km resolution grid (regional domain) for
each day. For our study, the model outputs assimilating the
data from regional air quality stations were considered. In or-
der to compare the PM10 variability from model to that from
mobile observations, we selected the modelled PM10 corre-
sponding to each hour spent on the road and the associated
section of the mobile transect. Figure 12a depicts the spatial
variability of modelled PM10 along with measured PM10 on
Lille–Palaiseau route. The ATMO Hauts-de-France and AIR-
PARIF air quality stations closest to the investigated route
are also shown in Fig. 12a. The model outputs and the mo-
bile observations are consistent in describing the same gra-
dient in PM10 from Lille to Paris, showing concentrations

higher than 65 µgm−3 around Lille and around 20 µgm−3

at Palaiseau. Some differences can be noted, higher concen-
trations from mobile measurements than from model around
Lille and localised peaks along the transect and when cross-
ing Paris ring road. One must consider that our measure-
ments have higher resolution (1 min), while the model out-
puts correspond to the concentrations at the exact hour. Spa-
tially, we get localised measurements along roads compared
to the 3 km resolution of the model. Furthermore, the mo-
bile measurements are performed along highways, which can
present higher variability of the concentrations, depending on
the fluctuations of the road traffic. The measured PM10 when
entering the highway at Lille reach 110 µgm−3 and decrease
to 40 µgm−3 at 80 km away from Lille, and to 25 µgm−3,
when approaching Île-de-France. Higher concentrations in
the range of 43–72 µgm−3 are observed along the east side
of the ring-road surrounding Paris. High levels of fine parti-
cles (PM1) around Lille and the Paris ring road indicate the
influence of heavy traffic. Table 1 reports the PM10 levels
recorded as 15 min average by air quality stations along the
route and the corresponding 1 min aerosol spectrometer mea-
surements from mobile observations. We checked the PM10
values from air quality station, model and our measurements
at the departure point, Lille, and the agreement is excellent:
62 µgm−3 measured by Lille Fives air quality station (aver-
age between 07:00–08:00 UTC), 61±6 µgm−3 measured by
the aerosol spectrometer on board the mobile platform (aver-
age between 07:30–08:00 UTC) and 61 µgm−3 from model
(at 08:00 UTC). The mobile measurements were performed
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along the major highway (A1) connecting Lille to Paris,
which explains the enhanced PM10 values compared to the
levels measured by regional air quality monitoring stations.
Taking into account all the variables, e.g. distance between
the mobile and stationary measurements, type of station and
temporal resolution, the PM10 concentration levels from air
quality stations and our measurements are in good agree-
ment. Regarding the comparison with the modelled PM10,
leaving aside the different temporal and spatial resolution
of the model vs. observations, the results are in good agree-
ment. As ESMERALDA models the background concentra-
tions (due to the size of the mesh), the differences observed
along highways are normal, especially as higher concentra-
tions along roads are dependent on unpredictable events like
traffic jams. Our results show a possible application of the
mobile platform for evaluating chemistry-transport models
performances.

The aerosol extinction coefficient near surface (Fig. 12b)
was obtained by applying scattering theory (Mie in our case)
on the measured size distributions assuming a refractive
index of 1.58 − −0.01i. Extinction as high as 0.50 km−1

was obtained on the highway at Lille, which decreased to
0.07 km−1 at Palaiseau. As mentioned previously, this infor-
mation (ground level size distribution-derived extinction co-
efficient) can be used to constrain the retrieval of extinction
coefficient profiles at near surface level and will be imple-
mented in a future version of our processing system.

3.3 Joint inversion of in situ and remote sensing

measurements

This part exemplifies how the in situ and remote sensing data
can be used in a joint inversion in order to derive extinction
coefficient profiles down to the surface level. First, the inver-
sion of lidar data was done using the AOD constraint as de-
scribed in Sect. 2.2.3. Then extinction coefficients at ground
level were computed for the measured size distributions by
means of a Mie scattering code, assuming a constant value
of 1.53 − 0.01i for the refractive index. This value, typical
for urban haze, was chosen according to the study of Skupin
et al. (2016). We applied no correction for the relative humid-
ity effect as the values recorded along the transect were under
30 %. The calculated extinction coefficients from in situ data
were then used to constrain the extinction profile at the sur-
face. A linear interpolation was applied between 300 m a.g.l.
and the surface level and the profile of extinction was iterated
until the AOD from lidar matched with the one measured by
the sun photometer. The extinction profiles derived with this
method are shown in Fig. 13. This is an example of mobile
measurements along the roads (mostly highway) between
Saint-Michel l’Observatoire (43.93◦ N, 5.71◦ E) and Valence
(45.25◦ N, 4.83◦ E), France, on 7 July 2017. Extinction var-
ied between 0.03 and 0.22 km−1 and transport of aerosols in
the free troposphere can be observed up to 5 km. Uncertain-
ties on the extinction computed at ground level are related

Figure 12. Spatial variability of (a) modelled PM10 concentra-
tions and PM10 measured by mini-WRAS during mobile observa-
tions along Lille–Palaiseau transect on 28 August 2017. Air qual-
ity stations along the road are marked with colour mapped stars.
The colour map is the same for both the measured and the mod-
elled PM10 concentrations. (b) Extinction coefficient at 532 nm at
ground level computed using Mie calculations on aerosol spectrom-
eter data.

to the vertical and horizontal inhomogeneities in the aerosol
distribution, the use of a constant and non-appropriate refrac-
tive index for the scattering calculations and the assumption
on the shape of the particles. A joint experiment with scatter-
ing and absorption measurements is needed in order to quan-
tify these uncertainties.

