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Abstract

Improving our understanding of aerosols spatio-temporal distribution and their impact at local,
regional, and global scales, while minimizing uncertainties in their properties, is crucial for
accurately assessing their radiative effects. To this end, lidar and photometer are convenient
tools for aerosol monitoring, enhanced by the development of networks. However, laboratories
in fixed sites are restricted by their local conditions and position with respect to the aerosol
sources. Thus, the deployment of mobile laboratories (aboard ship cruises, airplanes or cars)
provided a solution to fill these observational gaps within networks. The first experiences using
a single-wavelength elastic lidar and sun-photometer have demonstrated the feasibility of in-
motion observations and highlighted ongoing technical challenges to be addressed. Therefore,
the lightweight CIMEL CE376 lidar, which provides measurements at 532 nm and 808 nm and
depolarization at 532 nm, is coupled with the CE318-T sun/moon photometer to enhance mobile
aerosol monitoring. Both instrumental and algorithmic assessments were conducted at ATOLL
(ATmospheric Observatory of liLLe) platform operated at the Laboratoire d’Optique
Atmosphérique (LOA), in Lille, France. In particular, algorithmic developments are proposed
to retrieve aerosols properties from the CE376 lidar measurements, envisioning near real time
analysis. Data acquired at two sites, ATOLL and 1ZO (Izafia Observatory, Tenerife, Spain),
were therefore analyzed through case studies under presence of different aerosol types (mineral
dust, mineral dust-smoke, volcanic ash and sulfates), showcasing, in this way, the capabilities
of the lidar system to characterize aerosols. Moreover, a first dataset of CE376 lidar and
photometer performing on-road measurements was obtained during the FIREX-AQ (Fire
Influence on Regional to Global Environments and Air Quality) field campaign, deployed in
summer 2019 over the Northwestern USA. Despite the extreme environmental conditions, the
study of smoke aerosols near fire sources was enabled by lidar and photometer mapping in 3D.
The future implications of a ship-borne CE376 lidar is also presented, showcase from a single-
wavelength lidar aboard the Marion Dufresne research vessel during the AMARYLLIS-
TRANSAMA campaign in 2023. This work provides a comprehensive discussion on the
capabilities (and limitations) of the CE376 lidar in bridging observational gaps in aerosol

monitoring, providing valuable insights for future research in this field.
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Resume

Améliorer notre compréhension de la distribution spatiotemporelle des aérosols et de leur impact
aux échelles locale, régionale et mondiale, tout en réduisant les incertitudes sur leurs propriétés, est
crucial pour évaluer avec précision leurs effets radiatifs. A cette fin, le lidar et le photométre sont
des outils pratiques pour la surveillance des aérosols, renforcés par le développement de réseaux.
Cependant, les laboratoires fixes sont limités par leurs conditions locales et leur position par rapport
aux sources d'aérosols. Ainsi, le déploiement de laboratoires mobiles (a bord de croisieres, avions
ou voitures) fournit une solution pour combler ces insuffisances observationnelles au sein des
réseaux. Les premiéres expériences avec un lidar élastique mono-longueur d’onde et un photomeétre
solaire automatiques ont démontré la faisabilité des observations en mouvement et ont mis en
évidence les verrous techniques a lever. Le lidar 1éger CIMEL CE376, qui fournit des mesures a
532 nm et 808 nm et polarisation a 532 nm, est coupl¢ au photomeétre solaire/lunaire CE318-T pour
ameéliorer la surveillance mobile des aérosols. Des évaluations instrumentales et algorithmiques ont
été menées a la plateforme ATOLL (ATmospheric Observatory of liLLe, infrastructure ACTRIS),
située au Laboratoire d'Optique Atmosphérique (LOA), Université Lille, France. En particulier, des
développements algorithmiques sont proposés pour déduire les propriétés des aérosols a partir des
mesures du lidar CE376, envisageant une analyse en temps quasi réel. Les données acquises sur
deux sites, ATOLL et IZO (Observatoire d'lzafia, Tenerife, Espagne), ont donc été analysées a
travers des études de cas en présence de différents types d'aérosols (poussiéres désertiques,
poussieres désertiques-fumée issue de feux de biomasse, cendres et sulfates volcaniques) ; illustrant
ainsi les capacités du systéme lidar pour caractériser les aérosols. De plus, un premier ensemble de
données de lidar CE376 et de photometre effectuant des mesures en déplacement a été obtenu lors
de la campagne FIREX-AQ (Fire Influence on Regional to Global Environments and Air Quality),
déployée a 1'été 2019 dans le nord-ouest des Etats-Unis. Malgré des conditions environnementales
extrémes, 1'étude des aérosols de fumée preés des sources d'incendie de forét a été rendue possible
par des observations en 3D du lidar et du photométre. Les implications futures d'un lidar CE376 a
bord d'un navire sont également présentées, grace a I’intégration test d'un lidar mono-longueur
d’onde a bord du navire de recherche Marion Dufresne lors de la campagne AMARYLLIS-
TRANSAMA en 2023. Ce travail offre une discussion compléte sur les capacités (et les limites) du
lidar CE376 pour combler les lacunes observationnelles dans la surveillance des aérosols,

fournissant des perspectives précieuses pour la recherche future dans ce domaine.
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Chapter 1

Introduction

“This is about humanity’s future. This is about

making sure that the world right now is liveable.”
-Elizabeth Wathuti-

1.1 Why is it important to study aerosol properties?

The atmosphere consists of a thin gaseous layer around the Earth, which is constituted mostly
of molecular nitrogen (78 %) and oxygen (21 %); the remaining 1 % comprises trace species
like water vapor, carbon dioxide (C0,), ozone (0O3) and methane (CH,) along with other minor
gas constituents, as well as particles. The solid or liquid particles suspended in the atmosphere
are defined as aerosols. Although the abundances (by volume) of trace gases and aerosols are
small, they are highly variable and play a key role in Earth’s radiative budget, which describes
the balance of incoming and outgoing energy in the atmosphere. The dramatic increase of
aerosol and gas emissions from human activity, compared to the emissions in pre-industrial
times, aroused inquietudes within the scientific community. For decades, scientific
multidisciplinary efforts have aimed to better understand greenhouse gases (like CO, and CH,)
and aerosol effects on climate and human health, as well as to identify their sources. Effects on
global climate are accounted through the Earth’s radiative balance and effects on human health
are mainly accounted for by air quality. It is well-known that the increasing abundance of
greenhouse gases, which trap outgoing thermal radiation within the atmosphere, leads to
warming effects on the atmosphere, enhancing changes in the global climate. Additionally,
these gases, above certain concentration levels, become harmful to the health of living species,

including humans (Ahrens, 2000; Salby, 1996: Wallace & Hobbs, 2006).
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While gaseous component effects are known with high confidence, aerosol effects are still
under question mark due to the high heterogeneity of their properties. Aerosols originate from
both natural (e.g., sea salt, dust storms, volcanic eruptions) and anthropogenic (e.g.,
combustion, agricultural and industrial activities) sources. They can be as well primary or
secondary products (gas-to-particle conversion). According to the location and environmental
conditions of the emission source, aerosols can vary in size (diameters from 0.001 to 100 um),
morphology, mixing state, chemical composition. Moreover, they can be transformed by
physicochemical interactions with other atmospheric components and with radiation.
According to the size, photochemical reactivity and transport mechanisms, aerosols can reside
in the atmosphere from a few hours to several days, and when they reach higher altitudes in the
atmosphere they can stay even longer, up to a few months or a year. (Ahrens, 2000; Salby,

1996; Wallace & Hobbs, 2006)
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Figure 1.1: Global effective radiative forcings for main atmospheric components (from 1750 to 2019). Source:
IPCC ARG6, working group 1, chapter 6 (Szopa et al., 2021).

The incident solar radiation and the re-emitted Earth thermal radiation interact with aerosols in
the atmosphere (aerosol-radiation interaction); scattering and absorption of radiation have
direct effects on the radiative budget. Also aerosols act as cloud condensation and ice nuclei
(aerosol-clouds interaction), which influence the cloud properties and therefore the radiative
budget (indirect effects). The last Assessment Report (AR) from the IPCC (Inter-Governmental
Panel on Climate Change) (AR6 working group 1, Szopa et al., 2021) showed that overall,

aerosols have a negative effective radiative forcing impact, related to cooling effects on the
atmosphere, contrary to the green-house gases (Fig. 1.1). Nevertheless, large uncertainties are

still associated to both direct and indirect impacts, restricting a proper characterization of the
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climate system. In addition, it has been estimated that up to 3.6 billion people live in situations
that are highly vulnerable to the impacts of climate change (IPCC AR6 working group 2,
Birkmann et al., 2022).

The aerosol radiative effects depend on several parameters, including aerosol type, lifetime,
aging state, mechanism of transport, and altitude at which they reside. For example, the
Pinatubo eruption in June 1991 injected enormous amounts of sulfur compounds into the
atmosphere, which caused a dropping of the global mean surface temperature for at least 5 years

after the eruption (Hansen et al., 1992; Thompson et al., 2009). More recently, in June 2019,

the Raikoke volcano eruption injected sulfate aerosols (conversion from sulfur dioxide SO,)

and ash higher into the atmosphere (9 to 18 km altitude) (De Leeuw et al., 2021; Osborne et al.,

2022: G. Vaughan et al., 2021). It has been estimated that these aerosols circulated and covered

the Northern Hemisphere for more than a year, inducing a negative radiative impact non-

negligible at a global scale (Kloss et al., 2021). On the other hand, carbonaceous particles (black

carbon) emitted from combustion processes (burnings of biomass and fossil fuel) are likely to

absorb light and therefore have a positive radiative forcing (Bond & Bergstrom, 2006), related

to a warming effect (Fig. 1.1).

The World Health Organization (WHO) identified air pollution as one of the highest risk factors
for noncommunicable diseases, with 99% of the global population exposed to unhealthy levels
of Particulate Matter (PM) and nitrogen dioxide. In particular PM2.5, aerosol particles with
diameters equal to or smaller than 2.5 pum, are capable of penetrating deep into the lungs and
entering the bloodstream, which can cause cardiovascular, cerebrovascular (stroke), and
respiratory complications. In 2019, it was estimated that both indoor and outdoor air pollution
caused 6.7 million deaths globally. Moreover, as climate is changing due to global warming,
more frequent and extreme environmental events are observed. These events, such as storms,
heat waves, floods, droughts and wildfires, increase the risk of deaths and spread of infectious
diseases. Extreme events can also incite the emission of high aerosol loadings into the
atmosphere, such as dense smoke plumes from wildfires or dust transport from enlarged eroded
areas. The health-related information presented in this paragraph can be found on the annual

statistics reports from WHO (WHO, 2019, 2021, 2023).

Moreover, we are already experiencing the effects of a changing climate. In 2022, several heat
waves crossed Western Europe transporting large amounts of dust from the Saharan desert. In

particular, in early spring several European cities were impacted by the deposition of dust at
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ground level, including snowy mountains, possibly impacting the climate locally (e.g., French

Alps, Fig. 1.2a) (Skiles et al., 2018). In the summer of the same year, extreme heat waves

contributed to the expansion of unprecedented wildfires across Europe, injecting high loads of

biomass-burning particles and affecting the air quality of multiple cities (Vasilakopoulou et al.,

2023). Likewise, during June 2023, Canadian wildfires emitted huge amounts of smoke that
were transported and covered the New York city skies (Fig. 1.2b), impacting aviation and

risking human health (McArdle et al., 2023). Both air quality and climate change not only

influence human health but also affect the global economy, with the necessity to contain the
negative effects on society, infrastructures, and our daily life activities (Saiz-Jimenez, 1993;

Stefanis et al., 2009).

Figure 1.2: Recent extreme events of transported aerosols. (a) Saharan dust covering Piau-Engaly ski resort in
southern France (Photography source: Bastien Arberet/Getty Images). (b) Smoke from Canadian wildfires
turning New York sky orange (Photography source: Angela Weiss/ Getty Images).

Improving the knowledge of the spatiotemporal variabilities of aerosols and their local, regional
and global effects, as well as reducing the uncertainties on aerosols properties is fundamental

to quantify their radiative impacts (Boucher et al., 2013). Following the aerosols transport from

the main sources and the evaluation of their complex distribution are therefore needed. As
negative effects on human health and economy are also accounted to aerosols, the demand for
continuous air quality control to develop early warning systems is increasing, as more frequent
and extreme environmental events are detected (IPCC AR6 working group 1, Seneviratne et

al., 2021).

1.2 How to assess aerosol’s properties spatiotemporal variability?

Researchers employ observations and modeling to study aerosol properties variabilities, both
of which are highly important and complementary for better understanding the climate system.

In-situ observations, meaning that data is collected directly at the location of interest, and
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remote sensing, denoting to data collected at a distance from the location of interest, are used
to characterize aerosol properties. From in-situ measurements, we can obtain precise
information on aerosol optical, micro-physical and chemical properties. Nevertheless, the
available instruments use a variety of approaches to measure, in particular, aerosol size,

resulting in different sizes for the same particle (McMurry, 2000). Measurements are also

restricted to a few meters of the lower atmosphere, close to ground level. In exceptional field

campaigns in-situ measurements are also possible aboard aircrafts (Anderson et al., 2003 Pratt

& Prather, 2010; Q. Zhang et al., 2009), tethered balloons, and more recently, aboard drones

reaching aerosols at higher altitudes (Renard et al., 2016). However, due to the high cost of

operation, these types of measurements are not frequently used.

Remote sensing techniques are based on radiation scattering and absorption by atmospheric
components (aerosols, clouds, gases) comprises two branches; passive (natural radiation-
atmosphere interactions) and active (emits its own radiation) remote sensing instruments. Both
types of techniques are widely used aboard satellites and at ground-based platforms to monitor
atmospheric aerosols. Satellite remote sensing offers unique advantages in assessing the spatial
distribution of aerosols, reaching up to global coverage depending on its orbit. Passive remote

sensing instruments aboard satellites, such as the two MODIS (Moderate Resolution Imaging

Spectrometer; King et al., 1992) aboard AQUA and TERRA satellites, provide long-term
aerosol observations with global coverage. As well, the CALIPSO satellite (Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations; Winker et al., 2009) with CALIOP

(Cloud-Aerosol Lldar with Orthogonal Polarization), a space-borne lidar (active remote sensing
instrument), completed a successful mission from 2006 to 2023. CALIOP offered vertically
resolved backscattered light signal at two wavelengths, in the visible and infrared (IR), and
depolarization ratio observations, which allowed for assessing the atmospheric structure and
classifying aerosols and clouds globally. Despite their global coverage, satellite remote sensing
instruments are limited by their temporal resolution, meaning they cannot frequently revisit the
same location, which is problematic for monitoring rapid changes in aerosol properties. Certain
surfaces and atmospheric conditions, such as dense clouds, complex topographies, dense

vegetation, or oceans, pose challenges for interpreting satellite data (Wei et al., 2019: J. Zhang

et al., 2005). For the case of space-borne lidars, signal profiles are noisier while getting closer
to the surface, due to light attenuation by the atmosphere, increasing the observations
uncertainties close to ground. Therefore, ground based remote sensing instruments are

important for data calibration and validation (CAL/VAL) (Bibi et al., 2015; Chu et al., 2002;
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Mamouri et al., 2009; McGill et al., 2007). The development of new satellite missions continues

to enhance the capabilities of remote sensing systems, addressing current limitations.

The photometer, a passive sensor providing multispectral information on the aerosols in the
atmospheric column, and the lidar, an active remote sensor providing vertically resolved aerosol
observations, are widely used for aerosol studies. Both ground-based photometers and lidars
have proven to be convenient tools for assessing aerosol properties. To this end, the
development of networks plays a key role. For example, the world-wide open-access

photometer network AERONET (AErosol Robotic NETwork; Holben et al., 1998) provides

insightful tools to monitor aerosols effects on a global scale (e.g., Boichu et al., 2023). In

Europe, the research infrastructure ACTRIS-ERIC (Aerosol, Clouds and Trace gases Research
InfraStructure, European Research Infrastructure Consortium) with its branch CARS (Center

for Aerosol Remote Sensing, https://www.actris.eu/topical-centre/cars), offers support to

ACTRIS National Facilities operating aerosol remote sensing instrumentation. The instruments
included are deployed in networks for the automatic sun/sky/polarized/lunar photometer
(AERONET-Europe), automatic low-power lidars (E-PROFILE, https://e-profile.eu/), and
high-power aerosol lidars (EARLINET, European Aerosol Research Lldar Network;

Pappalardo, 2010). CARS offers specialized services to users, aiming to enhance the

appropriate characterization of aerosols properties and improve the communication of scientific
advances. Studies conducted with multiple network sites have allowed for assessing the
variability of aerosol properties at a regional level, such as during Saharan dust outbreaks

(Ansmann et al., 2003; Lopez-Cayuela et al., 2023 Papayannis et al., 2008) or the long-range

transport of biomass burning aerosols (Adam et al., 2020; Nicolae et al., 2013). However,

laboratories at fixed sites are restricted by their local conditions and position relative to aerosol
sources. Furthermore, some regions with difficult access, such as oceans or mountains, remain
unexplored. Additionally, the expansion of aerosol networks for the ground-based sites are

mainly covering the land surface of the Northern Hemisphere.

All the mentioned techniques —in-situ, ground-based, and satellite remote sensing—have both
advantages and limitations. One common limitation is the access to reliable information in
complex topographies and remote areas (such as over oceans), where several natural aerosol
sources are identified (volcanoes, forest fires, sea spray). Bridging the observational gaps from

the different branches of research will significantly improve our knowledge about aerosols and
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their climate impacts. In the context of this thesis, the main concern is the observational gaps

within the ground based remote sensing sites.

1.3 So, how can we bridge the observational gaps on ground-based

aerosol monitoring networks?

The deployment of mobile laboratories (aboard ship cruises, airplanes or cars) provides a

solution to fill the observational gaps within ground-based networks (Bohlmann et al., 2018;

Muller et al., 2014: Popovici et al., 2018: Smirnov et al., 2009: Tesche et al., 2019). In recent

years, the multispectral sun/sky/lunar CIMEL CE318-T photometer (Barreto et al., 2016),
widely used around the world and designed by the French company CIMEL Electronique, has
been fully adapted for automatic observations during movement onboard ships (Yin et al.,
2019). Likewise, the PLASMA (Photometre Léger Aéroporté pour la Surveillance des Masses

d'Air; Karol et al.. 2013) photometer was developed exclusively to perform aerosol

observations during movement, and has been deployed aboard aircraft and vehicles during field
campaigns (Hu et al., 2019; Mascaut et al., 2022; Popovici, 2018; Popovici et al., 2018, 2022).
The ship-borne CE318-T and PLASMA photometers have been adapted and developed

respectively within AGORA-Lab, a common laboratory between LOA (Laboratoire d’Optique
Atmospherique, Lille University) and CIMEL company (https://www.agora-lab.ft/).

Lidar systems are mostly big, complex, require significant space, regular maintenance and
controlled operational conditions. Thus, upgrades for mobile observations often involve
instrumental modifications and/or creation of adapted laboratory platforms. Studies conducted
with lidars aboard mobile vectors showed the possibility to support satellite-based observations

(Burton et al., 2013: Warneke et al., 2023), assess air quality in urban-rural transitions and

complex topographies (Chazette & Totems, 2023; Dieudonné et al., 2015; Pal et al., 2012;
Popovici, 2018; Popovici et al., 2018, 2022: Royer et al., 2011; Shang et al., 2018). For instance,

a description of a compact and light mobile system, integrating a compact lidar and a sun
photometer was first presented by Popovici et al. (2018). This unique system, deployed by
LOA, included the CIMEL CE370 single-wavelength elastic lidar and the PLASMA sun-

photometer. During several field campaigns the integrated system performed on-road mobile

measurements (Popovici et al., 2018, 2022), demonstrating its versatility for aerosol

characterization. Accordingly, the newest model of the CIMEL lightweight lidar, the CE376

dual-wavelength lidar, is proposed to enhance aerosol property studies.
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The CE376 lidar measures backscattered light signals at 532 nm and 808 nm and depolarization
at 532 nm. Algorithmic and instrumental assessments took place at the ATOLL (ATmospheric
Observatory of liLLe) platform operated by LOA in Lille France. METIS, an early version of
the CE376 lidar, has been continuously performing observations since 2019. In addition,
METIS is co-located with a CE318-T photometer and with a high-power multi-wavelength
Raman lidar, LILAS, part of ACTRIS-EARLINET, which are also considered for comparison
and validation. By combining observations from the lidar (vertically resolved) and the

photometer (column integrated), more reliable assessments of aerosol properties are possible.

The BASIC software developed at LOA, provides Near Real Time (NRT) aerosol properties
retrieved from lidar measurements at one wavelength and combines them with photometer data

(Mortier, 2013a). Also, the algorithm offers aerosol layer detection and, by identifying the

aerosol types, can derive the mass concentration vertical variability, directly related to air
quality. Initially, the BASIC algorithm did not support multi-wavelength measurements or
observations performed during movement. Nevertheless, multiple studies on simultaneous 2-
wavelength lidar observations have presented inversion schemes to improve the derived aerosol

properties (Ackermann, 1997, 1999; Kunz, 1999; Lu et al., 2011; Potter, 1987; Vaughan et al.,
2004).

This work evaluates the appropiate inversion scheme to retrieve aerosol properties from the
CE376 lidar measurements when it is co-located with a photometer, considering observations
at fixed location and while in-movement. In accordance with the performance limits of each
wavelength detection channel, a modified Klett inversion scheme is proposed for the
simultaneous 2 wavelength observations. Furthermore, considering the depolarization
observations, insights on the microphysical aerosol properties (size and shape) are available.
The aerosols retrievals are evaluated through comparison with the LILAS Raman lidar at
ATOLL, establishing the reliability of the results. Case studies are also presented considering
the influence of mineral dust, smoke-dust, and volcanic aerosols. Additionally, observations of
the CE376 lidar co-located with CE318-T photometer installed at Izana Observatory (1ZO),
were also considered for studies on mineral dust and volcanic aerosols. Furthermore,
considerations to enhance NRT aerosol properties for air quality assessments or early warning
systems, are taken into account. This study not only outlines the findings but discusses the

limitations and future implications of the approach.
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A first dataset of co-located CE376 lidar and photometer mobile observations was obtained
during the FIREX-AQ (Fire Influence on Regional to Global Environments and Air Quality)

field campaign, organized over the Northwestern US in the summer 2019 (Warneke et al.,

2023). This campaign, led by NASA and NOAA, focused on investigating the chemistry and
transport of smoke from wildfires and agricultural burning, in addition to deploying multiple
in-situ instruments on fixed platforms around the region and aboard aircraft. Remote sensing
instruments were installed in both stationary and mobile DRAGON payloads (Distributed
Regional Aerosol Gridded Observations Networks; Holben et al., 2018). Thus, two mobile
platforms (2 SUVs) called DMU-1 and DMU-2 (Dragon Mobile Unit) were equipped with
lidars and photometers. The dual wavelength CE376 lidar and ship-borne CE318-T photometer
were installed aboard DMU-1, and the single-wavelength CE370 lidar and PLASMA

photometer onboard DMU-2. Both DMUs performed on-road mobile observations around
major fire sources and were able to follow smoke plumes. Height-resolved optical properties of
fresh smoke aerosols close to active fire sources were retrieved, despite extreme environmental
conditions that limited the performance of the instruments. Consequently, this work presents
aerosol property mappings of selected case studies during the Williams Flats fire in Washington
State, considering both DMU-1 and DMU-2 for the analysis. Notably, this thesis provides 3D
mapping and temporal evolution of aerosol properties, showcasing the relevance of coupling

the CE376 lidar and CE318-T photometer even under extreme environmental conditions.

The AMAGAS-AMARYLLIS oceanographic mission, entitled “From Amazon sediments to
natural climate variability and slope instability processes,” was deployed between May and July
2023 aboard the Marion Dufresne research vessel. As part of this mission, the Marion Dufresne
left La Reunion Island in mid-April 2023, passed around South Africa, crossed the Atlantic
Ocean, and reached Barbados by mid-May 2023. During this transit, the campaign
TRANSAMA (Transit to AMAGAS-AMARYLLIS, valorization project) was deployed to
observe and analyze atmospheric aerosols in a maritime environment using remote sensing
measurements. Therefore, the CE370 single-wavelength lidar, a ship-borne CE318-T
photometer, and a PLASMA photometer were installed aboard the Marion Dufresne research
vessel. This campaign allowed continuous assessments of the instruments' performance while
in movement. In particular, the adequate operational conditions for the lidar were evaluated,

envisioning the future installation of the CE376 dual-wavelength lidar aboard a ship.

This thesis is developed within the framework of the CIFRE (Conventions Industrielles de
Formation par la Recherche) convention, which promotes the collaborative advancement of
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industry and research in France. Thus, this work aims to further advance both the algorithmic

and instrumental developments of the CE376 lidar.
1.4 Objectives

The main objective of this work is to demonstrate the capabilities of a compact dual-wavelength
depolarization lidar (CE376 lidar) in assessing the spatio-temporal variabilities of aerosol
properties, particularly when it is aboard moving vectors and co-located with a photometer.
Both the capabilities and limitations of the CE376 lidar are investigated in detail, illustrating
how this study contributes to filling observational gaps within aerosols monitoring networks.

To achieve the main objective, the following goals were proposed within the thesis project:

Consolidation and validation of instrumentation: This includes the qualification and
validation of the CE376 lidar’s two-wavelength and depolarization measurements. For
the mobile version, this involve consolidating the instruments from the technical

standpoint (resistance to vibrations, operating limits in mobility).

Development of prototype treatment system: This involves the adaptation and
development of algorithms to build a prototype software for data processing of
simultaneous two-wavelength lidar measurements and for aerosol monitoring in near

real time (NRT).

Validation of global performance and aerosol parameter measurements: This entails
testing the performance under different conditions of use, environments, and aerosol
situations (types, layers, mixtures) to demonstrate scientific interest and operational
feasibility. Comparisons with reference instruments (LILAS Raman lidar) will
characterize the performance of the solutions. Measurements during exceptional events

will be evaluated to define specific applications for aerosol monitoring.

Scientific and Technical valorization: The results will serve as references for
promoting new measurement solutions to the scientific community, spatial observation

of the Earth and their promotion to air quality field.
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1.5 Thesis layout

This thesis is divided into seven chapters:

(1)

(2)

3)

(4)

)

(6)

(7)

The first chapter briefly introduces the background of aerosol research, the motivations
and objectives of the thesis.

The second chapter provides a short overview of aerosols features, including
descriptions of their microphysical and optical properties and their transport in the
atmosphere.

The third chapter describes the remote sensing instruments used in this work, focusing
on the CE376 lidar data preprocessing (corrections, calibrations) and performance
(temperature effects, depolarization measurements).

The fourth chapter presents the algorithmic assessments to integrate the CE376 lidar
and photometer for aerosol monitoring in NRT, considering measurements at fixed
location and while in-movement. A comprehensive evaluation of aerosol retrieval
methods (combining lidar and photometer) available in the literature is presented.

The fifth chapter presents results of selected case studies, from co-located lidar and
photometer observations at two sites, ATOLL (Lille, France) and IZO (Tenerife, Spain).
Events of dust outbreaks, biomass burning, and volcanic eruption were thoroughly
evaluated, showcasing the capabilities and limitations of the lidar system to characterize
aerosols. The aerosol properties presented at each study case are outcomes of the
prototype software, described in the fourth chapter.

The sixth chapter is dedicated to aerosol observations while lidar and photometer are in
movement. Two mobile campaigns, FIREX-AQ (summer 2019) and TRANSAMA
(spring 2023), are presented. Results from the first campaign study smoke aerosols near
fire sources, displaying the enhanced capabilities of the CE376 lidar for mobile aerosol
monitoring even under challenging environmental conditions (high temperatures,
difficult roads, thick aerosol layers). Results from the second campaign exhibit the
operational challenges to overcome in open sea conditions (salt deposition on windows),
with a view toward the ship-borne installation of the CE376 lidar.

Finally, the seventh chapter presents the conclusions and perspectives of this work.

A research article published in an international peer-reviewed journal is presented in Appendix

A.
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Chapter 2

Atmospheric Aerosols

“The balance of nature is not a status quo; it is fluid, ever shifting, in a
constant state of adjustment. Man, too, is part of this balance.”
-Rachel Carson, Silent Spring-

Fundamental concepts needed for the development of this work are introduced throughout this
chapter. The microphysical properties of aerosols, such as size and morphology, are presented,
along with their optical properties derived from their interaction with radiation. Moreover, the

spatial spreading of aerosols from their source transported to regional and global scales is

described.

2.1 Microphysical properties

The particle size is defined by the equivalent diameter of the aerosol, considering it as a sphere.
The particle size covers several orders of magnitude from 0.001 to 100 um, and they are divided
into 3 main groups: coarse (>2.5 um), fine (<2.5 um) and ultrafine (0.001- 0.1 um) modes (Fig.
2.1). Ultrafine particles are also divided into nucleation and Aitken modes and represent the
major contributions in number concentrations. In terms of air quality, which considers an
aerodynamic equivalent diameter (related to particle behavior in air flows), coarse particles are
defined as PM10 (for particles sizes below or equal to 10 um) and fine particles as PM2.5 (for

particles sizes below or equal to 2.5 um).

Coarse particles are generally emitted from natural processes and they often have a shorter
lifetime in the atmosphere, e.g., mineral dust, volcanic ash, sea salt and pollen. These large

particles can impact human health by affecting the upper tract of the respiratory system. Fine
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particles, on the other hand, are generally emitted as primary products by human activities
involving combustion processes, e.g., black carbon emitted from fossil fuel combustion in
transport and industry. Ultrafine particles can be emitted as secondary products, by the
transformation of natural or anthropogenic gas precursors into particles; e.g., sulfate aerosols
from sulfur dioxide conversion emitted during volcano eruptions. Moreover, ultrafine particles
are harmful to human health, as they can potentially reach the bloodstream, allowing them to
be distributed to the rest of the body. During their stay in the atmosphere, aerosol particles
undergo aging processes that modify their physical and chemical properties (Wallace & Hobbs,
2006; Seinfeld & Pandis, 2016).
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Ultrafine Particles
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Figure 2.1: Graphical representation of the different particle size modes. The same hypothetical log-normal
aerosol distribution plotted, from top to bottom, as number vs. diameter distribution, and as volume vs. diameter
distribution. (Source: Seinfeld & Pandis, 2016)

The growth of particles in nucleation mode happens in a matter of minutes up to hours and they
are mainly observed as a distinct mode at their source. Then the Aitken particles act as nuclei
for the condensation of gases, causing them to grow towards the accumulation mode. The

Aitken and accumulation mode particles are usually referred to as fine particles, and they are
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the most abundant (by volume). For coarse mode particles, while concentrations can be low,

the particle mass concentrations are considerable.

Figure 2.2: Scanning electron microscope images (not at the same scale) show the wide variety of aerosol shapes.
From left to right: volcanic ash, pollen, dry sea salt, and soot. [Micrographs courtesy USGS, UMBC (Chere Petty),
and Arizona State University (Peter Buseck).

Aerosols are not only variable in size; they also present variability in shape. Figure 2.2 presents
images taken with a transmission electron microscope that show examples of different shapes
that aerosols can have. Thus, they can be far from the spherical shapes that we assume.
According to the processes involved in the aerosol emission and aging, they can also present a
gaseous envelope (coating), taking an apparent spherical shape but with a complex mixing state.
Aerosols can then mix externally and internally with other aerosols, gases or biological

compounds, growing in size and changing shape while they age.
2.2 Optical properties

Considering particles (molecules or aerosols) as targets in a homogeneous medium
(atmosphere), an incident monochromatic electromagnetic wave (referred as energy, light or
radiation indistinctly) is either scattered and/or transferred to the particle and transformed; the
particle absorbs a part of the energy, translates it into thermal radiation, vibration, rotation and
also re-emits electromagnetic waves in all directions. The outgoing radiation from the
interaction can be at the same wavelength (elastic scattering) or at a different wavelength (re-
emitted light, i.e., inelastic scattering) with respect to the incident radiation. The angle between
the direction of propagation of the incident radiation and the scattered one is named scattering
angle ® and the scattering phase function defines the intensity of light scattered in all the
scattering angles (Petty, 2000).

2.2.1 Scattering

The particle size is in fact the most important defining characteristic in scattering processes. In

general, particles that are far smaller than the wavelength will scatter very weakly, though they
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may still absorb radiation, like green-house gas molecules. This type of scattering can either be
negligible or described by Rayleigh theory. A typical example of Rayleigh scattering is given
by the blue color of the sky, which is a shorter wavelength (blue) and therefore more efficiently
scattered by air molecules. For very large particles with respect to the wavelength of incident
radiation, we can approximate the interaction by means of a homogeneous medium using
geometric optics (reflection, diffraction, refraction), e.g., cloud droplets. Nevertheless, the
majority of aerosols size in the atmosphere are between both considerations, and therefore they

need a more complex mathematical interpretation to define their scattering phase functions.

Mie scattering theory was developed for particles with size comparable to the incident
wavelength, and assuming that the particle is a homogeneous sphere. To this end it is useful to
define a ratio of the particle size to the wavelength of incident monochromatic light, which is

also called size parameter (Eq. 2.1).
X =— (2.1)

By the given value of x, it is possible to determine whether scattering by the particle is likely
to be significant and, if so, which scattering regime (Rayleigh, Mie, or geometric optics) is most
applicable (Fig. 2.3). Under the context of this study, the CE376 lidar uses light at 532 nm and
808 nm wavelengths, in the visible and NIR (near infrared) respectively. Therefore, air
molecules are most likely to scatter the 532 nm light than the 808 nm. Similarly, bigger particles
(e.g., radius ~100 pum) are most likely to be in the Mie scattering regime for 808 nm and in the

geometric optics regime for 532 nm.

Mie scattering theory is convenient and useful to characterize the intensity of radiation scattered
by atmospheric aerosols in a sample of air. Mie theory considers that particles in a volume of
air are far enough from each other, so interactions between them are avoided, and therefore the
total scattered radiation is approximate to the sum of scattering by each particle. This scenario
is observed in the atmosphere even in polluted conditions, with exceptions under clouds
presence or at heavy emission sources. To limit the possible contributions of multiple scattering
on lidar, narrow field of view are chosen for the detection of radiation. Besides, Mie theory
assumes particles to be spherical which is far from reality for several aerosol types. Therefore,
more elaborated mathematical expressions are derived to approximate reality (Mishchenko &

Travis, 1994:; Yang & Liou, 1996; Dubovik et al., 2006), but this still poses a challenge due to

the complexity on aerosol shape.
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Figure 2.3: Relationship between particle size, radiation wavelength and scattering behavior for atmospheric
particles. Diagonal dashed lines represent rough boundaries between scattering regimes. The CE376 lidar
wavelengths of detection are indicated with green (532 nm) and red (808 nm) lines. Source: adapted from (Perty,
20006).

Polarization

Polarization of light describes the orientation of the electric field vector within the
electromagnetic wave (light), indicating the direction in which the wave vibrates. Aerosol
scattering processes can significantly influence the polarization state of light, which varies
according to the scattering angle. In Rayleigh scattering regime, the scattered light tends to
become polarized perpendicular to the direction of the incident light and presents homogeneous
patterns with respect to the incident plane. On the other hand, in the Mie scattering regime the
polarization of scattered radiation becomes more complex; the strength and preferred angle of
polarization depends on the aerosol size, shape and refractive index. In particular aerosol shape
will have an important impact on the polarization. While spherical particles (e.g., small
droplets) exhibit polarization effects similar to the Rayleigh regime, non-spherical particles
(e.g., dust, pollen) can induce complex polarization changes due to their irregular shape and
orientation with respect to the incident light (Kokhanenko et al., 2020; Daskalopoulou et al.,
2023).
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2.2.2 Absorption

The solar radiation depends on temperature and is defined by the black body theory. While solar
irradiance at the Top of Atmosphere (TOA) remains quite constant, the measured irradiance at
the surface is controlled by the atmospheric transmission. Trace gas compounds in the
atmosphere are most likely to absorb radiation at different spectral bands, and scatter (Rayleigh
scattering) radiation at the shorter wavelengths (visible band). In Fig. 2.4, both the solar
irradiance electromagnetic spectrum at TOA and at the surface are presented. The spectral
bands of absorption and scattering (shadowed areas) by trace gases are indicated for an
atmosphere without aerosols and clouds. In the context of this thesis, once again, the detection
wavelengths of the CE376 lidar are indicated, with dotted green (532 nm) and red (808 nm)
lines. It is important to note that the wavelengths selected to study aerosols are carefully selected
outside the gas absorption bands. Moreover, the Rayleigh scattering impact mostly the

transmission in the atmosphere at 532 nm than at 808 nm.
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Figure 2.4: Solar irradiance curve for a spectral interval at the top of the atmosphere and at the surface (solar
zenith angle of 60°) in an atmosphere without aerosols or clouds. Absorption and scattering regions are indicated.
Source: adapted from (Liou, 2002)
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Both scattering and absorption are wavelength dependent, and can be related through the
complex refractive index (Eq. 2.2), where the imaginary part (k) is correlated to the aerosol
absorption capacity and the real part (n) is related to the phase speed of propagation of a wave

within the aerosol medium.

m) = n(d) — i-k(d) (2.2)
2.2.3 Extinction

The scattering cross-section is the effective area that characterizes the probability of scattering.
The aerosol efficiency to scatter radiation Qg.,(x,m, 1), is therefore influenced by its size
parameter and refractive index and it is defined as the ratio of the scattering cross-section to the
geometrical cross-section of the particle. Then the scattering coefficient of a volume of air is
defined as individual aerosol efficiencies integrated over all particle sizes r (Eq. 2.3), where,
aerosols efficiency to scatter radiation is Q.4 (x, m, 1), the acrosol geometrical cross section is

mr? and the number concentration of aerosols by volume of air is defined by n(r).
Asca(A) = fOOO mr? Qseq (X, m, Dn(r)dr (2.3)

In the same way, as for scattering, the absorption coefficient is defined by Eq. (2.4). Moreover,
both scattering and absorption contributes to the extinction («) of radiation passing through a

volume of air (Eq. 2.5) and following the energy conservation law.
Aaps(A) = [, 112 Qaps(x, m, Dn(r)dr (24)

Text 1 = Osca 1 + Aaps(A) (2.5)

The Single Scattering Albedo (SSA) of aerosol, defined in Eq. (2.6), is a parameter that provides
information on rather the aerosol is most likely to scatter than absorbing radiation or the other
way around.

Asca(A) _ Asca(A)
Asca(D)+agps(1) N Qext(A)

wo(1) = SSA(A) =

(2.6)

The absorption efficiency of aerosols depends on their microphysical and chemical properties.
Nevertheless, the real effect of aerosols on absorption depends on the amount and interaction
with the surrounding gases (Petty, 2006). This causes both primary and secondary aerosols to

modify the radiative budget of the atmosphere (e.g., anthropogenic pollution). Moreover, since
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scattering is generally considered more significant than absorption, this effect is more relevant

in estimating the amount of mass loading of aerosols.

The solar radiation passing through the atmosphere is attenuated by both particle scattering and
absorption (extinction). The attenuation is then described by the Beer-Lambert law (Eq. 2.7),
where I is the radiance at the top of the atmosphere and I at surface, 6, is the solar zenithal
angle and the attenuation is given by the total optical depth T(4), which is the integration of all

the contributions of extinction at all altitudes (Eq. 2.8). It is important to mention that the term

Cosl( ) in Eq. (2.7) is valid for a plane perpendicular to the solar beam, thus the expression will

change for lower solar zenithal angles.

1(2) = I,(A) exp (— Cosl( 5 T(A)> 2.7)
() = [y Gere dz (2.8)

2.3 Aerosol sources and transport

Before discussing the sources of aerosols and their transport, it is worth mentioning the structure
of the atmosphere, which plays an important role in the dispersion of aerosols. The density and
pressure of air, following the gas law, decrease exponentially with altitude due to Earth’s
gravity. This vertical variation in both pressure and density is significant and dominates
horizontal or temporal variations. Therefore, defining a Standard Atmosphere, which represents
the average atmospheric structure as a function of altitude for a certain latitude, becomes useful.
Figure 2.5 shows the pressure and density values for the American Standard Atmosphere (US-

Standard Atmosphere), representative of mid-latitudes (Ahrens, 2000).

The variation of air temperature with altitude follows a more complex behavior than pressure
and density variation within the atmosphere (Fig. 2.5), because it depends on the photochemical
interaction of atmospheric molecular components with solar radiation. Based on the
temperature profile, the atmosphere is divided into 4 main layers: troposphere, stratosphere,
mesosphere and thermosphere. The boundaries between these layers, marked by an inversion

in temperature trends, are called the tropopause, stratopause and mesopause.

The troposphere is the lowest layer of the atmosphere, where the majority of the air mass is

concentrated, and where life and climate develop. The temperature in this layer decreases with
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altitude following the reduction in air pressure, and extends up to 12 km in mid-latitudes and
up to 18 km in the tropics. The stratosphere, on the other hand, experiences an increase in
temperature within the layer due to the presence of ozone (0O3) which absorbs solar radiation in

the ultraviolet (UV) band and releases heat.
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Figure 2.5: Atmospheric vertical structure based on its variations in pressure, temperature, and density. Source:
https://eaglepubs.erau.edu/.

At the base of the troposphere, closer to ground, a sublayer known as the Atmospheric
Boundary Layer (ABL) develops. The thermal structure in the ABL changes significantly
throughout the day due to surface heating and cooling, seasonal changes, and humidity
exchanges with the surface. The top of the ABL is also marked by a temperature inversion,

which delimits the available volume of air where pollutants are emitted (Stull, 1988). Moreover,

the ABL top marks the altitude where clouds are most likely to form. The region of the
troposphere above the ABL is known as the free troposphere (FT) due to the usual absence of

pollutants.
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The ABL is the most important region of the troposphere for studies of air quality and particle
transport models. While the air temperature increases during the day by convection of air
parcels, the ABL extension increases in altitude, and during nighttime decreases due to the
surface cooling. The ABL top altitude is highly variable, ranging from 100 m at night and to up
to 2 km on a daily basis. For example, in winter in mid to high-latitudes with low temperatures
during the entire day, the ABL remains shallow and stratified, reducing the volume of air
available for pollutants, and thus endorsing bad air quality peaks due to heating systems (Fig.
2.6a). In hot and arid regions like deserts, the ABL top can reach even higher than 4 km,

enhancing the vertical extension of dust storms (Fig. 2.6.b).

Figure 2.6: ABL influence on aerosol transport. (a) winter air pollution on New Zeland (©davidwallphoto.com).
(b)Dust storm in Victoria, Australia (© ESCAP/APDIM/Robert Klarich)

Moreover, the ABL dynamics depend not only on local conditions, but can also be influenced
by synoptic circulations. Therefore, the ABL is important for the transport of aerosols towards
higher altitudes, whereas winds are responsible for their long-range transport. For physical
processes involving convective air parcels, those with enough energy can break through the
ABL top, reaching the FT or higher, where winds will transport the aerosols to regional or even

global scales.

For example, volcanic eruptions can inject high amounts of sulfur compounds into the upper

troposphere and lower stratosphere (Boichu et al., 2023: Kloss et al., 2021). The formation of

pyro-cumulus clouds during intense wildfires can transport (updraft) smoke aerosols to the

upper troposphere and lower stratosphere (Ansmann, Ohneiser, Mamouri, et al., 2021; Khaykin

et al., 2020). Moreover, the permanence of aerosols in the atmosphere depends on their size and

lifetime, which are defined by their photo-chemical reactivity and removal mechanisms.
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Around the world, major aerosol sources, both anthropogenic and natural, are identified. Figure

2.7 illustrates these sources and the aerosol transport from local to regional and up to global

scales.

Figure 2.7: Modeling perspective on global aerosol content represented by different colors. Red indicates dust,
blue indicates sea salt, smoke aerosols are in green and sulfate aerosols in white. Credits: William Putman and
Arlindo da Silva, NASA/Goddard.

A brief description on the aerosols shown in Fig. 2.7 is presented below:

Mineral dust (red color on Fig. 2.7) accounts for two-thirds of the global aerosol mass

(Adebiyi et al., 2023). The desert belt, including the Sahara in North Africa and the Arabian

deserts (tropical latitudes, hot deserts), and Gobi Desert covering Northwestern China (mid-
latitude desert), emit high amounts of mineral dust that can be transported at regional levels

(Mona et al., 2006; Papayannis et al., 2008; Tesche et al., 2009). Notably, dust from the

Sahara travels even further, crossing the Atlantic Ocean and reaching the Amazonian

rainforest (Ansmann et al., 2009) and North America (Middleton & Goudie, 2001). Mineral

dust affects several aspects of climate through their interactions with radiation, cloud
formation, and hydrology. Dust is extremely aspherical and either scatters or absorbs

radiation, showing spectral dependency (Adebiyi et al., 2023). Dust can be found in the fine

mode but is mostly reported as coarse aerosol (up to super-coarse and giant modes), even
far from source.

Sea salt aerosols (blue color on Fig. 2.7) are among the most abundant aerosol species over
the oceans. They are mainly generated by air bubbles bursting at the ocean surface due to
wind stress. Sea salt is mobilized by winds over the ocean surface, limited by a shallow

ABL. Sea salt (or marine) aerosols are typically large, spherical particles with low light
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absorption efficiency, and they act as cloud condensation nuclei (Bohlmann et al., 2018;

Burton et al., 2013; Jaeglé et al., 2011; Pierce & Adams, 2006).

- Smoke aerosols (green color on Fig. 2.7) are emitted in high amounts from seasonal
agricultural fires and wildfires, and are primarily carbon-based. Forest and savanna fires
(e.g., Amazon, African Savanna) are major sources of black carbon, known for its high light
absorption efficiency. Fresh smoke aerosols are usually fine and spherical (due to coating)
and impact local to regional levels. Smoke can be transported long distances when reaching
the upper troposphere or lower stratosphere (e.g., by pyro-cumulus cloud formation)
(Ansmann, Ohneiser, Mamouri, et al., 2021; Q. Hu et al., 2019; Khaykin et al., 2020; Kumar
et al., 2022; Warneke et al., 2023).