4 Discussion

In its current status MAMS is an operational vehicle-based
mobile system, ready to be used for different aerosol studies
and applications. Paving the way towards automation, near-
real time data processing and visualisation tools that would
allow fast access to the spatial variability of aerosol prop-
erties along roads, are under development. Moreover, new
capabilities at the instrumental level, such as sky radiance
measurements for the sun photometer and spectral and de-
polarisation measurements for the lidar, are planned to be
integrated in the mobile system, allowing a better characteri-
sation of the atmospheric variability. Measurements of spec-
tral AOD with 0.02 uncertainty are achieved with the sun
photometer, while extinction coefficient profiles with an un-
certainty of 15–25 % and mass concentrations profiles with
an uncertainty of 35–40 % can be derived from the synergy
of different instruments on-board the mobile system. These
uncertainties can be reduced if we can better characterise
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Figure 13. (a) Spatio-temporal variability of extinction coefficient
derived from the joint inversion of in situ and remote sensing
data and (b) example of extinction profile along the mobile tran-
sect at 15:36 UTC. The illustrated example corresponds to mo-
bile measurements performed on 7 July 2017 from Saint-Michel
l’Observatoire (43.93◦ N, 5.71◦ E) to Valence (45.25◦ N, 4.83◦ E),
France.

aerosols microphysical and optical properties with the help
of improvement and upgrade of measurement capabilities.
Regarding the operation of the mobile system, generally, the
participation of two operators is advised for performing mo-
bile campaigns. The system being quite autonomous, only
one driver is sometimes sufficient as follow-up of the on-
going measurements can be achieved through remote access
software. The advantage of the described mobile system is its
great flexibility, being able to be deployed for on-road mea-
surements with no or little preparation beforehand, compared
to airborne campaigns that require more administrative per-
missions and that are more difficult to set up. In addition,
the system is cost-effective compared to the organization of
extensive campaigns, which require more financial and hu-
man resources. Owing to the ease of its operation, the instru-
mented van can be deployed in case of sudden events neces-
sitating fast reactivity, e.g. pollution and fire events, transport
of dust, intrusion of volcanic ash etc. as well as for collecting
vertical and surface data, which are important for modelling.
The utility of the mobile system for applications such as in-
tercomparison with other lidars and sunphotometers in oper-
ational networks, i.e. EARLINET and AERONET, has been
shown in this work. The validation of satellite-derived prod-
ucts, e.g. MODIS AOD, has been exemplified through com-
parison with mobile sun photometer measurements. More-
over, the use for validation of chemistry-transport models
outputs has been illustrated through comparisons at fixed lo-
cation (Lille) between profiles of lidar–sun-photometer de-
rived parameters and dust model products. In addition, the
assessment of mobile measurements of PM10 vs. modelled

PM10 at surface level showed interest for air quality model
validation.

Near real-time visualisation tools of all data sets are un-
der development. On the one hand, data is planned to be
displayed on a dedicated webpage and on the other hand,
a desktop-based analysis software (iAAMS – Automatic
Aerosol Monitoring Station) will collect all the measure-
ments and display AOD, Angstrom Exponent, lidar RCS
and extinction coefficient variability during field campaigns.
Nevertheless, complex case studies remain a challenge and
require post-analysis. The mobile system is versatile, provid-
ing flexibility in adding other instruments to the vehicle for
specific campaigns. The integration of a second microlidar
with two wavelengths and polarisation channel is envisaged,
which will help in the analysis of complex aerosol situations.
Furthermore, sky-scanning possibility will be integrated as
feature for the next generation PLASMA sun photometer.
Once these upgrades will be completed, the use of more ad-
vanced algorithms such as GRASP/GARRLiC (Lopatin et
al., 2013) will give access to the vertical separation of aerosol
fine and coarse modes and of absorption properties.

5 Conclusions

This paper describes MAMS (Mobile Aerosol Monitoring
System), a ground-based, lightweight, mobile exploratory
platform dedicated to the measurements of atmospheric
aerosols properties, designed for both stationary and mo-
bile measurements during the vehicle’s motion. Its unique-
ness consists in combining remote sensing and in situ instru-
ments for investigating the vertical and spatial variability of
aerosol properties. At this time, no other atmospheric mobile
laboratory combines lidar, sun photometer and aerosol spec-
trometer. Measurements on-board include profiles of atten-
uated backscatter, extinction AOD, particle size distribution
in the range of 0.01–30 µm and mass concentrations (PM1,
PM2.5, PM10) at surface level. Aerosol properties such as
total column volume size distribution, extinction coefficient
and mass concentration profiles as well as extinction coeffi-
cient at ground level are derived from the synergy of different
measurements.

In this paper, the performance of the remote sensing instru-
ments on-board the vehicle has been assessed by comparison
with instruments in reference networks such as AERONET
and EARLINET. Uncertainties has been also evaluated and
discussed.

Over the period 2016–2017, more than 20 mobile cam-
paigns in France and one collaborative campaign in the North
China Plain have been conducted. In this work we present
two case studies meant to show the capabilities and applica-
tions of the mobile system. The first case study is focused on
the mobile measurements between a continental (Lille) and a
coastal (Dunkerque) site, when variations of AOD at 440 nm
from 0.4 to 0.8, along with a high variability of aerosol struc-
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tures vertically, over a distance of 80 km travelled in around
1 h, have been recorded. Dust transport in the range 2–5 km
altitude, added to a significant local pollution event at sur-
face level, illustrate an interesting case of spatial and vertical
variability. This case exemplifies the use of the synergy of
lidar–sun-photometer measurements. The second case study,
focused on in situ data and a comparison with an air quality
model, showed a clear horizontal gradient in PM10 concen-
tration between Lille and Paris, which was consistent in both
observations and model.

Data availability. Data used in this paper are available upon re-
quest to the corresponding author.
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