- Sulfate aerosols (white on Fig. 2.7) are mostly secondary products from both anthropogenic
(fossil fuel combustion, i.e., urban/industrial emissions) and natural sources (marine and
volcanic). Sulfate aerosols are fine and spherical with high light scattering efficiency.
However, they enhance absorption when deposited as a coating on black carbon (Boucher

et al., 2013). At lower altitudes, they affect air quality locally and regionally. Furthermore,

sulfate aerosols reaching the upper troposphere and lower stratosphere due to strong
volcanic eruptions can significantly affect the global climate (Boichu et al., 2023; Cordoba-
Jabonero et al., 2023: De Leeuw et al., 2021; Hansen et al., 1992: Kloss et al., 2021:; Navas-
Guzman et al., 2013).

Readers can explore more detailed information on the concepts developed in this chapter
through dedicated books (Stull, 1988; Ahrens, 2000; Liou, 2002; Petty, 2006; Wallace &
Hobbs, 2006; Lenoble, Remer & Tanre, 2013 Seinfeld & Pandis, 2016).

The following chapter will introduce the remote sensing instrumentation used in this work,

focusing on the dual wavelength and polarization lidar (CE376).
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Chapter 3

Remote sensing instrumentation and

methodology

“Science and everyday life cannot and should not be separated”
-Rosalind Franklin-

Remote sensing techniques allow for the acquisition of information from a distance.
Atmospheric remote sensing facilitates the characterization of atmospheric components
(molecules, clouds, aerosols) through the observation of their interaction with radiation. The
techniques are classified as passive and active, depending on the energy emission source.
Passive technique instruments measure radiation emitted from natural sources (such as the Sun)
or reflected by the moon and the underlaying Earth’s surface, which is transmitted, absorbed
and scattered in the atmosphere. Spectrometers, radiometers and photometers are some
examples of passive sensors. For active techniques, the instruments (lidar using light emission
and radar, radio frequency emission) emit radiation into the atmosphere and recover the
backscattered energy resulting from the radiation-atmosphere interaction. Both types of
techniques have proven to be fruitful and are broadly used to monitor gases and aerosols
properties from space (satellites), aboard aircraft and at ground level. This chapter is therefore
dedicated only to the description of the ground-based remote sensing instruments used for
measuring atmospheric aerosols properties. Photometers and lidars, passive and active
techniques, respectively, will be introduced with their respective instrumental descriptions. In
particular, this thesis is dedicated to the development and study of the compact CE376 lidar,

designed by CIMEL company for aerosols monitoring. Therefore, this chapter describes
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extensively the CE376 lidar characteristics, data processing and performance. The features of
the CE376 lidar are certainly improvements from a previous model CE370 lidar, which will be
also described in this chapter. An early version of the CE376 lidar and the CE318-T photometer
operating at ATOLL platform, part of LOA at Lille University, are considered for the
instrumental and methodology assessments. Moreover, all the instruments presented here are
able to perform measurements aboard moving platforms. By the end of this chapter, the readers
will have a complete view of the instruments proposed for enhancing mobile aerosol monitoring

and to assess their spatio-temporal variability.

3.1 Photometer

Photometers, passive remote sensing instruments, are widely use around the world to monitor
aerosol contain in the atmospheric column. The AERONET network, deployed in the 90s by
NASA in collaboration with PHOTONS (PHOtométrie pour le Traitement Opérationnel de
Normalisation Satellitaire, LOA-University of Lille), now accounts for more than 500 active
photometer stations (see Fig. 3.1), including both permanent and temporary sites. AERONET
stations mostly cover the northern hemisphere’s land surface with more than 400 sites, in

contrast to less than 100 sites on the South hemisphere land surface and oceans.

Figure 3.1: Global distribution of active AERONET sites in 2023, with available data at Level 1.5. Stations
coordinates are available on AERONET website.
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AERONET sites are equipped with different versions of the automatic CE318 photometer
developed by CIMEL Electronique. The CE318 versions vary mainly according to their
capabilities to measure the direct incident sunlight arriving to the Earth’s surface (sun), the
diffused light in the atmosphere (sky), and the incident light reflected by the moon (lunar or
moon). Most sites are equipped with CE318-N sun/sky photometer, and an increasing number
of stations incorporate the latest version, the CE318-T sun/sky/lunar photometer, also called
“triple” photometer. It is important to mention that the measurements acquired at each
AERONET station are uploaded automatically to 3 dedicated database servers in France, Spain
and USA, where they pass through the same data processing line and inversion schemes. The
aerosol properties derived from the measurements are visualized in near real time and are

accessible at AERONET website (https://aeronet.gsfc.nasa.gov). Data processing is labeled as

data level 1.0 without cloud screening and data level 1.5 with cloud screening (Smirnov et al.,

2000). Level 2 is achieved for data that are manually inspected (quality assured), and can also
be reprocessed to implement new parameters (e.g., calibration). In particular, CARS, the remote
sensing branch of ACTRIS, facilitates the maintenance and monitoring of AERONET sites in

Europe.

To bridge the observational gaps over oceans, photometer mobile observations were deployed

by the Maritime Aerosol Network (MAN; Smirnov et al., 2009), part of AERONET, which

collects direct sun measurements manually with Microtops II handheld sun photometers
onboard ship cruises. Manual measurements provide insights into aerosols in a marine
environment, though they are limited to the availability of observers and the precision of the
measurements. Thus, in recent years the automatic CE318-T photometer has been adapted to
perform measurements aboard ship cruises. The developments in mobile photometers aim not
only to fill the gaps over oceans, but also over land in regions with complex topographies or
close to aerosol sources. The PLASMA sun photometer, developed exclusively for mobile
observations, has been tested onboard vehicles and aircraft during several campaigns. The
PLASMA sun photometer also follows and meets the AERONET standards and is included in
the data processing. The CIMEL CE318-T sun/sky/lunar photometer and PLASMA sun

photometer were used in this thesis and are presented with its features in Sect. 3.1.1 and Sect.

3.1.2 respectively.
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3.1.1 CE318-T photometer

The sun/sky/lunar CIMEL CE318-T photometer is a fully automated and robust instrument.
The photometer consists of a sensor head mounted on a robot with two axes of movement
(azimuthal and zenithal) that provides the capability to track the sun/moon (Fig. 3.2a). The
photometer performs two types of observations; direct sun/moon and sky radiance
measurements, following different protocols of measurements:

a) Direct measurements (sun, moon) detect the direct light that reaches the photometer
after being attenuated in the atmosphere, i.e., from the top of the atmosphere to the
photometer position. For example, in the case of direct sun measurements, the sensor is
pointing in direction of the sun (i.e., at the solar zenith angle 6;). Direct measurements
should be done under clear conditions, to avoid high attenuation by clouds. The
attenuation of the monochromatic light that reaches the detector can be expressed by the
Beer-Lambert law, where I is the radiance at the top of the atmosphere and [ is the one
detected at the sensor. M is the air mass, defining the atmospheric path traversed by
light, which depends on the solar zenith angle 6, approximated by 1/cos (6;) for
0,<75° (Eq. 2.7). The attenuation is given by the total optical depth (1), which contains
contributions of aerosols 7,(A) or AOD (Aerosol Optical Depth), molecules 7,,(1) and

absorbing gases 7,4 (4). The exact formulation can be found in Kasten & Young (1989)

and Young (1994).

I(A) =1,(1) exp(—MT(A))
) =1, + 1, (D) + 7,(1) (3.1

Direct sun/lunar measurements are collected automatically through nine channels (340,
380, 440, 500, 670, 870, 936, 1020, and 1640 nm) every 15 min by default. The
wavelengths of the detection channels are selected at the bands where the atmospheric
gases absorption is negligible, except for the 936 nm channel which is used to derive
the total water vapor content. Direct measurements derive in spectral AOD, with an
accuracy of 0.01. As well, Extinction Angstrom Exponent EAE (Eq. 3.2) can be
calculated for pairs of wavelengths, giving insights on the aerosols size. Values of EAE
close to 0, indicate predominance of coarse aerosols and EAE greater than 1 indicate

predominant presence of fine aerosols.

EAE(1,/2,) = —In (%) [In (j—z)]_1 (3.2)
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b) Almucantar sky radiance measurements are performed only during daytime when the
intensity of diffuse light is strong enough to be detected by the sensor. This protocol of
measurements (Fig. 3.2b) consists on keeping a constant viewing angle equal to 85 and
varying azimuthal angle ¢,. The observations are performed at two symmetrical
branches, on the right and left sides with respect to the sun position. This symmetry
permits to filter data contaminated by clouds.

¢) Principal plane sky radiance measurements consist on keeping a constant azimuthal
angle (¢,=180° or 0°) and varying the viewing angle 8,, (Fig. 3.2c). The principal plane
provide access to measurements at higher scattering angles than the almucantar plane

for low 6, however no symmetry is met (Torres et al., 2014).

d) Hybrid sky measurements combine both almucantar and principal planes measurements
(Fig. 3.2d). This measurement protocol has been incorporated with the CE318-T

photometer to enhance the sky measurements, particularly when the scattering angles

are limited in the almucantar (with low 6).

(d)

Figure 3.2: (a) CE318 photometer and the measurement protocols for sky observations, (b) almucantar, (c)
principal plane and (d) hybrid measurements. Adapted schemes from (Torres, 2012; Almansa Rodriguez, 2021).

The sky observations (almucantar, principal and hybrid) permit to measure at different
scattering angles giving more information on the phase function of aerosols contained in the
atmosphere. Within the AERONET network, inversion procedures are applied to the
measurements of sky radiance and direct sun, deriving in optical and microphysical aerosol

properties (Dubovik & King, 2000). Explicitly, the volume size distribution (VSD) and, when

AQOD values are higher than 0.4 at 440 nm (to be upgraded to data level 2), the complex
refractive index (decomposed in imaginary and real parts), and therefore by calculations the
single-scattering albedo (SSA or @o). In particular, inversions with the hybrid measurements

are incorporated in the AERONET version 3 algorithms (Sinyuk et al., 2020).

In principle, the CE318-T photometer is designed for ground-based fixed locations with all the

features mentioned before and it is extensively described by Barreto et al. (2016). Nonetheless,
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to fill the spatial gaps in measurements within the network and to expand over ocean, the
photometer needs to be adapted for mobile platforms. The ship-borne CE318-T developed at
LOA and described by Yin et al. (2019) enables AOD measurements during movement. The

system is coupled with a compass and GPS modules to obtain additional information (date,
time, geolocation, heading, pitch and roll) to target the sun/moon continuously. With the help
of an accelerated tracking feedback loop, the photometer can switch into its regular tracking
mode to improve measurements quality. Sky radiances are also measured with additional
information for each angle from GPS and compass to have accurate knowledge of the
observation geometry. The ship-borne CE318-T is operational and continuously measuring
since January 2021 on board Marion Dufresne research vessel, covering mainly the southern

hemisphere/Indian Ocean.
3.1.2 PLASMA

The sun-tracking-photometer PLASMA (Photometre Léger Aéroporté pour la Surveillance
des Masses d Air), developed by LOA and SNO/PHOTONS, has the capability of performing
direct solar radiation measurements during movement. The instrument is easy to set up and
transport due to its light and compact design (~5 kg and 23 cm height). PLASMA has 9 spectral
channels: 339, 379, 440, 500, 674, 870, 1019 and 1643 nm and 937 nm for water vapor
measurements. Spectral AOD, with an accuracy of 0.01, and EAE are derived from the direct

solar radiation measurements (Karol et al., 2013), providing qualitative information on the size

distribution of aerosols. Furthermore, the inversion scheme proposed by Torres et al.(2017),

using spectral AOD and providing VSD, has being tested on PLASMA data.

Figure 3.3: PLASMA sun photometer developed by LOA.
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PLASMA follows and meets the AERONET standards and is included in the network. A more
detailed description of the instrument and its application to airborne measurements weas

presented by Karol et al. (2013). PLASMA onboard an aircraft during AEROMARINE field

campaign at Reunion Island (Mascaut et al., 2022) demonstrated the alternative use of the

instrument to obtain AOD and EAE vertical profiles during ascendant/descendant trajectories.
The integration of PLASMA and CE370 lidar onboard a car performing on-road ground

measurements (Hu et al., 2019; Popovici et al., 2018, 2022) has been carried out during several

campaigns.

3.2 Lidar

Lidar, an acronym for light detection and ranging, is a powerful active remote sensing technique
to monitor the atmospheric structure and the vertical distribution of aerosol properties. The
technique essentially involves transmitting laser pulses into the atmosphere, where some energy
returns to the surface due to scattering. The backscattered light is then collected by a telescope
and detected as a function of the time delay relative to the emitted pulse. The time delay is
directly proportional to the range (or distance) from the lidar. A lidar for aerosol studies can be
multi-wavelength and, with the same receiver, can deploy various detection channels. Thus,
lidar systems adopt different instrumental designs given by their applications and are mainly
classified according to the type of light-aerosol interaction considered for each detection
channel. Elastic channels filter backscattered light to the same wavelength as the emission
source, while Raman channels measure light at a different wavelength, where Raman signals
(molecular interaction) are expected. Depolarization channels account for changes in the
polarization state due to aerosol scattering, primarily linked to the aerosol shape. Fluorescence
channels exploit the emission of fluorescence light, once interacted with UV radiation, in the
presence of specific aerosol types, indicative of chemical composition. Raman and fluorescence
signals, in particular, require high-power laser sources to be detectable at night. Moreover, High
Spectral Resolution Lidars (HSRL) use very narrow bandwidth filters to distinguish light

scattered by aerosols and molecules.

Contrary to the achieved standardization of photometer instruments within AERONET
network, lidar systems can vary from one instrument to the other. This instrumental
heterogeneity can lead to multiple interpretations of atmospheric observations. Therefore, the
network EARLINET, now part of CARS, attempt to regulate the data processing, inversion

schemes and calibrations of the multi-wavelength Raman depolarization lidars at European
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sites. Similarly, the network LALINET (Latin America Lidar NETwork, Landulfo et al., 2020)

follows the protocols of calibration and quality assurance proposed by ACTRIS-CARS.

Most of the lidars included in these networks are complex and costly, requiring high
maintenance and surveillance, so they are usually managed by experienced staff. However, the
capabilities of lidar systems to assess air quality monitoring and contribute to early warning
systems are demanded by a broader public. The increasing interest on lidar systems is mainly
related to the insightful information on aerosol vertical distribution, which is important for
properly evaluating climatological predictions and pollution dispersion models. Thus, micro-
pulse lidars (low laser energy <20 pJ) and ceilometers (designed for cloud detection, in the
NIR), which are low maintenance and typically automatic, are mostly used in airports and by
meteorological institutions. Despite their lower Signal to Noise Ratio (SNR), these systems are
able to retrieve aerosol properties effectively, especially in synergy with photometer

observations. Hence, the network MPLNet (Micro-Pulse Lidar Network; Welton et al., 2001)

was created for micro-pulse lidars and accounts 25 active sites in 2023, most of them located
in the USA (https://mplnet.gsfc.nasa.gov/) and co-located with AERONET sites. Likewise,
ACTRIS-CARS has recently included the network E-PROFILE with more than 100 European

sites, whose efforts are on coordinating the measurements of vertical profiles of wind, aerosols

and clouds from radars and low power lidars (https://e-profile.eu/).

Though both high and low-power lidar networks are expanding, they mainly cover the northern
hemisphere’s land surface, with broader observational gaps in the southern hemisphere and over
oceans compared to the photometer distribution. Achieving mobile observations with lidar
systems not only helps to fill these gaps within networks but also provides access to information
of the atmospheric dynamics in complex topographies and close to aerosol sources. Moreover,
mobile lidar systems can be easily placed on satellites ground tracks to enhance their data
validation. However, the adaptation of existing lidars for mobile applications requires
achieving: 1) operational autonomy and ii) robustness (i.e. stability of opto-mechanics). These
two challenges are not easy to overcome by high power lidar systems, whose adaptation is
linked to instrumental modification and/or large laboratory platforms. Therefore, the CIMEL
company proposes compact lightweight automatic lidar systems as a solution for air quality and
mobile aerosol monitoring. The first model, the CE370 lidar (no longer commercially
available), is a mono-wavelength elastic micro-pulse lidar system and the latest model, the

CE376 lidar is a micro-pulse lidar with up to two wavelengths and depolarization channels.
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Both systems were used in this thesis and are described in Sect. 3.2.1. In particular, the

performance and capabilities of the CE376 lidar are evaluated in detail throughout the thesis.
3.2.1 Compact micro-pulse lidar systems

The CE370 lidar is an eye-safe micro-pulse elastic lidar (Pelon et al., 2008; Mortier et al., 2013;

Popovici et al., 2018) operating at 532 nm with 20 pJ pulse energy at 4.7 kHz repetition rate

(Table 3.1). It is designed with a shared transmitter-receiver telescope connected through a 10
m optical fiber to the control and acquisition system. The backscattered signal is detected by
photon counting with an avalanche photodiode (APD). The CE370 lidar was designed by
CIMEL Electronique to monitor aerosols and clouds properties up to 15-20 km with a vertical
resolution of 15 m. For several field campaigns, the CE370 lidar, embarked on mobile
platforms, has demonstrated the viability to characterize vertical aerosols properties during the

platform’s movement (Popovici et al., 2018, 2022). Therefore, the latest model of lidar, CE376,

operating at up to two wavelengths, is proposed to replace the CE370 lidar and continue the

developments towards mobile aerosols monitoring (https://www.cimel.fr/solutions/ce376/).

Both lidar systems are showed in Fig. 3.4 and their features are presented in Table 3.1.

Table 3.1 Micro-pulse lidars technical specifications. ¥ CIMEL CE370 is no longer commercially available. **
Some systems used in this work had higher pulse energy.

CIMEL CE370* CIMEL CE376 GPN
Wavelength 532 nm 532 nm 808 nm
Laser source Frequency Frequency doubled Pulsed laser diode

doubled Nd:YAG | Nd:YAG

Pulse energy 20 M;j 5-10 uJ (15-20 wJ) ** | 3-5ul
Repetition rate 4.7 kHz 4.7 kHz 4.7 kHz
Emission/Reception Coaxial Biaxial Biaxial
(E/R)
Telescope (E/R) Galilean Galilean Galilean
Diameter (E/R) 200 mm 100 mm / 100 mm 100 mm / 100 mm
Half Field of View 55 prad 100 prad / 120 prad 240 prad / 330 prad
(E/R)
Depolarization No Yes No
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The CE376 elastic lidar is designed for up to 2 wavelengths and depolarization channels within different
model configurations (G, GP, GPN, N). In this thesis we use mainly the CE376 GPN (Green Polarized

Near-infrared) model, described in the following section.

Figure 3.4: CE370 lidar and CE376 lidar installed at ATOLL (LOA, Lille University).

3.2.1.1 CE376 GPN lidar

The CE376 GPN is an autonomous, lightweight, and compact micro-pulse lidar. It operates at
two wavelengths, 532 nm and 808 nm, with pulse energy of 5-10 pJ and 3-5 pJ, respectively,
at a repetition rate of 4.7 kHz (Table 3.1). Measurements of elastic backscattered light at both
wavelengths and depolarization at 532 nm are acquired. In two systems used in this work, the
laser source at 532 nm was replaced with one of higher pulse energy (not eye-safe) to increase
the SNR. The Emission-Reception design consists of two Galilean telescopes in biaxial
configuration. The simplified 2D layout of the lidar system is presented in Fig. 3.5. Light pulses
at 532 nm from a frequency doubled Nd: YAG laser source are transmitted through an
arrangement of dichroic mirrors and collimation lenses on the green emission system. Similarly,
a simplified optical system, including a pulsed narrow bandpass laser diode source, optical fiber
and collimation lenses emits light pulses in the near infrared (NIR) at 808 nm. The elastic
backscattered light is collected, collimated and filtered in the reception at each emitted
wavelength (elastic channels) and detected with APDs in photon counting mode. Electronic

cards developed by CIMEL communicate with the control and acquisition software.
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Linear depolarization measurements at 532 nm are also acquired by separating the parallel (co-
polarized) and perpendicular (cross-polarized) components of the backscattered light using a
polarizing beamsplitter cube (PBS) in the reception. The PBS is a Thorlabs CCM1-PBS25-532
with reflectivities Rp and Rs and transmittances Tp and Ts as given by the manufacturer. A
manual half-wave plate (HWP) in front of the PBS controls the polarization angle of the
incident light with a precision of 2°. Measured signals behind the PBS on the reflected and
transmitted branches are named parallel or perpendicular according to the reception
configuration. More details about the depolarization measurements are presented in Sect. 3.3.2

and about the depolarization calibration in Sect. 3.4.3.
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Figure 3.5: CE376 GPN lidar and its 2D design. The optical design of the biaxial systems at 532 nm (Green
Emission/Reception) and 808 nm (NIR Emission/Reception), and layout of the control/acquisition system through
electronic cards are shown in a simplified plan.

3.3 Lidar data processing

In this section, the methodology to process data, particularly from the CE376 GPN lidar, is
described extensively. Detailed description of methods and corrections applied to the mono-

wavelength CE370 lidar can be found in previous works (Pelon et al., 2008; Mortier et al., 2013;

Popovici et al., 2018). This section describes the methods used to obtain atmospheric properties

directly derived from the measurements, such as the total attenuated backscatter, volume
depolarization ratio and attenuated color ratio. To simplify the reading of the thesis, the CE376
GPN lidar is hereafter referred to simply as CE376.

The light backscattered by molecules and aerosols is collected by a telescope and detected with

an APD in photon counting mode by each detection channel. The measured counting rates Py,

35



CHAPTER 3 REMOTE SENSING INSTRUMENTATION AND METHODOLOGY

in counts per second [#counts s™1] are corrected by dead time t;, dark current D, and
detection efficiency Q.. For this purpose, the correction factor (Eq. 3.3) and the equation,

provided by the APD manufacturer, to obtain the real signal P are applied (Eq. 3.4).

Capp = 1/(1 = Prgw ta) (3.3)
P = (Paw " Capp — D¢)/ Qe (3.4)

Considering the elastic lidar equation (Kovalev & Eichinger, 2004; Weitkamp, 2005), the

detected backscattered signal as a function of distance P(r) can be described as Eq. (3.5) for
each detection channel.

o(Ar)
TZ

P(2,1) = PyAS(2)

[Brn (4 D)+Bp(4, )] TH(A,1) TZ(A, 1) + B(1) (3.5)
TZ(ADTZ(A,1) = exp (=2 [, am(A,1)dr’) exp (=2 f, aq(A,7)dr) (3.6)

Where P(A,7) is the signal received from a distance r in photons per second [Ph s™!]. The factor
PyAé(A) = € is known as the lidar calibration constant C;, which depends on the system; P,
is the power of the emitted laser pulse, A is the area of the receiver telescope and &(4) is the
spectral transmission factor of the emission/reception modules. O(4,7)/r? is the geometric
factor, where O(4,1) is the overlap function and 1/72 derives from the inverse square law.
B(A) is the background noise. B,,(4,7) and B, (A, 7) are the backscatter coefficients in [m!st”
1. T2(4,r) and T2 (A, 1) are the non-dimensional two-way atmospheric transmittances derived
from the Beer-Lambert law and defined in Eq. (3.6), where a is the extinction coefficient in [m"

1. Subscripts m and a represent contributions of molecules and aerosols, respectively.

Moreover, the backscatter coefficient is defined as Eq. (3.7), where p(m) is the phase function
at a 180° scattering angle.

BAT) = dgea(A, 1) B (3.7)

Then the extinction to backscatter ratio, well known as Lidar Ratio LR, is defined as Eq. (3.8),
where w, is the SSA defined in Chapter 2, Sect. 2.2.3. This parameter depends on the
wavelength and the aerosol type, which is influenced by the aerosol size distribution, shape and
refractive index. Therefore, the LR is an important parameter for aerosol classification and will
be further used in Chapter 4.

a(dr) _ 41T

LR (/1’ r) = B(A‘r) - wo(l,T)P(T[)

(3.8)

36



CHAPTER 3 REMOTE SENSING INSTRUMENTATION AND METHODOLOGY

The backscattered signal P(A, r) is affected primarily by the background signal B, adding a bias

to the signal, and the geometrical factor, which influences the intensity of the detected light

(Fig. 3.6). To reduce these influences on the signal, standard corrections are applied:

a)

b)

Background signal (B) correction: This is done by extracting the averaged signal
P(A,7) in the last 5 km of a profile, i.e., above 25 km for a profile of 2048 bins at a 15
m range resolution. The solar irradiance increases during the day, adding noise to the
background. Therefore, the background signal and corresponding noise during daytime
reduce the SNR considerably in all the detection channels of the CE376, with a greater
impact on the 808 nm and 532 nm cross-polarized channels.

Range correction: The inverse square law states that the intensity of light is inversely
proportional to the square of the distance from the emission source. To account for this
dependency, we simply multiply the signal by 2.

Overlap correction: The O(A,r) function describes the overlap between the outgoing
emitted laser beam (emission) and the telescope field of view (reception), therefore
0(A,r) takes values from 0 to 1. The incomplete overlap (0(4,7) < 1) for the CE376
channels is theoretically calculated to be extended up to 1.5 km for 532 nm and 0.7 km
for the 808 nm. The O(A,r) function can be determined by modelling and
experimentally in order to correct the signal impacted by the incomplete overlap. More
details on the methods to determine the overlap function for the CE376 lidar are

presented in Sect. 3.4.4.

10* : : : : 1.2
1 i

10° H crussesestsesngeestsususnanesessasnsuasans 4 1.0
> | Mt e \ -
D V' oS 1
g 10 H\ F 0w 08
£ a
T 2
5 9
7 (@]
Q
>
©
©
o

Distance, km

Figure 3.6: Influence of geometric factors on the detected signal. Source: Weitkamp, 2005.
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After the initial corrections applied to P (4, 1), we obtain RCS(A4, 1), defined in Eq. (3.9), which
is well known as the Range Corrected Signal (RCS) in [Ph s™! m?]. RCS profiles are obtained
for each detection channel of the CE376.

RCS(A,7) = [P(A,r)—BD)]r*/0(4,1) (3.9)

Then Eq. (3.5) can be rewritten as Eq. (3.10).

RCS(A, T') = CL()\') [Bm()\r r)+Ba(}\’ r)] Tr%l (}\r r) Ta2 ()\1 r) (3 10)
Ba(d, 1) = T2 3.11)
L(A)

The right side of Eq. (3.10) is described only in terms of atmospheric optical properties
correlated to the measured signal RCS through a calibration constant Cr in [Ph s m? sr], which
can vary according to the detection channel. Then, correcting the RCS by the calibration lidar
constant, we remain with the total attenuated backscatter B ,(4,r) (Eq. 3.11) in [m~tsr™1].

The method used to obtain the calibration constant is described in Sect. 3.4.2.

The molecular properties, B, (A, r) and T2 (A, r), can be determined from available radiosonde
data of temperature and pressure or from standard atmosphere models. Therefore, the aerosol
properties, B, (A, r) and T2 (A, r), remain unknown. Various inversion procedures were proposed
in the literature to retrieve the aerosols properties from the elastic lidar measurements. In this
work, some inversion methods were evaluated to get the most of information from the CE376
observations at two wavelengths. The description and discussion around the inversion methods

are presented in Chapter 4.

3.3.1 Mobile measurements

For mobile observations, a GPS module is coupled with the lidar. The geolocation is measured
with high temporal resolution (1 second). For each RCS profile, we determine its latitude,
longitude and altitude above sea level (asl) by comparing recorded times for both GPS and lidar.
The velocity of the mobile platform is derived from the geolocation and time in order to flag

the stationary and mobile measurements for further analysis.

3.3.2 Depolarization measurements

The schematic of the receiver part that separates the light into its polarization components using

a PBS cube, with reflectivities Rp and Rs and transmittances Tp and Ts, is presented in Fig.
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3.7. Py (or RCSy) and P, (or RCS)) are the parallel and perpendicular backscattered signals with
respect to the emitted laser plane of polarization, P, and P; are the signal components with
respect to the incident plane of the PBS, i.e., linearly polarized light parallel (p) and
perpendicular (s). @ is the angle between the plane of polarization of the laser and the incident
plane of the PBS. The signals measured by the detectors behind the PBS are Pr (or RCSRr) on
the reflected branch and Pt (or RCSt) on the transmitted branch. V, and V; are the
corresponding amplification factors which include the optical transmittances. In this section,

the range and wavelength dependencies are omitted to simplify the reading.
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Figure 3.7: Separation of linearly polarized backscattered light using a PBS cube on the lidar receiver. Adapted
from Freudenthaler et al., 2009.

The different components presented in Fig. 3.7 are defined as follow:

a) Backscattered light components (Eq. 3.12 and Eq. 3.13) are defined similarly to Eq.
(3.10), but only the backscatter terms B, (A, r) and B, (A, r) are changed according to the
polarization direction. The transmission terms are considered independent of the
polarization component, although the light transmission through certain anisotropic
particles, e.g., uniformly oriented ice particles, might be correlated with the polarization

state ( Hu, 2018).

RCS) = Cp, [Brn () +Ba(A)] TH(D) TE) (3.12)

RCS; = Cp [Bm(A)+Ba(A)] TR (D) TZ (V) (3.13)
b) Light components with respect to the incident plane of the PBS

P; (¢) = RCS sin*(¢) + RCS, cos*(¢p) (3.14)

P, (¢) = RCS cos*(¢) + RCS, sin*(¢p) (3.15)
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¢) Measured signals behind the PBS branches
RCSg (¢) = [Pp (9) Ry + F5 (¢) Rs]Vi (3.16)
RCSt (9) = [Pp () Ty + Fs (@) T5]Vr (3.17)

Typical values on commercial PBS cubes correspond to Rg > R, with Rg~1, T, > T and
considering R, =1 —T, and Ry =1 —T, i.e., higher reflectivity for the F;, and higher
transmittance for B,. Then two configurations are defined; when ¢ = 0° (B, = RCS and P; =
RCS,) and ¢ =90° (B, = RCS, and P; = RCS)). The total backscattered signal RCS =
RCS; + RCS, is therefore derived into Eq. (3.18). The relative amplification factor V* is

derived from calibration which is described later on Sect. 3.4.3.
RCS = RCSg + V*RCS; (3.18)

The Volume Linear Depolarization Ratio (VLDR) 6° = RCS, /RCS | 18 derive in accordance

with the configuration as Eq. (3.20) and Eq. (3.21), where &" is the ratio of the measured

components (Eq. 3.19). VLDR values contain depolarization ratios of both molecules and

aerosols.
. _ RCSR
6 = RCse (3.19)
v _ Rp—(8"/V)Tp o
= NIk, for p =0 (3.20)
P NARL: i for @ = 90° 3.21)

Rs—( 8*/V*) Ts
The definition of VLDR and the total signal RCS presented in this section are derived using the
methods described by Freudenthaler et al. (2009). These methods are widely used within the

lidar community.

For the case of the CE376 lidar, the detection channels are named according to the
configuration, with ¢ = 0° or 90°. The configuration is changed using the HWP in front the
PBS that controls the polarization plane of the incident light with a precision of 2 degrees. The
system configuration with ¢ = 0° is achieved maximizing the parallel (or co-polarized) signal
in the transmitted branch of the PBS, therefore the detection channels are named parallel at the
transmitted branch and perpendicular at the reflected branch, RCSt = RCS; and RCSg =
RCS | . Moreover, it is convenient to use the configuration ¢ = 90° to reduce noise and errors
from cross-talk effects. The configuration ¢ = 90° is achieved maximizing the parallel signal

in the reflected branch of the PBS, with RCSt ~ RCS | and RCSg =~ RCS .
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3.3.3 Attenuated Color Ratio

The Color Ratio (CR), defined as the ratio of aerosol backscatter at two different wavelengths,
has been widely used to discriminate clouds from aerosol layers and for aerosol typing (Burton

et al., 2013; Omar et al., 2009; Qi et al., 2021; Wang et al., 2020). However, this requires the

selection of an appropriate aerosol extinction-to-backscatter ratio (LR). Therefore,
approximations of the aerosol backscatter were proposed without going through complex

inversion schemes. Baars et al. (2017) proposed a simplified forward inversion method, using

a constant LR and the total attenuated backscatter to derive a first estimation of aerosol
properties, named “quasi-aerosol”. The quasi-aerosol properties, CRgyq5; and PLDR gy 45

(Particle Linear Depolarization Ratio), are retrieved with a LR of 50 sr and are used for aerosol

typing (Baars et al., 2017: Wang et al., 2020). On the other hand, CALIPSO algorithms use the

layer mean total attenuated backscatter as a first approximation of the aerosol backscatter

Bare = [1 / (rtop — rbase)] f fop Baie(r')dr' and defines the layer-integrated attenuated color

base

ratio as y' = Bt (1064) /B4t (532). Both layer-integrated features are used for classification
of stratospheric aerosols (Kim et al., 2018; Omar et al., 2009; Vaughan et al., 2004). The LR of

50 sr for the quasi-aerosol properties was defined as a good compromise for continental
European sites, still it is imposing an important restriction for further aerosol classification.
Thus, in this work the considerations of CALIPSO are rather followed. Further discussion on
the methods mentioned here is available in Chapter 4 Sect. 4.1.

The attenuated total backscatter corrected by the two-way molecular transmittance term is
considered as a first approximation of the aerosol backscatter. Therefore, the Attenuated Color
Ratio (ACR) for all the ranges is defined by Eq. (3.22). The terms Ag and A;, refer to the shorter
and longer wavelength, respectively, which are 532 nm and 808 nm for the CE376 lidar. The

two-way molecular transmittances are modeled using available pressure and temperature

profiles.
_ Batt@LD) TR2(AL1)
ACR(A/2s,7) = B att(As.r) T2 (As.r) (3.22)
_ [Bm(AL: r)+Ba(ALf r)] "

ACR(A,/s,7)

= ex —2f o, (A, ") — a (A, v)]dr’

(B Cls, D Bo G )] P (72, 6l = @atsrldr)
The ACR contains information about the atmospheric molecules and aerosols, particularly it
providing insights on the aerosol size. For a purely molecular atmosphere, the ACR is reduced
to the ratio of molecular backscatter coefficients ACR(808/532)~0.19. Clouds are generally

composed of large particles compare to the lidar wavelengths, so the backscatter and extinction
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coefficients are not expected to show spectral variation. Therefore, ACR values for clouds are
likely to be close to 1. Assuming that only one type of aerosols is present in the atmospheric
column, the exponential term remains constant and the ACR is controlled by the ratio
B.(1;,1)/Ba(As, r). Under this assumption, ACR values for aerosols roughly between 0 and 1,

with low values for fine aerosols and close to 1 for coarse aerosols.

3.4 Lidar data quality control and calibrations

This section is dedicated to the description of the standard methods used for data quality control
(QC), lidar constant, and depolarization calibrations. The methods to determine the overlap

function for the detection channels of a CE376 lidar are also described.

3.4.1 Rayleigh fit

For QC of lidar data, the standard Rayleigh fit procedure (Freudenthaler et al., 2018) proposed
within the EARLINET network is followed. This means normalizing the RCS(A,r) to the

molecular profile B, (4, 1) T (4, 1) at a reference distance (7y5), where we assume an aerosol
free zone, i.e. B,(4, rrer) = 0. The molecular backscatter coefficients B, (4, r) and the two-
way molecular transmittance T2 (A, r) are modeled using pressure and temperature profiles
from standard atmosphere models or from available radiosonde data. The lidar data is
considered of good quality when the RCS profile overlays the molecular profile in the aerosol
free regions. When optical parts are misaligned, the lidar profile does not overlay and deviates

from the molecular profile.

Figure 3.8 presents an example of the Rayleigh fit applied to the three channels of the CE376
lidar operating at ATOLL. Data obtained during night-time is selected and averaged over 30
minutes at the same reference altitude (4065-4560 m asl) for all channels, and a moving average
of 300 m window is used to smooth the profile. For this case, the majority of aerosols are
contained in the first 2 km and aerosol layers are observed between 5 km and 11 km asl. The
clean air regions of the RCS profile overlay over the molecular profile within 10 % relative
deviations (up to 16 km asl) for the 532 nm parallel channel (ch532par). The other two channels
(ch532per and ch808tot) are noisier beyond 5 km but still fit the molecular profile with 20 to
40 % deviation (up to 12 km asl).

42



CHAPTER 3 REMOTE SENSING INSTRUMENTATION AND METHODOLOGY

RAYLEIGH FIT: Average profile from 2022-03-10 03:30 to 2022-03-10 03:59
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Figure 3.8: Example of Rayleigh fit for the CE376 detection channels, 532 nm parallel (ch532par), 532 nm
perpendicular (ch532per) and 808 nm (ch808tot). Top panel presents the Rayleigh fit and the bottom panel shows

the relative difference of the RCS with respect to the molecular profile. In the bottom panel, the black dashed lines
represent the relative differences of 5 % from Rayleigh and the magenta dashed line represents the 10 % deviations.

Various calibration methods are described in the literature to derive the lidar constant using

either clouds or clean air as reference. The main ideas behind these methods are described here:

a) Cloud attenuation method: This type of calibration uses liquid stratocumulus or cirrus

clouds as areference (Platt, 1973; O’Connor et al., 2004; Jin et al., 2018; Lietal., 2021).

The method consists of retrieving the cloud LR (LR,) by integrating the total attenuated

backscatter S4.¢ (A, 1, — 1) from the cloud base 73, to the cloud top r;, when clean air

conditions below and above the thick cloud are met, so that TZ(A,73,) can be

approximated to 1. Assuming a multiple scattering factor, 1, of 1 for the cloud, the lidar

constant can be approximated as Eq. (3.23).

C, (D) = 2nLR(2) [,  RCS(A,T)dr
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b) Rayleigh calibration: The same considerations as for the Rayleigh fit are taken into
account to determine the calibration constant C; (1) . Hence, Eq. (3.24) can be derived
from Eq. (3.10).

RCS(A,rpef)
Bm@, rref)T%n O\'rref)TgO\f Iref)

CLV)= (3.24)

Considering cases with low aerosol loading, the aerosol transmittance term T2 (A, I'ef)

is approximated to 1 (Wang et al., 2020; Li et al., 2021).

Both methods (cloud and Rayleigh calibrations) take into account rough considerations for the
multiple scattering and/or the aerosol transmittance. Therefore, selecting the data to be used
requires special attention. In addition, the thick clouds selected for the cloud method, due to the

low pulse energy of CE376, can easily saturate the signal, adding errors to the calibration.

However, considering observations of a collocated photometer, we can improve the Rayleigh
calibration. The aerosol transmittance term T2 (A, r.f) in Eq. (3.24) can be calculated if the

AOD from the photometer (A0 D,y,) is available. Under the hypothesis that clean air is present

above I'ef, the integral [ Orref aq(A,7")dr' (in Eq. 3.6) is equivalent to the AOD,p(4).
TZ (4, Tref) = €Xp [-2 AODph(A)] (3.25)
And the lidar constant can be calculated using Eq. (3.24), where all terms are known.

Taking into account the limitations of both methods, the Rayleigh calibration is selected to
determine the lidar constant for the total signal of the CE376 lidar wavelengths, RCS(532, 1)
and RCS(808, ). An example of the Rayleigh calibration during a day with low aerosol loading
is presented in Fig. 3.9. Profiles are averaged over 5 minutes and the reference zone (6-7 km
asl) used for calibration is highlighted by red lines on top of the temporal variations of
RCS(532,r) (Fig. 3.9a) and RCS(808, ) (Fig. 3.9b). The lidar constant determined using the
Rayleigh method, Cj ., as well as the one calculated using the input of photometer

measurements, C;, are shown in Fig. 3.9c.

For this case, the differences between Cj, .5+(532) and €;(532), for values of AOD,,(532) <
0.07, are up to 15%, while the differences for 808 nm rise up to 10 % for values AODph(808) <

0.05. During daytime (15:30-17:30) the noise increases, especially at 808 nm, influencing the
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calculation of the lidar constant; therefore, the calibration is applied in preference during

nighttime when lunar measurements are available.

CE376 at ATOLL: from 2022-10-08 15:30 to 2022-10-08 23:59
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Figure 3.9 : Example of Lidar Constant calibration. From top to bottom: spatial-temporal variability of In(RCS)
at (a) 532 nm and (b) 808 nm, (c) lidar constant at both wavelengths and (d) photometer information. The reference
altitude for the Rayleigh calibration is highlighted with red lines.

Furthermore, if there are no changes on the lidar system configuration, the Cy (1) stability over

time is mainly controlled by the laser energy and the opto-mechanical stability.
3.4.3 Depolarization calibration

Under clear sky and stable atmospheric conditions, we calculate the V* parameter (Eq. 3.26)

from the standard +45° calibration. This method described by Freudenthaler et al. (2009), aims

to simplify the equations (presented in Sect. 3.3.2) by adjusting the system configuration angle
(o = 0°0r 90°) ) to @ £ 45° and derive the relative amplification factor V*of the PBS cube.

vr =28 = B [5e(1450) 57 (—459) (3.26)

Vr  Rp+Rs

The error induced on V* by the angle error (¢ + y) depends on the system precision and has

been estimated by Freudenthaler et al., (2009). The error represents less than 5 %, when
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considering measurements at both angles +45° and —45° instead of just at one of them (Fig.

3.10).
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Figure 3.10: Relative errors of V* over the calibration angle error y calculated, with Tp =0.95, Rp = 0.05, Rs =
0.99 and Ts =0.01 for &v =0.0036 (clean air) and év = 0.30 (desert dust). The +45¢ calibration errors are multiplied
by a factor of 100. Red dashed lines indicate the angle uncertainty for CE376 lidar. Source : (Freudenthaler et al.,
2009).

For the case of CE376 lidar, the HWP rotates the angle of the incident polarization plane ¢ by
means of 20. Thus, for the calibration we should rotate 6=+22.5° with respect to the initial
configuration (¢=0° or 90°) to obtain equal polarized signals RCS; = RCS , . Since the precision

of 0 is 2°, we consider for the calibration either 6=£22 (¢+44°) or 0=+23 (¢£46°).

Depolarization Calibration 2021-04-07 10h: RCS(r), Tp=95.53, TS=0.04348, Rp=0, Rs=100
1 0 [ — | e e ]

s R 4 o ‘o i O
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Figure 3.11: Example of +45° polarization calibration of the depolarization channels for the CE376 lidar at
ATOLL. Detected signals at the (a) reflected and (b) transmitted branches of the PBS are shown for ¢ + ~45°,
and ¢ — ~45°. The (c) measured polarization ratios §* at £45° and the (d) profile of VV™*.
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An example of depolarization calibration for the CE376 lidar is presented in Fig. 3.11. The
configuration uses ¢=90° i.e., B, = RCS, and P; = RCS), and the PBS factors are T, =
95.53 % ,Ts; = 0.04 %, R, = 4.47% and Ry = 99.96%. Particularly for this case, a polarizer
sheet was placed behind the PBS reflected branch to reduce the cross talk, so that
R,~0% and R;~100%. A profile of calibration factor V* is derived (Fig. 3.11d) and the final
value is averaged within a region where V™ is linear, between 4 to 5 km. The error induced, on
the calibration factor IV'* by the precision of the HWP (red dashed lines in Fig. 3.10) is negligible
in comparison to the 9% statistical error in the averaged V*. However, additional errors during
the calibration and in regular measurements can come from polarizing optical components that

need detailed characterization (Freudenthaler, 2016), which are not considered in this work.

3.4.4 Determination of the Overlap function

The overlap function O(r), taking values from 0 to 1, can be estimated by modeling of the
system’s optical paths and through experimental methods. The model methods use ray tracing

software or analytical approaches to the geometrical optics (Ancellet et al., 1986; Kokkalis,

2017; Sassen & Dodd, 1982; Velotta et al., 1998). These methods require a precise description
of the optical arrangement in the emission and reception modules and are recurrently used to
define the optical design of a lidar. Nevertheless, they are limited to theoretical values and can
be far from the real overlap function. Likewise, the optical system’s geometry might vary with
time, due to modifications in the system during calibrations and by strong temperature gradients

or abrupt movements.

In contrast, experimental methods are applied on atmospheric observations. Most of these
techniques use observations under atmospheric stable conditions searching for homogeneously
distributed aerosols. The atmospheric conditions in the incomplete overlap are extrapolated
using polynomial regression on the RCS profile where there is high confidence that O(r)=1

(Sasano et al., 1979; Kunz & De Leeuw, 1993; Dho et al., 1997a, 1997b). Similarly, considering

a purely molecular atmosphere, the overlap function can be approximated comparing the RCS

to the molecular profile and using the same considerations as the Rayleigh fit (Hu et al., 2005).

Calibration-type methods are based on comparisons between lidar systems, and are used mainly
when Raman lidar or lidars with a confident low overlap are available (Wandinger & Ansmann,

2002: Guerrero-Rascado et al., 2010: Sicard et al., 2020).
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For the case of the CE376 lidar, two experimental methods are used to determine the overlap
function. One of the methods considers a well-mixed boundary layer to extrapolate the RCS in
the incomplete overlap by linear regression. The second method considers solely molecular
contributions in the profile (cases of very low aerosol loading) and uses the Rayleigh fit to
determine the overlap function. As example, Fig. 3.12 presents the determination of the overlap
function using the molecular approximation (Fig. 3.12a) for the 532 nm parallel channel

(ch532par) and using the linear regression for the 808 nm (ch808tot) channel (Fig. 3.12b).

= Linear fit
—In(RCS)

13 ¢ ch532par ch808tot
13 , : g E !
__ 14t 30} .
A S 2 !
£ 25| o ‘(

- Rayleigh
—In(RCS)

Range[km] Range[km]

(a) (b)

Figure 3.12: Overlap function determination by two experimental methods, using a (a) molecular approximation
and a (b) linear regression.

The examples presented correspond to different days in order to match the considerations of
each method. The Rayleigh fit zone for ch532par is considered between 7 to 7.5 km and the
linear regression for ch808tot is applied in the range from 1 to 1.5 km. In particular, the 808 nm
channel reaches the complete overlap at a lower range (~0.8 km) than 532 nm channels (~3
km). This difference is primarily influenced by the emission and reception optical designs,

higher FOV, and fiber core (105 pum) for the 808 nm channel than for the 532 nm one (50 um fiber).

3.5 CE376 lidar performance

In this section, the performance of the CE376 lidar installed at ATOLL (LOA, University of
Lille) is presented. The CE376 lidar, named METIS, accomplished continuous observations
without any changes to its configuration for almost a year, from March 2022 to January 2023.

Hence, it was possible to evaluate METIS’s detection limits and mechanical stability in a long

48



CHAPTER 3 REMOTE SENSING INSTRUMENTATION AND METHODOLOGY

period. During this time, improvements in the depolarization measurements were achieved and
are also presented in this section. Moreover, METIS is co-located with CE318-T sun/sky/lunar
photometer and with LILAS (LIlle Lidar AtmosphereS) Raman lidar, both considered for the

evaluation of CE376 lidar performance.

3.5.1 Detection limits

Applying a simple SNR threshold, we can determine where the signal is too noisy to extract
information from the lidar observations. Following the guidelines proposed by Morille et al.
(2007), the noise level of the measured signal, influenced mainly by the background noise B(4),
can be described as Eq. (3.27), where o (4, ) is the noise level, o5 (A1) is the standard deviation

of the background noise B(1) and P(4,r) is the measured signal before corrections.

oA, 1) = %W/P(A, = (3.27)

Then the SNR for each lidar profile can be defined by Eq. (3.28),

P(Ar)—-B(A)

SNR(A, 1) = O

(3.28)

The range at which a single profile gets too noisy to extract information is defined as the
detection limit for that profile (7;,,,). For the CE376 lidar, the detection limits 7y;,, for all the
channels are considered where the SNR = 1.5, taking into account that the background noise
is higher due to the low power emission sources. High power lidars usually consider 1y;,, at

SNR=4 or even higher.

Figure 3.13 presents the temporal variation from March 2022 to January 2023 of detection
limits for all the channels of METIS. The detection limits, (Fig. 3.13a) 1y;,,(532par), (Fig.
3.13b) 13;,,(532per) and (Fig. 3.13¢) 13;,,(808tot), are calculated for averaged profiles of 30
min. Points in darker colors represent daily minimum and daily maximum values of 1y, for
each channel. Also, the variations of the instrument’s internal temperature (Fig. 3.13a), relative
humidity (Fig. 3.13b), and AOD (Fig. 3.13f for 532 nm and Fig. 3.13g for 808 nm) from co-
located photometer are presented. Darker lines correspond to moving average of one day. The
detection limits of the 532 nm channels are on average, 13;,,(532par) = 14.3 + 7.8 km and
1im(532per) = 6.9 + 3.8 km for average AOD,,(532) = 0.12 £ 0.9. The detection limit
of the 808 nm channel is on average 7;,,,(808) = 4.8 + 3.4 km for AOD,,(808) = 0.08 +
0.06.
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It is important to note that these detection limits correspond to an CE376 that is not eye-safe,
such as the METIS lidar at ATOLL, which is equipped with a more powerful laser. The

detection limit for eye-safe models of CE376 would be lower, but are not presented here.
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Figure 3.13: Monitoring of CE376 lidar performance from March 2022 to January 2023. The instrument’s internal
(a) temperature and (b) relative humidity, the detection limits with their daily maximum and minimum values for
the (c) 532 nm parallel, (d) 532 nm perpendicular and (e) 808 nm total channels are presented. AOD values derived
from the photometer with daily average at (f) 532 nm and (g) 808 nm are also presented.

The detection limits vary during the day according to the increase in background noise (solar
irradiance) and can be impacted by high aerosol loadings, clouds and haze presence. Clouds are
observed all around the year at ATOLL (Lille, Nord France), with higher frequency during
winter, which is also commonly influenced by early morning haze. Thus, the daily maximum
detection limits for the 532 nm channels are on average 17;,,(532par) = 24.2 + 2.4 km and
1im(532per) =13 + 2 km, in contrast to the daily minimum which are on average
1im(532par) = 4.3 + 4.3 km and 13;,,(532per) = 2.3 + 1.4 km. The daily maximum and

minimum detection limits for 808 nm are on average 104 + 2km and 1.2 + 0.8 km
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respectively. On the other hand, the temperature and relative humidity variations apparently do

not have influence on the detection limits of the CE376 lidar.

The daily variation of the detection limit plays an important role on the selection of the inversion
methods to be used in order to retrieve aerosol properties at the two wavelengths of the CE376

lidar. These inversion methods are discussed later in Chapter 4.
3.5.2 Temperature effects on CE376 lidar

Strong gradients of temperature can cause misalignments in the optical paths of any lidar
system, mainly due to dilations in the opto-mechanical components. These misalignments can
be small and temporary, causing changes the overlap function while the temperature varies

(Hervo etal., 2016). Otherwise, these variations can completely change the configuration of the

system, i.e., changing the detection limits, lidar constant and/or overlap function shape. As we
saw in Sect. 3.5.1, there is no indication that the temperature variation influenced the detection
limits. However, during the summer of 2022, significant heat waves impacted Lille. The air
conditioning system installed at ATOLL was not strong enough to maintain the recommended
operating temperature (22 °C). The CE376 lidar, METIS, measured internal temperatures up to
40 °C during July, August and September 2022.

To evaluate the effect of the extreme temperatures during the summer of 2022 on the METIS
lidar, the RCS needs to be corrected by the overlap function. The overlap functions were
determined using the experimental methods described in Sect. 3.4.4. Both methods, molecular
approximation and linear regression, are applied to data sets taken on at least 3 different days
for each detection channel and if possible, at different temperatures (Fig. 3.14). Particularly,
Lille is constantly influenced by transported aerosols and local pollution, so finding the
adequate conditions to estimate the overlap function is not an easy task. Therefore, for the final
overlap function at each channel (Fig. 3.14 panels (a) 532par, (b) 532per and (c) 808tot), is
convenient to take the median of the overlap estimations rather than the average. If an aerosol
layer (a peak on the signal) is observed, it is filtered by a low pass filter to not add artifacts to
the final overlap function. On the same note, previous works suggested to fit the overlap

function with a Gompertz function to obtain a mathematical expression (Guerrero-Rascado et

al., 2010). Nonetheless, applying such fitting to the final overlap function can introduce greater

errors, like it is presented on Fig. 3.14, with the residuals from the Gompertz fit for the three
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channels. Therefore, the final overlap function for each channel corresponds to the median of

experimental overlap functions.
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Figure 3.14: Overlap functions estimation for the CE376 lidar METIS installed at ATOLL. Overlaps for (a) 532
nm parallel, (b) 532 nm perpendicular and (c) 808 nm channels. The residuals of each estimation with respect to
the median and to the Gompertz fit are also presented for all the channels.

The O(r) at 532 nm parallel channel arrives to 0.98 at r = 3.8 km with less than 1% of standard
deviation, as well errors below 7% are observed for r > 0.6 km (with O(r) > 0.1) and higher
than 50% for r < 0.3 km (with O(r) < 0.02). The O(r) at the 532 nm perpendicular channel
arrives to 0.98 at r = 2.8 km with 2 % of error, and errors below 18% for r > 0.6 km (with
O(r) > 0.2) and higher than 30% for r < 0.48 km (with O(r) < 0.05) are observed. The O(r)
at 808 nm channel arrives to 0.98 at r = 0.8 km with less than 1 % of error, and errors below
13% for r > 0.2 km (with O(r) > 0.2) and higher than 20% for r < 0.1 km (with O(r) <
0.05) are observed. Defining the instrument blind zone below 7, according to O(r,) = 0.1, we
have that r, at each detection channel of the CE376 METIS lidar is: 1,(532par) = 0.6 km,
17,(532per) = 0.5 km and ,(808tot) = 0.15 km. For further analysis, measurements in the

defined blind zone are not considered.
Temperature vs. Overlap function

The RCS profiles from METIS corrected by the obtained overlap functions were evaluated,
particularly from June to September 2022, in order to detect possible temperature effects on the

system. When the shape of the overlap function is affected by temperature, artifacts appear on
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the RCS profiles, leading to erroneous interpretations of the atmospheric conditions. Thus, the

gradient of the RCS is used to reveal discontinuities in the region of O(r)<I.
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Figure 3.15: Monitoring of temperature effects on METIS RCS profiles during summer 2022. From top to bottom:
(a) internal temperature in °C, (b) In(RCS) profiles from channel 532par, (c) gradient of the profiles in (b), (d)
In(RCS) profiles from channel 532per, (e) gradient of the profiles in (d), (f) In(RCS) profiles from the channel
808tot and (g) gradient of the profiles in (f).

Figure 3.15 presents the temporal variabilities of In(RCS) profiles (for the channels 532par in
Fig. 3.15b, 532per in Fig. 3.15d and 808tot in Fig. 3.15f) and their gradient Aln(RCS) at all
detection channels (532par in Fig. 3.15¢, 532per in Fig. 3.15¢ and 808tot in Fig. 3.15g) for
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CE376 METIS lidar. The blind zone delimited by 7;, is indicated by the black dashed arrow on
the In(RCS). The temporal variability of the internal temperature is presented as well (Fig.
3.15a). The period highlighted by the red dashed lines corresponds to the time when the
temperatures overpassed 30 °C, reaching 35 °C on daily averages. During this period of time
with persisting high temperatures, the overlap functions for the 532 nm channels no longer
correct properly the lower ranges, generating artifacts (horizontal stripes on the gradient
profiles). The region most affected is in the first 1 km, close to the blind zone and where 0 (1) <
0.5 for both channels at 532 nm. These artifacts will mostly impact the detection of the
atmospheric boundary layer which is frequently associated to maximum values on the RCS
gradient. Therefore, for this time period, it is more appropriate to use a higher r,. The modified
7, and the error introduced to the profile can be estimated by determining a new overlap

function.

In contrast, the overlap function for the 808 nm channel proved to be stable even during the
high temperature period. Nevertheless, a change on the In(RCS) profiles is observed after more
than one month of high temperatures, which is not explicitly impacting the overlap function.
As mentioned before (in Sect. 3.4.4), the main difference between the channels for the 2
wavelengths lies in the optical design. For 532 nm, two additional opto-mechanical elements
(dichroic mirrors) are placed on the optical emission path, in contrast to the optical fiber for the
808 nm. These differences not only influence the range where the complete overlap is achieved

but also the stability of the optical alignment, as seen in this section.
Temperature vs. Lidar Constant

Another parameter that can be evaluated to detect possible impacts of the temperature on the
lidar system is the Lidar Constant obtained from calibration (described in Sect. 3.4.2). For
METIS, the lidar constant calibration was applied on various days of 2022 for total signals at
both CE376 wavelengths (Fig. 3.16). In particular, the calibration for 808 nm is constrained to

nighttime data, when lunar photometer measurements are available, to avoid introducing noise.

The temporal variation of C; at both wavelengths show a change on the trends during summer.
The changes at 808 nm are observed since June, which can also be related to other factors, such
as reduced availability of nighttime hours and the presence of multiple aerosol layers (affecting

the selection of a reference zone) during events with AOD,,,(808) higher than usual (Fig. 3.13

in Sect. 3.5.1). Nevertheless, the standard deviations (grey horizontal lines in Fig. 3.16) attached
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to the average of all the calibrations (dashed horizontal lines in Fig. 3.16) represent less than 20
% of error. Thus, the lidar constant is on average C;(532) = (7.201+ 1.128) *
E*18 Phs~tm3sr (16 % of error) and C,,(808) = (6.740 + 1.207) x E*Y"Phs~tm3sr (18 %

of error).
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Figure 3.16: Lidar constant calibration during 2022 for the CE376 lidar, METIS, at ATOLL.

3.5.3 Depolarization measurements improvements

The CE376 lidar METIS has been performing continuous observations since 2019 at the
ATOLL platform. The continuity of measurements is ensured by setting the lidar in a
temperature-controlled room and using a high transmission glass on the roof for zenithal laser
shooting. Since the installation of METIS at ATOLL, several studies and instrumental
assessments have taken place to improve the depolarization measurements. Comparisons of
METIS and LILAS Raman lidar, the reference lidar at ATOLL, showed an important bias
(greater than 20 %) in the VLDR values between the instruments. Therefore, several tests were
performed to improve METIS observations and identify the sources of the depolarization bias.
The first set of tests, conducted within the AGORA lab framework by the LOA-CIMEL team,
checked for misalignments, internal light reflections and damage to METIS optical parts.
Additionally, tests with METIS under different measurement conditions (with and without the
window) were carried out. Comparisons of METIS and LILAS under the same operating
conditions, with air conditioning and no windows, showed better agreement on the VLDR with
a relative bias of 10%, revealing that the main source of the depolarization bias was the high

transmission window glass on the roof used for METIS continuous observations. The roof glass
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window was tempered, had an anti-reflective coating and suffered deformations due to its size

and weight, creating significant biases in the depolarization measurements.

Currently, a frame designed to contain four windows is used, avoiding deformations due to the
glass weight. The glass material was changed to extra-clear glass, and the windows are set up
on the frame using silicone to avoid adding stress to the glass. Now, the depolarization bias
between LILAS and METIS has been reduced to 12% under METIS’s normal operating
conditions. This bias might result from differences on the instrument designs, such as the
FWHM (Full Width at Half Maximum) bandwidth of interference filters and the optical path
configuration, as well as the influence on depolarization of every optics, whose depolarization
must be characterized separately. Also, to rotate the depolarization plane of the incident light
to PBS, METIS uses a manual rotating mount for the HWP with 2 degree precision, while
LILAS uses a motorized polarizer for the calibration, with an obvious higher precision. More
details and discussion on the comparisons between LILAS and METIS are presented in Chapter

5 Sect. 5.3.2 and Sect. 5.4.2.

Moreover, in pursuit of system improvements, wire-grid polarizers have been included behind
the CE376 lidar PBS branches since February 2022 to reduce tcross-talk between the parallel
and perpendicular channels. For current versions of the CE376 lidar being manufactured, an
improved optical fiber design, motorized HWP mount, and more precise polarization

measurements are integrated.
3.6 Chapter Summary

This chapter provides an overview of ground-based remote sensing techniques, such as lidar
and photometer, widely used for aerosol observations. The dedicated networks for both
measurement techniques were described, highlighting the challenges in bridging observational
gaps within the networks. Thus, the CE376 dual wavelength lidar and CE318-T sun/sky/lunar
photometer, both proposed for mobile aerosol monitoring, were presented in detail. The
instruments used in previous mobile campaigns, the CE370 single wavelength lidar and

PLASMA sun photometer, were also presented.

This chapter, focuses on the CE376 lidar data processing and performance. Therefore, the data
quality control and calibration methods used for the CE376 lidar system are described,

addressing procedures for Rayleigh fit, lidar constant calibration, depolarization calibration,
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and the determination of the overlap function. Along with the description of methods used on
CE376 lidar data, examples of the procedures were also included. In particular, it has been
highlighted that the altitude at which the overlap function equals 1 (i.e., signal is completely in
the detection FOV) for the 532 nm channels is higher than expected, leading to extended blind

Zones.

Moreover, by using continuous observations from March 2022 to January 2023 the detection
limits and temperature effects on the CE376 were revealed. The signals on the reception
channels, 808 nm and perpendicular component at 532 nm, were the most affected by daylight
(i.e., inducing noise in the background signal). Thus, an important reduction in the detection
limit altitude (where SNR>1.5) is observed during daytime, going from 13 km (night time) to
below 3 km (daytime) on the channel 532per and from 10 km (night time) to below 2 km
(daytime) on the 808 nm channel. The detection limits do not appear to be directly influenced

by changes in temperature and relative humidity.

However, temperature changes directly influence the opto-mechanical stability of the system.
High temperatures can induce changes on the incomplete overlap region, especially below 1
km for the 532 nm channels, and affect the lidar constant at both wavelengths. Therefore,
especial attention is needed for further aerosol studies. Moreover, this chapter presents the
improvements in the operational conditions for continuous aerosol monitoring at ATOLL,

specifically to enhance the depolarization measurements.

It is worth mentioning that all the instruments evaluated in this thesis are the first manufactured
CE376 lidar systems. Each system later used for data analysis in Chapter 5 and Chapter 6
presents differences in the overlap functions, and thus the uncertainties associated with the
overlap functions might vary between systems. Moreover, the assessments presented here were
addressed by the R&D and technical departments of CIMEL company. The new versions of the
instrument take into account the technical barriers observed in this thesis, such as extended
overlap functions, temperature effects and depolarization improvements. Thus, enhanced

capabilities of the CE376 lidar can be expected in future studies.

The next chapter is dedicated to the algorithmic developments for estimations on aerosol

properties.
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Chapter 4

Lidar-photometer integrated system

“Like what you do, and then you will do your best.”
-Katherine Johnson-

Elastic backscatter lidars, such as the CE376 lidar, are valuable and commonly used tools for
atmospheric aerosol observations. However, one crucial limitation in retrieving optical
properties from these lidar systems is related to the underdetermination of the elastic lidar
equation. The underdetermination results from the dependence of the backscattered light on
both backscatter and extinction coefficients. Thus, to solve the equation and retrieve the aerosol
optical properties, it is necessary to define the LR, i.e., extinction to backscatter ratio (Fernald,

1984 Klett, 1981, 1985). The absence of prior knowledge of the LR values, in practice, leads

to the use of a vertically constant value, named effective LR. Moreover, the uncertainty linked
to the selection of an adequate effective LR can be reduced by constraining the solution using
direct sun/moon photometer measurements (Mortier, 2013) and in-situ observations (Popovici,

2018).

Other types of lidars, such as elastic-Raman or HSRL lidars, are capable of providing
independent backscatter and extinction coefficients. Nevertheless, they can also be limited. For
example, during the day-time, Raman signals are masked by the solar background noise. In
consequence, even high-power, complex lidars (Raman lidars) rely on retrieval methods used

for purely elastic scattering lidar measurements, such as the Klett method.
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In this chapter, the lidar-photometer integrated system is described as the algorithmic
integration of lidar-photometer synergistic measurements to retrieve vertically resolved optical
properties rather than from an instrumental point of view. In the context of this work, which
envisions near real time (NRT) retrievals, both the selection of an adequate inversion scheme
and its automatization are considered. Moreover, this chapter also presents the requirements to

retrieve optical properties while system is in motion.

4.1 Aerosol lidar retrieval methods

In order to retrieve backscatter and extinction coefficients from the lidar equation, different
approaches have been proposed over the years. For single elastic backscatter signals, the most
common and reliable method is the Klett solution, which will be described in this section. Lidar
inversion schemes using forward iterative processes have been proposed in recent years and are
also described. Moreover, multiple studies performed on simultaneous two-wavelength lidar
measurements have shown the added capabilities to retrieve aerosol properties with at least two

wavelengths.

4.1.1 Klett solution

The fundamental analytical solution of the lidar equation was proposed and evolved during the

period of 1970-1990 (Fernald, 1984; Fernald et al., 1972; Klett, 1981, 1985; Sasano et al.,

1985). The lidar inversion scheme was named the Klett-Fernald-Sasano solution, after their

publications. However, due to the originality proposed by Klett (1981, 1985), the inversion

method is most commonly named Klett’s solution. Nowadays, the Klett’s inversion scheme is
still used due to its demonstrated mathematical stability. Nevertheless, a sign error in Klett’s

publications, later rectified, is still present in current publications (Speidel & Vogelmann,

2023). Therefore, it is worth to mention, that this work takes into account the corrected Klett

solution (Kovalev & Eichinger, 2004; Weitkamp, 2005).

To further advance towards the lidar equation solution, the definition of both molecular and
aerosol LR is needed. In contrast to the variable aerosol LR, the LR for molecules, following
the Rayleigh theory, is assumed constant for all wavelengths and is given as 8n/3 sr. Therefore,
hereafter the term of LR only refers to the aerosol extinction-to-backscatter ratio. By solving
the Bernoulli differential equation (lidar equation, Eg. (3.10)) and assuming a vertically
constant LR, we retrieve ,(4,r) asin Eq. (4.1).
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RCS(A,r)exp[—Z(LR(A)—B?ﬂ) frrb ﬁm(/l,r')dr/]

2 LR(A) f:b RCS(/'Lr’)exp[—Z(LR()l)—S?n) frr; Bm()l,r”)dr”]dr’

Bo(A, 1) = RCS(A1p) — Bm(A4,7)

Ba(Arp)+Bm(Arp)

4.1)

The molecular coefficients B, (4, 1) and a,, (4, 1) are modeled from temperature and pressure
profiles, either from radiosonde data available or standard atmosphere. For mobile
measurements, the surface altitude (asl) for each RCS profile is considered to model the
molecular profiles correctly. The boundary conditions RCS(4,7,) and total backscatter
Ba(A, 1) + Bm(A, 1), are given by the position of 73, and therefore two forms of the Klett
solution are specified. Both forms of the solution are considered in this work and described

below.
Klett Backward Integration

The solution placing the position 1}, at a far-end (r, = rp¢f and r, > 1) considers a backward
integration, and it is well known as the backward (BW) solution. The same considerations of

Rayleigh fit (Chapter 3 Sect. 3.4.1) are considered, i.e., a region free of aerosols so
Ba (/1, Tre f) = 0. The BW is the most used form of the Klett solution because it doesn’t need

calibrated values (f,4:+). Nevertheless, it has an obvious difficulty when defining r,.¢.

The BASIC algorithm, developed by Mortier (2013), is a NRT software developed in Scilab,

used for automatic lidar and photometer data processing of LOA lidar database and at ICARE
AERIS Data Center for several lidars in ACTRIS-France. BASIC uses the Klett BW solution
for single wavelength measurements and limits the solution with the AOD from photometer.

By iterating the solution, i.e., by varying the LR, the AOD derived from the extinction profile
(AOD = forref aq(A,7")dr") is compared to the AOD,, (measured by photometer) until they

match. Therefore, the inputs of the algorithm are the RCS and AOD from photometer.
Moreover, BASIC applies signal smoothing, filtering and provides the altitude of clouds,
aerosol layers and ABL. In particular, the detection of the ABL top altitude is useful for both
air quality and aerosol studies. The algorithm has shown to be a useful tool and demonstrated

the importance of monitoring aerosol properties in NRT.

The CE376 lidar, which accounts two wavelengths, is also included in the data processing line
of BASIC. Nevertheless, the retrievals are limited for the 808 nm measurements, especially

during the daytime when the detection limit is low and therefore affects the search for a

61



CHAPTER 4 LIDAR-PHOTOMETER INTEGRATED SYSTEM

reference zone (rpef). Hence, other solutions were explored in this work to obtain the most
information from the 808 nm measurements. The FW form of the Klett solution, iterative

forward methods and two-wavelength approach were considered.
Klett Forward Integration

The near-end solution with forward integration or forward (FW) solution is given by r, = r
(rp, < 1), where r,, is close to the ground. Thus, the boundary condition of total backscatter is
defined as Eq. 4.2, assuming that aerosol transmittance close to the ground is roughly 1.

a ()\, 0) .
Ba(huro) + B (A ro) = miaines with T2(A,r,) = 1 (4.2)

Due to the incomplete overlap and the lidar’s instability (i.e., lidar constant instability),
especially for high power and complex systems, the FW solution is usually not considered.
However, it can be applied on measurements from ceilometer-type systems like the 808 nm
channel of CE376, which has available measurements closer to the ground and stable
configuration. Similarly, to the BW Klett’s solution, an iterative process can be applied to

constrain the solution by the AOD measured by the photometer.

In-situ instruments (such as nephelometer and aethalometer) providing aerosol optical
properties such as scattering and absorption coefficients, coupled to particle sizers, can also be
considered to define the boundary conditions for the FW Klett’s solution. In particular, the
limitations and advantages of using in-situ measurements were extensively discussed and

presented by Popovici (2018). The methods were tested and are included in BASIC algorithm.

In this work, with the focus on CE376 lidar measurements, the consideration of in-situ

observations 1s not included.

4.1.2 Forward methods

In recent years, algorithms using forward methods were suggested to simplify the retrieval of

aerosol optical coefficients, especially for aerosol typing (Baars et al., 2017; Wang et al., 2020)

as mentioned in Chapter 3 Sect. 3.3.3. The method proposed by Baars et al. (2017), presenting

quasi-aerosol properties, aims only to achieve aerosol typing. Moreover, for ceilometer
measurements, a forward iterative method was proposed by Li et al. (2021) showing promising
results when the ceilometer is coupled to the photometer. Both approaches are briefly described

below:
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(a) Quasi-aerosol approach (Baars et al., 2017; Wang et al., 2020): This approach consists

in two iterations, considering a first approximation of the aerosol backscatter as Eq. 4.3,
where the total attenuated backscatter S, is corrected by the molecular transmittance
and the aerosol transmittance equals to 1. Then, by applying a LR vertically constant,
the quasi-extinction coefficients are retrieved (Eq. 4.4). The second iteration of aerosol
backscatter, named as quasi-backscatter (Eq. 4.5), considers the S, corrected by both

molecular and quasi-extinction transmittances.
S A1) = Bage (A7) 2o AN _p (7,1 (4.3)
quas‘(/l r) = qu‘m*(/l r)- LR(A) (4.4)

1) = Pare(,7) 2RI GIHE AN g Gyy B, (A,r)  (45)

(b) Forward iterative (Li et al., 2021): This approach consists in two levels of iterations.

The first level, considering a vertically constant LR, initializes the iteration similarly

than the quasi-aerosol approach with Eq. 4.3, but only considering it for the first point

(at 1), three parameters are then re-calculated, the first point of extinction as in Eq.

(4.4), of backscatter as in Eq. (4.5) and the AOD;;4 like Eq. (4.6) to retrieve the aerosol

transmittance. Later for every point r;, k iterations are initiated with a¥=°(4, 1,)=0 by

using Eq. (4.7) and recalculating the extinction and backscatter. The iteration is
terminated when [aX (A, 7)) — a¥~1(A,1)]/ak (A, 7;) < 0.01 or when k > 30.

AOD (A1) = aZ* ' (A, 1,) - dr (4.6)

AODE,(A, 1) = AODyq(A, 1i—q) + ak™* (A7) - dr (4.7)

The second level of iterations consists in varying the LR to constrain the solution by the

AQOD from photometer.

Both methods consider calibrated lidar measurements (f,;;) and their validity depends on the
aerosol transmittance term modeled. The quasi-aerosol approach is particularly used to derive
a profile of quasi-EAE (Extinction Angstrom Exponent) and CR (Color Ratio) from
measurements of a pair of wavelengths and quasi-PLDR (Particle Linear Depolarization Ratio).
In this way, it facilitates the distinction between fine and coarse aerosols contributions, and
between spherical and non-spherical aerosols. On the other hand, the forward iterative method
is used to retrieve aerosol optical properties, showcasing the capabilities of a low power lidar
(ceilometer type). These two forward approaches were explored in order to find the adequate
retrieval method to derive information from the 808 nm measurements especially during day-

time.
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4.1.3 Two-wavelength approach

Multiple studies on simultaneous two-wavelength lidar measurements have proposed inversion
schemes to retrieve backscatter and extinction profiles. Methods proposed by Potter (1987),
Sasano and Browell (1989), Ackermann (1997, 1998, 1999) were based on the analytical

development of two elastic lidar equations, one for each wavelength. These methods involve
four unknown variables and two equations, showing that the underdetermination does not

disappear and therefore some assumptions are made (Kunz, 1999; Gimmestad, 2001; Kovalev

& FEichinger, 2004). These approaches established linear relationship between extinction

coefficients from the two wavelengths requiring that the LR at both wavelengths are known a

priori (Ackermann, 1997, 1998, 1999: Potter, 1987). Sasano & Browell (1989), on the other

hand, imposed the boundary conditions to be at the far end so that only molecular contributions
were found at both wavelengths, enabling the retrieval of the lidar ratios. In the context of this
work, the lidar ratios are unknown, and for daytime 808 nm measurements to assume a
molecular region will be not possible. Therefore, these methods proposed are complicated to
apply to the CE376 lidar. Nevertheless, it is worth noting that these approaches are more reliable
for lidar systems with Raman-elastic channels at one wavelength, i.e., independent aerosol

coefficients, and only an elastic channel at a second wavelength.

On the other hand, the approach presented by Vaughan (2004) introduced the term of CR for
CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization, part of CALIPSO satellite

mission) elastic lidar measurements at 532 and 1064 nm, considering a two-component
atmosphere (molecules and aerosols). The proposed scheme attempted to obtain spectral

information on the aerosols contained within a layer by defining the Total Attenuated Color

Ratio (x’) for layer-integrated attenuated backscatter coefficients (Chapter 3 Sect. 3.3.3). The
goal of CALIPSO algorithms was to base aerosol typing on the available lidar observations,
depolarization and two-wavelength backscatter, minimizing the use of a priori assumptions.
The challenges faced by this approach were presented in several publications while CALIPSO
algorithms evolved (Kim et al., 2018; Omar et al., 2009; Tackett et al., 2023; M. Vaughan,
2004: D. Winker et al., 2006; D. M. Winker et al., 2009).

The biggest challenge in using x’ is its dependence on the aerosol transmittance term at each
wavelength. Because it involves the integration of the extinction, the attenuation due to layers
above and the layer concerned (nadir observations) limits the correct aerosol identification.

Thus, to extract the aerosol backscatter of either wavelength, it is necessary to correct the data
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for the attenuation of molecules and aerosols. This, in turn, requires the selection of an adequate
LR. To solve this dilemma, the aerosol typing decision tree includes the layer-integrated
attenuated backscatter, the altitude of the aerosol layer, estimated depolarization, and
geographical location. After the aerosol type is identified, the layer LR is imposed from look
up tables, except for elevated layers with clean air below, where the transmittance method can
be used (Young, 1995). Moreover, in the stratosphere and upper troposphere within molecular
conditions, x’, coupled with depolarization, has shown the ability to distinguish aerosol types
(Fig. 4.1), such as ash (coarse and depolarizing aerosol), sulfates (fine and no depolarizing
aerosol) and smoke (fine and low depolarizing aerosol). Therefore, it is employed in the

subtyping processing of stratospheric aerosols (Omar et al., 2009; Kim et al., 2018).
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Figure 4.1: Joint distributions used in CALIPSO V4.2 development, estimated particulate depolarization ratio and
feature-integrated attenuated backscatter color ratio (y ") for manually classified layers during events dominated
by the aerosol type indicated in the title. Histograms of layer numbers (N) are min—max normalized. Black lines
indicate discrimination thresholds in V4.2, and red text indicates the algorithm classification. Source: Fig. 4 of
Tackett et al., 2023.

Throughout the years of the CALIPSO mission, its products related to aerosol typing and
characterization have provided valuable information to the scientific community. Likewise, by
evaluating its retrievals through comparisons with airborne and ground-based lidars, the
algorithms evolved, improving the approximations involved in aerosol classification (Ansmann

et al., 2021; Burton et al., 2013; Tackett et al., 2023). In this work, the ideas and the evolution

of the CALIPSO algorithms are taken into account. Therefore, the ACR defined in Chapter 3
Sect. 3.3.3 is considered an atmospheric property directly derived from measurements. For the

moment, any approximation of the attenuation by layer is considered. Nevertheless, the ACR

is calculated and evaluated during different case studies (Chapter 5, Chapter 6). This, in
perspective, will permit the exploration of the property behavior for future applications like

aerosol typing.
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4.1.4 Inversion Methods evaluation

The two-wavelength approach has proven to be complex for use in elastic two-wavelength lidar
observations. Thus, users of lidar systems like CALIOP had to develop new ideas to gain
aerosol spectral information from their elastic dual-wavelength measurements. In this context,
the advantage of coupling the CE376 lidar with photometer measurements lies in the fact that
it can constrain the inversion at each wavelength individually. Therefore, the retrieval methods
described before (Sect. 4.1.1 and Sect. 4.1.2) were evaluated to improve the aerosol optical
properties, in particular for 808 nm daytime observations. Moreover, at this point, it is worth

recalling that the effective LR is retrieved (i.e., vertically constant).

To apply the FW Klett’s solution and forward methods, the key is the correct determination of
the lidar constant (Chapter 3 Sect. 3.4.2), contrary to the BW Klett’s solution which does not
need it. As an example of the methods evaluation done within this work, Figures 4.2 and 4.3
show the use of the different procedures at both wavelengths in two scenarios (night and day)
during 23 March 2022. The profiles at both wavelengths were averaged to one hour to reduce
noise effects, between 02:00 to 03:00 UT (at night, Fig. 4.2) and between 07:00 to 08:00 UT
(during the day, Fig. 4.3), while the atmospheric conditions were quite stable. Values below
600 m were assumed constant due to the higher uncertainty in the overlap. Direct moon and sun
photometer measurements were used to constrain the BW Klett solution, which is considered
here as reference for the other methods. Therefore, the effective lidar ratios retrieved from the
BW Klett are used to run the other methods and compare them. By daytime, when the 808 nm
is impacted by noise, the same lidar ratio retrieved at nighttime time is considered as an
approximation. Moreover, a change of £15% in the lidar constant is applied to see the effects
on the retrievals. The EAE derived from extinction profiles is also presented. In particular for
the EAE, the extinction at 532 nm is the one derived from BW Klett’s solution and the

extinction at 808 nm is retrieved from the different methods.

Comparing the methods, one can recognize that the FW Klett’s solution (in yellow) and the
Iterative forward method (in red) give the same results, even though they consist in two very
different approaches. In contrast, the quasi-aerosol approach always underestimates the aerosol
content, leading to overestimation of the EAE, which can be expected due to the rough

approximations involved.
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Figure 4.2: Aerosol retrieval methods evaluation for night time measurements between 02:00 to 03:00 UT on 23

March 2022 at ATOLL. Top panel shows the aerosol optical properties retrieved with the right lidar constant using
different methods (including BW Klett), and the following three panels present the retrieved properties considering
the lidar constant with a 15 % variation. The methods considered are FW (in yellow, second panel) Klett’s solution,
Quasi-aerosol approach (in green, third panel) and Iterative Forward method (in red, fourth panel). From left to
right the properties are: aerosol backscatter at 532 nm and 808 nm, aerosol extinction at 532 nm and 808 nm and
the extinction Angstrom exponent. In particular for the derived EAE, the extinction at 532 nm is obtained with the

BW Klett’s solution and extinction at 808 nm retrieved from the different methods.
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Figure 4.3: Aerosol retrieval methods evaluation for day time measurements between 07:00 to 08:00 UT on 23
March 2022 at ATOLL. Same as Fig. 4.2. Top panel shows the aerosol optical properties retrieved with the right
lidar constant using different methods (including BW Klett), and the following three panels present the retrieved
properties considering the lidar constant with a 15 % variation for the different methods (FW Klett’s solution,
Quasi-aerosol approach and Iterative method).

During nighttime (Fig. 4.2), the retrievals from FW Klett and Iterative methods, using the

correct lidar constant (first panel on top), are similar to the properties retrieved by BW Klett.

Nevertheless, by varying 15 % around the correct lidar constant, the retrievals at 532 nm

(second to fourth panels) are highly impacted (up to 200 % difference in comparison to the BW

68



CHAPTER 4 LIDAR-PHOTOMETER INTEGRATED SYSTEM

Klett), which is related to the scattering efficiency. The detection at 532 nm is more sensitive
to molecular contributions than at 808 nm (see the [, first panel Fig. 4.2 and 4.3). Therefore,
the [, calibrated with an incorrect lidar constant might induce a significant bias on the
boundary conditions for measurements at 532 nm, affecting the retrievals. In contrast, at 808
nm, the impact on the retrievals, considering a 15 % variation in the lidar constant, deviates

from the BW Klett by differences below 30 % during nighttime.

During daytime (Fig. 4.3), it is not possible to compare the methods against the BW Klett for
808 measurements. However, the comparisons of EAE retrieved from the lidar and the one

retrieved from the photometer (EAE,;,), show that the retrievals are coherent with the column

integrated observations.

Though the Iterative method has shown to be efficient in retrieving the aerosol properties, it
will not be included for case studies analysis in this work, which targets a future NRT
application. This decision is based on the computational time that the method uses for the
iterative process at each altitude, considering that two sets of iterations are needed to constrain
the solution. Nevertheless, the iterative approach can be explored for future applications, like

aerosol characterization using integrated layers, including estimations of LR at each layer.

The evaluation of the different methods permitted the development of an algorithm during this
thesis work to retrieve the aerosol properties of simultaneous 2-wavelength elastic lidar
measurements. This algorithm takes into account the detection limits at both wavelengths and

is described in the following section.
4.2 Prototype algorithm for mobile measurements

During night-time measurements, the detection limits (using SNR=1.5 on 30 minutes averaged
profiles) for all CE376 channels can exceed 10 km, making it possible to usually find an aerosol-
free zone (1rer) for both 532 nm and 808 nm wavelengths (Chapter 3 Sect. 3.5.1). Therefore, the
BW Klett’s solution can be applied for both wavelengths. Nevertheless, during daytime, strong
solar background light limits the detection to ~10 km and below 4 km for 532 nm and 808 nm,
respectively. Thus, the BW Klett’s solution can still be applied for 532 nm but not for 808 nm.
Therefore, as discussed in the previous section, the FW Klett’s solution is considered suitable
for RCS profiles at 808 nm during daytime. Considering all these factors, a modified two-

wavelength inversion scheme is proposed below.
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4.2.1 Modified two-wavelength Klett inversion

The steps of the inversion scheme proposed in this work and the calculation of derived

properties are described as follow:

a)

b)

d)

BW Kilett solution: Applied to RCS total signals and constrained by AOD,n at both
wavelengths 532 nm and 808 nm. Then LR(A), B, (A, r) and a, (A, r) at both wavelengths
are retrieved.

FW Klett solution (when r.¢;(532) > 13;,,(808)): Applied to RCS at 808 nm if the
I'rer determined for 532 nm is higher than the detection limit (ry;y,) for 808 nm. The
solution is constrained by an estimated AOD at 808 nm (AOD,g;). AOD,4;, defined in
Eq. (4.8), is derived from the lidar retrievals at 532 nm and the interpolated EAE,, for
the pair of wavelengths 532 nm and 808 nm.

808)‘EAEph
532

AODest(808) = [frrlim(gog) aa(ng' r)dr] ( (48)

Extinction Angstrom Exponent profile (EAE,;;): Derived from a, (A, r) at 532 nm
and 808 nm and defined in Eq. (4.9) for the CE376 measurements. This parameter
provides insights into the vertical distribution of aerosols size, where EAE values close
to 0 indicate dominant presence of coarse mode aerosols and values higher than 1 are

related to higher presence of fine mode aerosols.

EAEjjq(r) = —In (2520) /1 (22) (4.9)

o,(808,r)

Color Ratio (CR): Defined as the ratio between the acrosol backscatter at 808 nm and
532 nm (Eq. 4.10) and is described in Chapter 3 Sect. 3.3.3 along with the ACR.

_ Ba(8081)
CR() = 2o (4.10)

Particle Linear Depolarization Ratio (PLDR): Defined by Eq. (4.12), where the
molecular depolarization ratio 8™ is the theoretical value according to the filter’s
bandwidth in front of the half-waveplate in a CE376 system (8™ ~0.004 at 532 nm). R
is known as the backscatter ratio (Eq. 4.11) and 8"(r) is the VLDR profile derived
directly from depolarization measurements (Chapter 3 Sect. 3.3.2). PLDR provides
insights into the vertical distribution of aerosol shapes, with low values (close to 0)
indicating the predominance presence of spherical aerosols. Values above 0.20
correspond to predominant presence of non-spherical aerosols like dust or ice crystals

in cirrus clouds (Freudenthaler et al., 2009; Burton et al., 2015: Floutsi et al., 2023).

— Ba (}L,I‘) + Bm (}L,I‘)
Bm (}\’!r)

4.11)
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1+ 8™] 8V(r)R(A,r)—[1+8Y(r)] 6™
[1+ 8™]R(A,r)—[1+8V(1)]

P (r) = L (4.12)

The data processing and inversion scheme presented in this section are initial steps towards
NRT observations integrating CE376 lidar and CE318-T photometer. The implications of NRT

mobile aerosol monitoring are discussed in the following section.
4.2.2 What are the considerations for NRT (mobile) aerosol monitoring?

When we think of NRT, we immediately think of automation. One goal of this work is to
provide tools that can be easily translated into a NRT processing chain. Therefore, most of the
developed algorithms consider the possibility to be automatized. The adaptations and
developments accomplished in this work, from pre-processing to aerosol retrievals, are

described below.

The lidar acquisition software provided by CIMEL is called LidarIl and it provides a graphical
interface of the height-resolved signal acquired every 1 minute for all channels. The software
displays automatically the observations in real time and saves the raw data in a binary file and
in a txt files every 10 min. For the moment, the software is independent and does not produce
atmospheric nor aerosol properties. To do so, the software iIAAMS (Integrated Automatic
Aerosol Monitoring Solution), developed at CIMEL, is accessible to every user of their
instruments (lidar and/or photometer). The first version of iAAMS was developed in Matlab
environment, and had the purpose to derive the aerosol properties from either of the CIMEL
instruments. For the case of the CE376 lidar and CE370 lidar (a previous model), integration
with photometer was considered. This thesis, in particular, is under the frame of CIFRE
convention (between industry and research), thus part of the algorithms developed in this work
were tested, adapted and incorporated in IAAMS software. Moreover, the proposed inversion

scheme is also considered in the evolution of IAAMS.

To begin the development of algorithms, both BASIC (developed in Scilab by LOA) and
1AAMS (developed in Matlab by CIMEL) were considered and also algorithms developed by

Popovici (2018). Functionalities from both softwares were evaluated and unified in a single

code, developed in Matlab environment. At this moment the unified code is capable to evaluate
a single txt file to 30 days of data from the CE376 and CE370 lidars (single file in less than 30
seconds and 30 days of data in 4-5 hours). Moreover, the code considers the different
configurations possible for the CE376 lidar, such as one wavelength with or without

polarization, two wavelengths with one or two polarization wavelengths. The organization of
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the code is modular (i.e., by independent blocks of functions), separated as start parameters,
pre-processing, alternative pre-processing, data-processing, aerosol retrievals and two-

wavelength inversion retrievals. The features of each module are briefly described below.

a) Start parameters module is based on pop-up dialogs, including the selection of the lidar

system to be used, then the automatic reading of a txt file with information proper to the
system, such as APD coefficients, site location including altitude, identifier of the nearby
radiosonde station (up to two stations) from either Météo France or Wyoming data bases.
Likewise, the selection and automatic reading of a configuration file is included. The
selection of dates, average time can be included on the configuration file or defined
afterwards.

b) Pre-processing module, corresponds to the reading of lidar data, APD correction, dead

time correction, time average, background correction, overlap correction, range correction
and calculation of VLDR and total signal at 532 nm (or 808 nm) in the case of CE376 lidar.
The path of the files corresponding to the overlap functions are defined in the configuration
file. The background noise imposes the detection limits (SNR=1.5) at each channel, thus
SNR for all data points is calculated.

c) Alternative pre-processing module can go into two modes, for fixed location and mobile

measurements, which is specified by the user in the configuration file. In case of mobile
configuration, the reading of a GPS file is included. The automatic search of coincident
times between lidar and GPS points is performed. Likewise, a classification of mobile and
stationary measurements within the GPS track is derived by applying velocity thresholds.
This in particular simplifies further analysis of mobile lidar observations. Other alternative
features are data smoothing and signal normalization.

d) Data processing module, includes the modeling of molecular coefficients, search of

reference zone for each profile, application of the Rayleigh fit, calculation of the attenuated
backscatter and ACR. Thus, the automatic download and reading of the radiosonde data
available, for £12 hours of the time threshold under study, is part of the routine. If two
radiosonde sites are available, the closest to the lidar site is selected. To model the
molecular coefficients, the radiosonde data closest in time is considered for each set of
profiles. The rp.¢ (free of aerosol region) for each channel is searched automatically by a
moving window within a threshold a-priori defined in the configuration file (e. g., window

of 500 m within 6 km to 10 km), and determined by minimizing the root mean square error
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e)

Altitude asl [km]

o o NN
o N A
T “-‘-
o
o

£

»

o
'S

6.2

with respect to the molecular signal. This procedure takes into account the altitudes asl,
which can change for each acquisition time during mobile observations.

Aerosol retrieval module, accounts for the reading and processing of the photometer

observations (interpolation of data to the lidar wavelengths) and the routines for lidar
inversion of data. The retrievals methods are specified in the configuration file, it can be
either BW Klett’s solution with AOD constraint or LR fixed, and the same for the FW
Klett’s solution. In particular for mobile observations, the possibility to reduce noise
effects by averaging in time is limited by the spatial configuration, therefore usually noisier
profiles of 1 min are used. Moreover, it is well known, that the noise in the reference zone
for BW Klett solution might induce biases on the retrievals when a single point rper is
selected. Here is where the inversion schemes differ, between BASIC algorithm and this
work:

- In this work, instead of considering a single point as boundary condition, like in BASIC,
the average of RCS in the reference zone is considered, i.e. assuming homogeneity in the

region selected therefore a constant value (Fig. 4.4a).
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Figure 4.4 : Examples of determination of (a) reference zone and (d)effective lidar ratios.

- To constrain the solution, the iterative process of LR also differs from the one in BASIC
algorithm. BASIC proposed a stochastic approach, beginning the iteration with a LR fixed
at 50 sr, calculating AOD;;4 from lidar, and then depending on the differences against the
AOD,, (photometer observations) the iteration either take steps (0.5 sr) towards lower LR
values, or higher LR. The iteration is terminated when the difference between AODs is
less than 10% or when it arrives to the limits (10 sr or 140 sr). In contrast, in this work the

iteration is done in two parts, first the AOD;;4 is calculated for LR steps of 10 sr (from 10
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f)

g)

sr to 140 sr), and latter LR steps are reduced to 1 sr between the lidar ratios where the
AOD,;q is within AODy,), + 0.1 (the value of 0.1 is only a reference, can be changed). The
effective LR is then defined at the minimum difference between AODs (Fig. 4.4b), thus
the convergence and uncertainty of the effective LR is defined by the uncertainty of the
photometer observations (AOD,;, + 0.01). In this way we get the closest as possible to the
AOD,, and get information on the uncertainty of the method. Moreover, the iterations in
this way might consume less computational time when the effective LR is close to the
limits. For example, in presence of marine aerosols with expected LR around 20 sr or in
presence of biomass burning aerosols with LR reported up to 100 sr.

Two-wavelength inversion retrievals module is dedicated to the inversion scheme

proposed in this work (Sect. 4.2.1). Additionally, to maintain the continuity of the
measurements, the algorithm fills the gaps in the effective LR temporal variation, when
photometer is not available. To do so, the user can define in the configuration file the type
of “fill” to use, such as assuming constant the nearest LR or using a linear approximation
between two LR.

Moreover, the development of a module dedicated to automatized plots and individual

profiles analysis were undergoing. Even though they are not yet part of the modules, the
functions are already used in the main code. The automatized plots functions are as well
considering two scenarios, for fixed location or mobile measurements. The individual
profile analysis is dedicated to the Rayleigh fit and aerosol retrievals analysis with the

possibility to change the parameters and observe changes on the results.

The unified code gave the option to put under test different methods and to evaluate the CE376

lidar measurements from its raw signal to the derived aerosol properties. To this day, the code

is shared and used in the Research and Development Department of CIMEL and permitted all

the studies presented in this work. In perspective, the adaptation of parts of the code and its

further extension into a robust NRT software will be evaluated in the frame of AGORA-Lab.
The future versions of IAAMS and BASIC will be the hosts of the tools developed in this work.

Moreover, as part of the code, a first estimation of uncertainties is associated to each derived

property. Thus, the algorithm products and their associated uncertainty are presented in the next

sub-section.
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4.2.3 Uncertainties

A first evaluation of uncertainties at each step in the data processing and retrievals are
approached using first order derivatives. Thus, error propagation guidelines and studies
presented in the literature were followed (Kovalev, 1995, 2004; Morille et al., 2007;
Rocadenbosch et al., 2012; Russell et al., 1979: Sasano et al., 1985; Sicard et al., 2020; Welton

& Campbell, 2002). The main error sources are related to the overlap function estimation,
background noise, lidar constant and depolarization calibrations. Therefore, standard deviations
from the overlap function and calibrations are considered, and propagated from the RCS and
VLDR to the aerosol retrievals. The uncertainty on the LR is estimated by the convergence
within the AOD uncertainties (0.01) in the iterative Klett solution (Sect. 4.2.2). Errors on the
molecular optical properties are considered negligible. All the parameters derived from the
CE376 lidar are listed in Table 4.1 and Table 4.2, and for each of them the uncertainty equation
is provided. Table 4.1 contains the atmospheric properties derived directly from measurements
and the Table 4.2 the properties retrieved from inversion. For simplification, the wavelength

and altitude dependencies are overlooked.

The uncertainties associated to the calibrations, polarization AV* and lidar constant AC;, are

derived from the standard deviations.

Table 4.1 : Uncertainties associated to the atmospheric properties directly derived from the lidar measurements.

Product Uncertainties
AP, 2 /A0\? AB \?
RCS ARCS = RCS ( raw ) +(—) +< )
l:’raw —B 0 Praw -B

RCS for total signal ARCS¢ = +/ (RCSR)? + (V* ARCS)? + (RCSyAV* )?

AS*\?  /AV*\?
V _ QV
a0 _6\/(8*> +(57)

VLDR
« _ o« |(ARCSR\? | (ARCST\?
where  AS™ =$§ \/( RCSR) + (RCST )
ARCSor\*  (ACL\?
Batt ABatt = Bare \/ (Wt:?) + <C_L)
ABattS>2 (ABattL>2
AACR =ACR |[|—=| +|(—=
ACR \j ( Batts BattL

where S and L correspond to shorter and longer wavelength
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For the aerosol retrievals by using the Klett’s solution, it is necessary to redefine Eq. 4.1, in

the way that it depends on the main sources of errors. Rocadenbosch et al. (2012) presented the

error propagation equations by redefining Eq. 4.1 in terms of RCS, LR and the boundary
condition (Eq. 4.12). Aerosol and molecular backscatter coefficients are assimilated into the
total backscatter coefficient, f = B, + B, hence the derivatives are df§ = df3, (molecular is
neglected). Note that in Eq. 4.12, the integral bounds are inverted, therefore the sign is changed
in front the integrals (G and H) in comparison to Eq. 4.1. These considerations are for the BW
Klett solution. The errors for the FW Klett’s solution follow the same steps but with the signs
changed. Moreover, the uncertainties derived here are considering a vertical resolved LR, which
is not our case. Nevertheless, in perspective, for a probable definition of a LR profile, we let

the uncertainties equations like presented in literature (Rocadenbosch et al., 2012). For

simplicity, only BW Klett errors are presented, for more details on the FW Klett, the reader can

be referred to Rocadenbosch et al. (2012).

B(rp) RCS F(LR)
RCS(rp)+2B(rp)H(RCS,LR)

B(B(ry),RCS,LR) = (4.12)

where,

F =exp(2G),

G = f (LR() = LRy B (1)l

and

b

H= f (LR(r") — LR,))RCS(r") F(LR)dr'

Then the uncertainties of the aerosol retrievals and derived properties are in Table 4.2. Note
that the 3 components of the calculation for AB, are showed independently in the Table.
Moreover, the error associated to the boundary conditions, AB(r,), is strongly dependent on the

SNR and Overlap uncertainty (AO) for the BW and FW Klett’s solutions respectively.

All the properties and their associated errors are products of the prototype algorithm presented
in this chapter. Moreover, they are part of case studies analysis that will be presented in the

following chapters.
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Table 4.2: Uncertainties associated to the aerosol properties retrieved from lidar measurements.

Product Uncertainties
ap 2 /0B 2 aB z
Ba AB, = J (—aR — ARCS) + (ﬁ ALR) + <—a Hos AB(rb))
Th
i ARCS ﬂ ARCS = —L ARCS — L f (LR(r") — LR,,) exp(2G) ARCS dr’
dRCS dRCS RCS RCS exp(2G) m
Th b
0B ALR =2 f dr ALR i fRCS() (2G) dr ALR
o5 LR MR =28 | Bmar RCS exp(26) T)exp "
i ALR . - .
—_ 2
RCS exp(ZG)J- RCS exp(2G) drf B dr ALR
r T
B ap B \* RCS(1)
— AB(r P =
0B (1) A B (1) AB(ry) (ﬁ(rb)) RCS exp(2G) AB(r,)
a Aa. = (ABQ>2 N (ALR)2
a A, = g Ba LR
1 MBar N (DB
BAE ABAE = ( b "11> +< b "12>
In h] .Ba,/ll .Ba,/lz
1,
1 Aa, 2 Aa, 2
EAE AEAE = — J(a 'Al> +<a '“)
21 a,l a,l
in [,12] ! 2
ABas\  [ABaL\’
CR ACR = CR (B'S> +(B'L>
Ba,S Ba,L
AP — Sp\/(B[SV +1][ 8™ — &) AB>2 . ( 8[B + 1] ASV)Z
- v _ R v _ v
PLDR K[6"+1—-K B K[6+1—K] &
2
Where B=R-land K=B[8™ — §’]+1 and AR =R (%)

4.3 Chapter Summary

This chapter focused on the algorithmic integration of elastic dual-wavelength lidar and

photometer observations, such as CE376 lidar and CE318-T photometer. The challenges for

retrieving aerosol optical properties were discussed, in particular when low detection limits at

808 nm measurements are met by daytime. Therefore, different methods for single and dual

wavelength elastic lidar signals were introduced and discussed, showing the restrictions to

apply, in particular, the two-wavelength methods. Nevertheless, the original ideas proposed
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along the years of CALIPSO mission were considered important to be explored. Therefore, in

this work the ACR is adopted and further used in the case studies included in next chapters.

The BW Klett’s solution, a widely used method, is presented along with the FW Klett’s
solution, Quasi-aerosol approach and Iterative forward method. These methods were described
and evaluated through comparisons of their aerosol retrievals. Two scenarios were presented,
day and night, showing advantages and limitations of each method. In conclusion, the FW
Klett’s solution and the Iterative method showed to be suitable for measurements at 808 nm by
day. Nevertheless, the Iterative method was not taken into account for further developments,
due to potentially higher computational time involved in this method. In perspective, the

Iterative method can be used for aerosol characterization of integrated layers.

The chapter introduces an algorithm developed during this thesis to enhance the capabilities in
retrieving aerosol properties from simultaneous two-wavelength elastic lidar measurements,
considering detection limits at both wavelengths. The advantage of the approach resides in the
availability of photometer observations, which constrains the solutions and reduces
uncertainties in the effective LR. The retrieved parameters are effective LR, backscatter and
extinction coefficients at both wavelengths. Moreover, other properties can be derived to
qualitatively evaluate microphysical aerosol characteristics. Vertical resolved BAE and EAE
are related to the aerosol size, values close to 0 indicating presence of coarse aerosols and values
close to 1 or higher indicate presence of fine aerosols. The CR, also derived from the backscatter
coefficients, can be related to aerosol size but following contrary sense compared to BAE, i.e.,
values close to 1 indicate presence of coarse aerosols and values closer to 0 indicate presence
of fine aerosols. Moreover, by combining the VLDR and backscatter coefficients, the PLDR
can be derived, which contains information on the aerosol shape, values close to 0 related to

spherical particles and higher to 0.2 being related to non-spherical particles.

Considerations for NRT aerosol monitoring at fixed location and for mobile measurements are
taken into account. Therefore, in this chapter, a comprehensive overview of the proposed

prototype algorithm is presented. As well, its future integration in NRT monitoring, and a
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detailed analysis of associated uncertainties are presented. The schematic description of the

algorithm described is presented in Fig. 4.5.

CE376 LIDAR CE318-T PHOTOMETER
RCS(r) at 532 nm and 808 nm !- 532 nm |, 532 nm J_
............................ ] R |
Lidar Constant C; (Rayleigh Cal.) Polarization Calibration Const.
Radiosonde I

SV (r -
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Figure 4.5 : Schematic description of the prototype algorithm presented in this work.

The developed tools presented in this chapter, in combination with the evaluation of CE376
lidar performance (Chapter 3), showed the advantages and limitations of the instrument.
Moreover, both instrumental and algorithmic developments have important roles for further
developments on the CE376 lidar and for its future applications, such as aboard mobile vectors
and for NRT aerosol monitoring. To showcase the capabilities of the CE376 lidar for aerosol
characterization, the next two chapters are dedicated to comprehensive analysis of case studies,

considering fixed location (Chapter 5) and while in movement (Chapter 6).

79



CHAPTER 4 LIDAR-PHOTOMETER INTEGRATED SYSTEM

80



Chapter 5

Aerosol observations using CE376 lidar and
CE318 photometer

" Je suis de ceux qui pensent que la science est d'une grande
beaute. Un scientifique dans son laboratoire est non seulement un
technicien : il est aussi un enfant placé devant des phénomenes

naturels qui l'impressionnent comme des contes de fées."
-Marie Curie-

This chapter presents case studies of aerosol observations using the CIMEL CE376 lidar and
CE318 photometer at fixed location laboratories. The platforms considered are ATOLL at Lille
University (Lille, France) and the Izana observatory (IZO), operated by the Izafia Atmospheric
Research Center (Meteorological State Agency of Spain, IARC-AEMET), in Tenerife, Spain.
Both sites host early versions of the CE376 lidar and co-located with CE318-T sun/sky/lunar
photometers. Case studies are selected from continuous observations with the CE376 lidar to
demonstrate its capabilities for monitoring different aerosol types. Additionally, comparisons
with co-located Raman high-power lidar data at the ATOLL site further validate the CE376
lidar's performance. This chapter is part of joint collaborations between CIMEL and LOA
(AGORA-Lab, Lille, France) and between CIMEL and IARC (Tenerife, Spain). Note that
throughout this chapter, the index "a” and “aer” are used indistinguishable to mention aerosol

properties.
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5.1 Sites description

In the following sections, the observatories ATOLL (Lille, France) and 1ZO (Tenerife, Spain)
are described, along with the remote sensing instrumentation that are considered in this study.

A general overview of the aerosols observed at each site is also provided.

5.1.1 ATOLL observatory (Lille, France)

The ATOLL platform, operated by LOA at Lille University (50.61° N, 3.14° E, 60 m asl) (Fig.
5.1), is a calibration center for AERONET-Europe within PHOTONS, and part of ACTRIS.
The platform is equipped with online in-situ and remote sensing instruments providing valuable

information on aerosol properties and cloud-aerosol interactions.
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Figure 5.1: ATOLL platform location along with the 3 closest radiosonde sites, Beauvechain (Belgium) and

Herstmonceux (England) from Wyoming University database (in light blue), and Trappes (France) from Météo-
France database (in yellow). © Google Earth.

METIS, an early version of the CE376 GPN lidar with two-wavelengths at 532 nm and 808
nm and depolarization at 532 nm, is operational at ATOLL platform since 2019 in the frame of
AGORA-Lab. The system laser source at 532 nm has been replaced with one of higher pulse
energy (15-20 p/, not eye safe) to increase the SNR. The lidar setup follows a depolarization
configuration with ¢=90°, measuring the parallel polarization component on the PBS reflected
branch, using wire-grid polarizers to reduce the cross-talk (Tp~1, Ts~0 and Rp~0, Rs~1).
Continuous measurements are ensured by a temperature-controlled room and using a high
transmittance glass on the roof. The depolarization configuration is described in detail in

Chapter 3 section 3.3.2, and section 3.5.3 describes the improvements to enhance depolarization
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measurements. Moreover, METIS is co-located with a master CE318-T photometer and with
LILAS (LIlle Lidar AtmosphereS) ACTRIS lidar, both considered in this study. Figure 5.2
illustrates the ATOLL platform remote sensing considered in this work; METIS and LILAS
lidars are presented side by side (Fig. 5.2a) and the installation of the photometer calibration

center on the LOA rooftop (Fig. 5.2b).

LILAS is a high-power Mie-Raman-Depolarization-Fluorescence multi-wavelength lidar
developed and upgraded by LOA since 2013. From its simultaneous multiple wavelength
measurements, independent height-resolved optical properties are derived: 3 backscatter (355
nm, 532 nm, 1064 nm), 2 extinction (355 nm, 532 nm), 3 particle depolarization ratio (355 nm,
532 nm, 1064 nm) and 1 fluorescence backscatter (at 466 nm) profiles. A detailed description
of LILAS system, retrievals and uncertainties can be found in previous works (Bovchaliuk et
al., 2016: Q. Hu et al., 2019, 2022; Veselovskii et al., 2022). The aerosol optical properties
retrieved with METIS at 532 nm are validated by comparisons with LILAS.

I- LR ) : -I- _' --\ 7

- ‘ | i
Figure 5.2: ATOLL platform instrumentation considered in this thesis. (a) METIS, early version of CE376 lidar,
and LILAS, high power EARLINET-ACTRIS lidar, are presented. (b) LOA rooftop installation for photometer
AERONET/PHOTONS calibration center.

To derive aerosol properties from the lidar measurements, vertical profiles of temperature and
pressure are essential to account the molecular contributions. Molecular coefficients are
modeled using radiosonde measurements from three nearby stations. Beauvechain (50.78° N,
4.76° E, Belgium) and Herstmonceux (50.90° N, 0.32° E, England) from Wyoming University
database (https://weather.uwyo.edu/upperair/sounding.html), and Trappes (48.77° N, 1.99° E,

France) from Météo-France database (https://donneespubliques.meteofrance.fr). Beauvechain
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is the closest site, about 120 km away from Lille, Herstmonceux is 200 km and Trappes is 240

km far from Lille (Fig. 5.1).

5.1.1.1 Aerosol characterization at ATOLL: a general overview

The ATOLL location is mainly influenced by urban-industrial emissions, ship traffic, and
marine aerosols (~80 km from the nearest coast). The Lille metropolitan area accounts nearly,
with nearly 1.2 million inhabitants, ranks as the third French city with poorest air quality,
following Paris and Marseille. Additionally, the site is in close proximity to three major
capitals—Brussels, London, and Paris—each densely populated with significant industrial
activity. Brussels is located 90 km away to the E with more than 1 million inhabitants. London
is located 250 km away to the W with a population of around 8.8 million inhabitants. Paris is
located 200 km away to the S with an estimated population of 12 million residents, which are
accounted for the metropolitan area of Ile-de-France. Lille and its continental neighbor cities,
Paris and Brussels, are placed in a quite flat terrain, whereas London is separated by the English
Channel. Moreover, the English Channel is well known to be one of the world's busiest

maritime ship-paths.

A recent climatological study by Velazquez Garcia (2023) conducted a comprehensive source

analysis focused on black carbon emissions by using back-trajectories and in-situ observations.
Two distinct periods of aerosol sources influencing the ABL at ATOLL were detected
(cold=fall-winter and warm=spring-summer). During winter, higher values of extinction and
absorption coefficients were observed, and during summer those values reduced by 26% and
45% respectively. Aerosol content within the ABL during fall (September-November) and
winter (December-February) is mostly influenced by winds from S to SW, impacted by
urban/industrial emissions from Paris (and Southern France), maritime aerosols and ship traffic.
During spring (March-May) and summer (June-August), winds from SW to W are predominant,
influenced by urban emissions from London, agricultural sector emission (rural area), marine
aerosols and ship traffic. Winds from the N to NE are as well influencing the site throughout
the year in less proportion (5-10 %), transporting aerosols from urban emissions in Germany,
Belgium and marine aerosols from the North Sea. Moreover, new particle formation were

evidenced during summer when air masses from North Sea reach the site (Crumeyrolle et al.,

2023). Pollen outbreaks, corresponding to spring-summer seasons, are also observed by LILAS

(Veselovskii et al., 2021). Likewise, events of long-range transport impact the region with
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aerosols from Saharan mineral dust storms (Veselovskii et al.. 2022), North American wildfires

(Q.Huetal., 2019, 2022) and volcanic eruptions (Mortier et al., 2013).

A previous climatological work focused on column-integrated and vertical-resolved aerosol
optical properties, using photometer and lidar (CE370 single-wavelength lidar), was presented

by Mortier (2013). Both Mortier (2013) and Velazquez Garcia (2023), presented long term

temporal variability of sun photometer observations using data from 1999 to 2013 and from
2008 to 2021, respectively. Complementary to these studies, Figure 5.3 presents long-term
temporal variability of aerosol properties by means of sun/sky/lunar photometer observations
at ATOLL, since 2000 until December 15" 2023. The optical properties are obtained through
v3 AERONET algorithms at data level 2.0 until August 2022, and level 1.5 since September
2022. Continuous direct moon measurements are data level 1.5 and are available since 2017.
This work takes into account moon direct measurements, increasing the number of
observations, especially during winter long nights. VSD monthly distributions, retrieved from
measurements under sky almucantar scenario, and SSA (at 440 nm and 870 nm) when available,

are also presented. Thus, the key features observed on Fig. 5.3 are described as follows:

(a) The AODph(440) (Fig. 5.3a) temporal series shows mean values of 0.21 + 0.16 (over all
data points ~24 years). A seasonal variation on aerosol content highlighted by previous
works is as well observed. AOD maximum values are detected during spring (March-May)
followed by summer (June-August) and minimum values were evidenced during winter
(December-February). Moreover, a yearly reduction of 0.005 (—1.4 107> day™') on
AOD,}, (440) is reported. Even though a strong seasonality of AOD is marked, this doesn’t

coincide with the observations at ground level (Velazquez Garcia, 2023). In particular,

Mortier (2013) observed a low altitude ABL top throughout winter days (below 700 m) and

moderate to high altitudes ABL top during spring and summer (up to 1.1 km during spring
and ~2 km during summer), which can be connected to the different seasonality compared
to the ground observations.

(b) The EAE;1(440/870) (Fig. 5.3b) temporal series yields mean values of 1.2 + 0.4 (over all
data points), showing a strong presence of fine mode particles (related to anthropogenic
emissions). Similarly to AOD trends, a yearly reduction of 0.01 (—2.7 x 10~>day™!) on
EAE;1(440/870) is observed, in agreement with previous works. Seasonality on
EAE;1(440/870) is also observed showing a major influence of coarse mode particles during

winter (i.e., lower values of EAE).
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Figure 5.3: Climatology of column integrated optical properties from sun/sky/moon photometer measurements since 2000 until 2023 (December 15% 2023) at ATOLL. From
top to bottom: (a) AODj, temporal series (all data points in grey, 15 day moving average in purple) with its corresponding linear fit in blue (fit to daily averages), +¢ and +20;
(b) EAE, temporal series (all data points in grey, 15 day moving average in black) with its corresponding linear fit in red (fit to daily averages), o and +20; (c) temporal
variation of VSD (monthly averages) where y axis represent the radius (in logarithmic scale); finally (d) temporal series of monthly averages for SSA(440) and SSA(870). The
optical properties are obtained through v3 AERONET algorithms using data level 2.0 until August 2022, and level 1.5 since September 2022. Continuous direct moon
measurements are available since 2017.
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(c) The temporal variation of monthly averaged VSD (Fig. 5.3¢), throughout the 24 years (288
months) of photometer observations (5607 VSD in total), show a quasi-permanent bimodal
behavior, i.e., with both fine (radius <1 pum) and coarse (radius >1 pum) mode aerosol
contributions. It is worth to mention that each derived VSD accounts 22 bins (radius from
0.05 to 15 um). For 215 months with available VSD, the mean radius at both fine and coarse
modes are (0.21 + 0.17) um and (3.58 + 1.13) um, respectively. Major concentrations are
accounted on the fine mode for 133 months, mostly during spring and summer (65 %); 82
months on the coarse mode are reported mainly during summer and fall (38%). These results
however do not present a clear connection with the seasonality well defined by the AOD
and EAE, which might be related to the differences in the measurements scenarios (Chapter
3, section 3.1.1). While direct sun/moon measurements are retrieved every 5 min
(nowadays), the sky measurements are taken every hour and they take ~15 min to complete
all the scenarios. Moreover, during winter, the cloud coverage is higher than 60% on a daily

basis (Chesnoiu, 2023) and even within clear sky thresholds the passage of small clouds is

inevitable, contaminating the observations, which results in the absence of VSD in
December. Nevertheless, it is important to highlight that an increasing number of months
with strong presence of coarse mode aerosols (by volume) with respect to the fine mode is
detected, which can be related to the negative trend on EAE.

(d) The temporal variation of monthly SSA at 440 and 870 nm (Fig. 5.3d) throughout the 24
years (288 months) of photometer observations (5526 data points in total) is presented. In
general, a decrease on the aerosol absorption from 2003 to 2007 (SSA from ~0.85 towards
~0.95) is evidenced, also since 2007 until 2022 the SSA values have maintained on average
at 0.95 at both wavelengths. In the last year (2023), an increase on aerosol absorption is
observed that might be related to the extended influence of biomass burning aerosols from
Canadian wildfires. It needs to be recalled that SSA (at level 2.0) is available only for AOD
values (>0.4), so it can be related to specific events rather than the general aerosol
conditions. Thus, from SSA long term series, we cannot conclude further without going into

details about the individual event conditions which will not be considered in this work.

In agreement with previous studies, surface and remote sensing measurements do not present a
direct connection between them, which might be related to instrumental limitations (clouds
impact on the photometer) or aerosol layers above the ABL (not detected by in-situ). Therefore,

more elaborated studies by using in-situ and remote sensing in order to characterize the aerosol
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contributions within and above the ABL are still needed. In perspective, the CE376 lidar,
METIS, with its continuous observations and capacity to distinguish different aerosol types in
the atmosphere can be used to establish the connection missing between in-situ and passive

remote sensing at ATOLL.

This chapter present case studies of aerosols transported above the ATOLL ABL, focusing on
dust (Sect. 5.3), dust-smoke (Sect. 5.4) and volcanic aerosols (Sect. 5.5.2) events.

5.1.2 IZ0 observatory (Tenerife-Canary Islands, Spain)

The 1ZO observatory, part of IARC and operated by AEMET at Tenerife Island (28.31° N,
16.50° W, 2373 m asl) (see Fig. 5.3). IZO is one of the calibration centers of AERONET-
Europe, part of ACTRIS, and is a global station of GAW-WMO (Global Atmospheric Watch-

World Meteorological Organization).
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Figure 5.4: I1ZO platform location along with the closest radiosonde site, Guimar (Tenerife) from Wyoming
University database (in light blue). Both Teide and Cumbre Vieja volcano locations are presented by green marks.
© Google Earth.

The CE376 GPNP lidar, elastic backscatter and depolarization measurements at 532 nm and
808 nm, is operational at [ZO platform since July 2019. The CE376 GPNP lidar at IZO is
characterized by the usual features of a CE376 GPN lidar system (Chapter 3, Section 3.2.1),
i.e., emission source at 532 nm (5-10 uJ, eye safe). However, the lidar system provides
additional depolarization measurements at 808 nm, which is not commercially available due to
low SNR at this wavelength and will not be considered in this work. The depolarization
measurements setup at both wavelengths currently follows a configuration with ¢=90°,
measuring the parallel component of the polarization on the PBS reflected branch. Wire-grid

polarizers behind PBS branches were installed in November 2022 to reduce the cross-talk in

88



CHAPTER 5 AEROSOL OBSERVATIONS USING CE376 LIDAR AND CE318 PHOTOMETER

the signals (Tp~1, Ts~0 and Rp~0, Rs~1). Controlled temperature room and a window roof
with extra-clear glass are considered to support continuous observations. Following the
recommendations to enhance depolarization measurements (Chapter 3, Section 3.5.3), the glass
weight and its placement on the window frame are carefully considered and have been improved
over the years. Moreover, the lidar system is co-located with a master CE318-T photometer,

which is used in this work.

Molecular coefficients are modeled using temperature and pressure profiles data from the
Guimar radiosonde site (28.32° N, 16.38° W, 115 m asl). The radiosonde station is located 11.5
km away from IZO (Fig. 5.4) and the data is available at Wyoming University database

(https://weather.uwyo.edu/upperair/sounding.html).

5.1.2.1 Aerosol characterization at IZO: a general overview

Due to IZO location and the existence of the trade wind inversion (Hadley cell), a
meteorological feature on the island, the observatory is usually isolated from Tenerife urban
emissions (~1 million inhabitants). Therefore, clean air and clear sky conditions are normally
meet along the year, offering ideal conditions for in-situ trace gases and aerosols studies under

FT (free troposphere) conditions (Bergamaschi et al., 2000; Schneider et al., 2010). Moreover,

the platform’s geographical location (300 km W of the nearest African coast) permits studies
on mineral dust transport from the Sahara Desert towards North-Atlantic Ocean (Rodriguez et
al., 2015). IZO observatory is also 15 km NE of the Teide volcano (28.27° N, 16.64° W, 3718
m asl), and 140 km E of Cumbre Vieja volcano (28.57° N, 17.84° W, 1100 m asl) (Fig. 5.4).

In particular, the observatory monitored continuously the evolution of the recent volcanic
eruption of Cumbre Vieja, located in La Palma Island, which emitted important amounts of
sulfur compounds that were transported across the Atlantic and Europe for 3 months since 19
September 2021 (Bedoya-Velasquez et al., 2022; Garcia et al., 2022; Milford et al., 2023; Sicard
et al., 2022).

A comprehensive aerosol characterization using long-term photometer observations on

Tenerife island has been presented by Barreto et al. (2022b). The analysis considered long term

photometric observations (2005-2020) of four AERONET stations located from sea level to
3555 m asl on the island of Tenerife. Two of these stations are located within the marine ABL,
and the other two (including 1ZO) are higher in altitude mostly under FT conditions. From
consistent measurements within the four stations, two main scenarios were identified as

background conditions and dust-laden conditions. Background conditions prevail along the year

&9


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

CHAPTER 5 AEROSOL OBSERVATIONS USING CE376 LIDAR AND CE318 PHOTOMETER

while dust-laden conditions are predominant during summer in all the stations. Furthermore, a
long term analysis of lidar and radiosonde measurements (2007-2008) has shown two distinct

dust vertical structure at Tenerife according to the season (Barreto et al., 2022a). During winter

outbreaks, dust is transported in a compressed layer (~2 km asl) within a drier, colder (with
respect to no-dust scenario during winter) and well mixed marine ABL. During summer
outbreaks, dust is transported at a lofted well stratified layer (extended from ~2 km asl to ~6
km asl), within more humid and warmer (with respect to FT during summer) air masses.
Regarding 1ZO station, background FT conditions dominate most of the year, except in July
and August, when the number of days under dust-laden conditions is higher, which is in direct

connection to the presence of the extended lofted dust layer during summer.

This chapter presents two particular cases observed at IZO, one showing dust laden conditions
during summer (Sect. 5.2) and the other one during the Cumbre Vieja eruption (Sect. 5.5.1).
The case studies at both sites, ATOLL and IZO, presented in the following sections are selected

to demonstrate the capabilities of the CE376 lidar for aerosol characterization.
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5.2 Saharan dust near-source (IZ0O, 15 August 2021)

Dust measurements near the source are largely classified as pure dust, although it is a mixture
of various components such as clays, quartz, and iron oxides. The proportions of the different

components can vary depending on the source and environmental conditions, which can result

in changes in the optical properties accordingly (Veselovskii et al., 2020). IZO station is mostly
impacted by dust outbreaks from Western Sahara during July and August (as mentioned in Sect.
5.1.2.1). An example of the dust-laden conditions encountered at IZO is presented in this section
with a case study during summer 2021. Figure 5.5 shows images of total column Dust Optical
Depth (DOD) at 550 nm showing the predictions of dust transport from North-Western Africa
towards the Atlantic passing by the Canary Islands. The images correspond to 14 August 2021
at 12:00 (Fig. 5.5a), 15 August 2021 at 12:00 (Fig. 5.5b), and 16 August 2021 at 12:00 (Fig.
5.5¢), with DOD(550) values up to 0.8. The multi-model forecast, mean values over 11 models,

is considered for the DOD images (Basart et al., 2019), which are provided by the WMO

Barcelona Dust Regional Center and the partners of the Sand and Dust Storm Warning Advisory
and Assessment System (SDS-WAS) for Northern Africa, the Middle East and Europe

(https://dust.aemet.es/products/daily-dust-products). Furthermore, the SDS-WAS center uses

remote-sensing retrievals from sun-photometer (AERONET) and satellite (MODIS)

measurements for model comparisons and evaluation.
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Figure 5.5: Forecast images of total column dust optical depth at 550 nm over Northern Africa, Middle East and
Europe. (a) 14 August 2021 at 12:00, (b) 15 August 2021 at 12:00 and (c) 16 August 2021 at 12:00. Images are
generated with multi-model forecast and are provided by WMO Barcelona Dust Regional Center and the partners
of SDS-WAS (https://dust.aemet.es/products/daily-dust-products).

To study this case of dust outbreak, we focus our attention on the 15 August 2021 (Fig. 5.5b),
which is characterized by estimated DOD(550) values from 0.4 to 0.8 over the entire territory
of the Canary Islands. Thus, a comprehensive study of the CE376 lidar and photometer

observations is presented for the 15 August 2021 in the following subsection.
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5.2.1 CE376 lidar and photometer analysis

The CE376 GPNP lidar blind zone is defined from the overlap function estimations (i.e., 7,
where O(r) <0.1). During this period for each channel, they were: 1,(532par) = 0.6 km,
17,(532per) = 0.5 km and r,(808tot) = 0.15 km. Thus, the first 2 km of the total signal RCS
at 532 nm are influenced by relative errors of 5 % at 2 km going towards 15 % at 600 m due to

the overlap estimations. In the case of RCS at 808 nm, the influence of overlap error ranges

from 4 % at 1 km to 10 % at 150 m.

An overview of the lidar and photometer observations during 15 August 2021 is presented in
Fig. 5.6. The height-temporal variations of S, at 808 nm (see Fig. 5.6a), VLDR at 532 nm
(see Fig. 5.6b) and extinction a, at 532 nm (see Fig. 5.6c) show a fairly homogeneous
depolarizing aerosol layer extending up to 6 km asl (~3.6 km above [ZO station). VLDR at 532
nm presents values above 0.1 up to 0.2 indicating the predominant presence of non-spherical
particles, which is expected for dust. This impressive column of dust persisted throughout the
day with AOD,,(532) (i.e., AOD derived from the photometer) values of ~0.3 in the morning
towards ~0.45 in the afternoon (Fig. 5.6d), in accordance with the DOD(550) forecast (Fig.
5.5b). The AOD,,(532) increases during the day while EAE},,(532/808) slightly decreases

from ~0.2 to ~0.15. The low values of EAE indicate the dominant presence of coarse aerosols.

Additionally, VSD retrievals from photometer observations on 15 August 2021 (Fig. 5.7a) show
the strong predominance of aerosols in the coarse mode with an effective radius of ~2.2 um.
Moreover, spectral SSA derived from the photometer retrievals (Fig. 5.7b) show higher
absorption efficiency at shorter wavelengths (SSA~ 0.94) than at longer wavelengths (SSA~
0.98-0.99), similar to the results presented in previous works for dust near source (Dubovik et
al., 2002; Veselovskii et al., 2020). It is worth noting that SSA (at level 2.0) is available only
for AOD,,(440) > 0.4, which is the case for this event.

Using the two-wavelength modified Klett inversion, effective LR at both wavelengths was
derived while sun photometer measurements were available. Although moon direct
observations are not available, constant LR at both wavelengths is used to maintain continuity
on the retrievals (Fig. 5.6c). The LR values are 50 sr and 74 sr at 532 nm and 808 nm
respectively before 07:00 UT, and 58 sr and 79 sr at 532 nm and 808 nm respectively after
19:00 UT. As a result, AOD;;, (i.e., from lidar retrievals) at both wavelengths and
EAE;;;(532/808) are derived (see Fig. 5.6d). In the first threshold of time from 00:00 to 07:00
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UT, AOD,;; and EAE;;; values indicate a decrease of aerosol loading while coarse aerosols
predominance increases. AOD;;;(532) goes from 0.4 (at 01:00) to ~0.3 (at 07:00) which is in
accordance with the last photometer measurement taken the day before (A0 D,,(532) =0.4 at
19:00 2021-08-14). Similarly, EAE;;;(532/808) decreases from 0.5 (at 01:00) to ~0.2 (at
07:00), which is two times the last EAE value from the day before (EAE,;(532/808)=0.25 at

19:00 2021-08-14), nevertheless corresponding to the increasing trend on EAE values towards

sunset the day before.
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Figure 5.6: Overview of synergetic measurements of CE376 lidar and photometer during an event of Saharan dust
outbreak at I1ZO station (Tenerife, Canary Islands) on 2021-08-15. Height-temporal variation of (a) S, at 808
nm, (b) VLDR at 532 nm, (c) extinction at 532 nm, and (d) time series of AOD at 532 nm and 808 nm and
EAE(532/808) derived from photometer are presented. The altitude axis on (a), (b) and (c) starts at 2.3 km asl,
1ZO being located at 2.37 km asl.

In the second threshold from 19:00 to 24:00 on 15 August 2021, AOD,;; and EAE,;; values
indicate a decrease in aerosol loading and on coarse aerosols predominance. AOD;;4(532)
decreases from 0.4 (at 19:00) to ~0.25 (at 24:00), which is lower than the first photometer
measurement taken the day after (AOD,,(532) =0.3 at 08:00 2021-08-16). Similarly,
EAE;;;(532/808) increases from 0.15 (at 19:00) to ~ 0.8 (at 24:00), which is double the first
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observation the next day (EAE,,(532/808) =0.4 at 08:00 2021-08-16), still following the

increasing trend in EAE observed the next day.
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Figure 5.7 : (a)VSD and (b) SSA(A) derived from photometer sky almucantar and AOD measurements during
2021-08-15 at IZO. Data is level 2 from AERONET version 3 algorithms.

The differences encountered on the AOD and EAE, derived from lidar with respect to the
photometer, are clearly related to the constant LR imposed at both wavelengths. In the second
threshold of time, specifically, the layer evolves into a different structure towards midnight, i.e.,
higher backscatter and higher VLDR values below ~4 km asl (Fig. 5.6). Moreover, the increase
of the EAE},,(532/808) the next day indicates as well a change in the aerosol content in the
atmosphere. Consequently, a change on the effective LR is expected rather than the constant
value imposed. Still AOD and EAE temporal series derived from the lidar are in agreement
with the trends of the photometer measurements a day before and a day after. In this context,
the effectiveness of the CE376 lidar, in synergy with photometer, for continuous aerosol

monitoring is emphasized.

For further study, total (molecules + aerosol) optical properties derived from the lidar and
photometer are evaluated. Relative probabilities of derived properties from the lidar
measurements within the homogeneous dust layer (3-6 km asl) from 07:00 to 19:00 UT on 15
August 2021 are presented in Fig. 5.8. The first 600 m of the profiles are not considered due to
the higher uncertainty (>15 %) on RCS profiles induced by the overlap corrections at 532 nm
channels. For this purpose, averaged profiles on 5 minutes with 15 m height resolution (200
points within the layer per profile) are considered. To avoid artifacts induced by noise and
errors, filtering is applied. Values with relative errors higher than 1, and data corresponding to
backscatter coefficients too small (8 < 0.2 Mm~1sr~1) are not taken into account. Similarly,
data under presence of clouds is not included (from 12:00 to 14:30 15 August 2021).
Atmospheric properties, i.e., B4+ at both wavelengths, VLDR at 532 nm and ACR(808/532),

are compared against the aerosol retrievals, i.e., f4or and g, at both wavelengths, PLDR at
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532 nm, CR(808/532), EAE(532/808), BAE(532/808). Likewise, Table 5.1 summarize the
results presented in Fig. 5.8. The mean, median, Standard Deviation (SD) of the mean and
Standard Error (SE) are presented. Note that in this work the standard deviation and the standard
error can give different values. While the SD gives us information on the dispersion of the
points taken into account for the average, the SE shows the variance in the errors associated to
those data points. Therefore, in the case of derived properties after the inversion, such as PLDR,
CR, EAE or BAE, the standard error can be significantly larger than the standard deviation.

Aerosol properties within the layer
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Figure 5.8: Relative probability histograms for all the variables with their corresponding relatives errors derived
from CE376 lidar profiles in the range 3 — 6 km asl from 2021-08-15 07:00 UT to 2021-08-15 19:00 UT. Total
attenuated and aerosol backscatter (B¢ and Bge,) at 532 nm (a) and 808 nm (b) are presented. Aerosol extinction
Qger at 532 and 808 nm (c¢), VLDR and PLDR at 532 nm (d), ACR(808/532) and CR(808/532) (e), and
EAE(532/808) and BAE(532/808) (f) are also presented. Mean values are indicated by lines.

In general, the retrieved intensive aerosol properties, such as PLDR(532) (Fig. 5.8d),
CR(808/532) (Fig. 5.8¢), EAE(532/808) and BAE (Fig. 5.8f) yield the presence of coarse non-
spherical particles in the extended layer up to 6 km asl. Nevertheless, the SD of 101 % shows
non consistency of EAE(532/808) over time which can be related to its associated high error
and the decrease in EAE observed with the photometer (see Fig. 5.6d). It is important to note
that [, values at both wavelengths are comparable to the retrieved ., values with relative
differences up to 25 %. In contrast VLDR(532) (with respect to PLDR(532)) is significantly
influenced by the molecular contributions. Still VLDR and ACR, give clues about the shape
(VLDR(532) = 0.16, non-spherical) and size (ACR(808/532)=0.68, big particles) of the
monitored aerosols. Regarding the error associated to each property, one can notice the

increasing error while propagating in the retrievals.
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Table 5.1: Summary of atmospheric properties within the extended dust layer up to 6 km asl from 07:00 to 19:00
UT on 15 August 2021 at IZO station. The profiles are averaged on 5 minutes and filtered to reduce impact of
noise. Mean, median, SD and SE are presented for each property. The relative values in percentage are also
presented for SD and SE.

Property A [nm] | MEAN | MEDIAN abs. Szl. %) | abs. SrEel. %)
LR [sr] 55 56 8 15 2 4
Bate [Mm~1sr—1] 53 1.71 1.67 037 22 0.11 6
Baer [Mm~1sr™1] 2.03 1.94 0.51| 25 072 36
Aoy [Mm™1] 108 108 17 15 32 30
LR [sr] 60 61 3 5 15 25
Baee [Mm~1sr™1] 208 1.21 1.2 036 | 30 0.15| 12
Baer [Mm~1sr™1] 1.62 1.57 036 22 032 20
Ager [Mm™1] 97 95 21 21 18 19
VLDR 53 0.16 0.16 0.01 9 002 10
PLDR 0.26 0.26 0.02 8 0.12 | 47
ACR 0.68 0.68 0.10 | 15 0.10 | 15
CR B08/532 1 (g3 0.85 0.15| 18 027 32
EAE 0.41 0.32 042 | 101 | 037| 90
BAE 3321808 | 49 0.37 045| 94 0.46 | 95

Moreover, the retrieved aerosol properties are comparable to previous works on dust
characterization near the North-Western Saharan desert (Table 5.2). As 808 nm is not a common
wavelength used in the lidar community, the 1064 nm is considered instead. CALIOP satellite-

based lidar algorithms (CALIPSO V4, Kim et al., 2018) impose effective LR by layer to both

of its elastic backscatter signals according to the aerosol type identified. The campaigns
SAMUM 1 and 2 (Saharan Mineral dUst ExperiMent) were dedicated to characterize mineral
dust near Saharan source. SAMUM-1 was developed on the southern Morocco in May-June

2006 (Heintzenberg, 2009) and SAMUM-2 on Cape Verde in January-February and May-June

2008 (covering winter and summer conditions). Ground based Raman lidar systems and HSRL
lidar aboard aircraft were part of both campaigns and their results are showed in Table 5.2 in
particular for summer conditions (Floutsi et al., 2023: Freudenthaler et al., 2009; Grof3 et al.,
2013; Miller et al., 2013: Tesche et al., 2009b). A more recent campaign SHADOW (study of
SaHAran Dust Over West Africa) included LILAS, Raman high power lidar developed at

ATOLL, and was organized in Mbour, Senegal during March-April 2015. Results from
SHADOW are also included in Table 5.2 (Hu, 2018; Veselovskii et al., 2016).
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Table 5.2: Acrosol properties obtained in previous studies for dust near source. In parenthesis the standard
deviations are presented. *CALIPSO algorithms consider and estimated PLDR.

LR(532) | LR(1064) PLDR CR BAE
Location
[sr] [sr] (532) (1064/532) (532/1064)
CALIPSO V4 - 44 (9) 44 (13) >(0.2% - -
SAMUM-1 and 2 Morrocco, 55(7) 55(13) 0.30 (0.03) 0.77 (0.09) 0.28 (0.16)
Cape Verde
SHADOW Mbour 53 (8) - 0.30 (0.04) - -

5.2.2 Conclusions

A Saharan dust outbreak observed at IZO station (Tenerife, Canary Islands) has been presented.
The event developed during summer 2021 is taken as an example of the dust-laden conditions
seasonally impacting 1ZO with major frequency during July and August. During 15 August
2021, both CE376 lidar and CE318-T photometer measurements are used to characterize the
dust aerosol properties. Thus, atmospheric properties derived directly from lidar measurements
(Batt» VLDR and ACR) and aerosol properties (Bger, @ger» PLDR, CR, EAE and BAE) retrieved
through the inversion scheme (lidar + photometer) were evaluated. Alongside, the estimated
errors for each property were presented. Temporal series of AOD, EAE from direct sun
photometer measurements, VSD and SSA derived from AOD and almucantar photometer

measurements were also presented.

During this event, a layer of dust extending up to 6 km asl (3.6 km above 1ZO station altitude)
was identified and persisted throughout the day. Notably, changes in the internal structure and
possibly the aerosol composition (indicated by higher EAE next day) were observed towards
midnight. Within the dust layer, as anticipated, coarse non-spherical aerosols predominated,
resulting in low values of EAE, BAE (conversely, high values on ACR, CR) and high values
of PLDR (similarly, high values on VLDR). Moreover, the results are comparable with previous

works on Saharan dust characterization using high power lidar systems.

The next section will present as well Saharan dust aerosols but this time transported across

Western Europe.
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5.3 Saharan dust transport (ATOLL, 31 March- 2 April 2021)

Saharan dust layers transported over ATOLL are frequently observed and monitored. One of
these events took place from 31 March to 02 April 2021 (early spring). Figure 5.9 presents
images of total column Dust Optical Depth (DOD) at 550 nm showing the predictions of dust
transport from North-Western Africa towards Western Europe. The images correspond to the
period when the dust event was observed at ATOLL: 31 March 2021 at 12:00 (Fig. 5.9a), 01
April 2021 at 00:00 (Fig. 5.9b), 01 April 2021 at 12:00 (Fig. 5.9¢) and 02 April 2021 at 12:00
(Fig. 5.9d). The forecast shows the dust air masses passing over Portugal-Spain towards the
Northern Atlantic and reaching UK and Northern France with DOD(550) values up to 0.8.
According to the event development, ATOLL is impacted by the highest DOD values on 1 April
2021.
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Figure 5.9: Forecast images of total column dust optical depth at 550 nm over Northern Africa, Middle East and
Europe. (a) 31 March 2021 at 12:00, (b) 01 April 2021 at 00:00, (c) 01 April 2021 at 12:00 and (d) 02 April 2021
at 12:00. Images are generated with multi-model forecast and are provided by WMO Barcelona Dust Regional
Center and the partners of SDS-WAS (hiips://dust.aemet.es/products/daily-dust-products).

To study this event of dust transported over ATOLL, CE376 lidar and CE318-T photometer

synergetic measurements are evaluated in the following subsection (Sect. 5.3.1). Moreover, a
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comparison against a Raman high power lidar system is presented (Sect. 5.3.2) to evaluate the

aerosol retrievals obtained with the CE376 lidar.
5.3.1 CE376 Lidar-photometer analysis

During this event, the Saharan dust layer transported over Lille was monitored with both
METIS (CE376 lidar) and sun/sky/lunar photometer. An overview of both instruments
measurements is presented in Fig. 5.10. On this day, METIS continuous measurements were
still performed using the roof window that impacted the depolarization measurements.
Nevertheless, the roof window of METIS was open on 1 April at 07:00 UT, represented by the
black dashed line in Fig. 5.10 panels (a), (b) and (c). The influence of the window on the
measurements can be observed on 532 nm depolarized channels. VLDR values are the most
impacted, being higher by 0.02 when METIS is with the roof window (see Fig. 5.10c). More
information on the depolarization measurements at different operational conditions were
presented in Chapter 3 Sect. 3.5.3. For this case study, only measurements under “without
window” conditions are considered for analysis. Furthermore, the blind zone, defined from the
overlap function estimation (i.e., r, where O(r) <0.1), during this period for each channel were:
1,(532par) = 0.42 km, 1,(532per) = 0.6 km with and 7,(808tot) = 0.15 km. Note that
the first 2 km of the total signal RCS at 532 nm are influenced by relative errors of 5 % at 2 km
going towards 20 % at 500 m due to the overlap estimations. In the case of RCS at 808 nm, the

influence of overlap error goes from 5 % at 1 km towards 10 % at 150 m.

The dust event at ATOLL had a period of strong aerosol loading during the night of 31 March
2021 to the afternoon of 1 April 2021, as seen by METIS and photometer observations (Fig.
5.10) and estimated by the DOD multi-model forecast (Fig. 5.9). Intrusions of aerosol layers
between 1.5 km to 6 km asl were observed, with high VLDR values, up to 0.25, indicating the
presence of non-spherical aerosols. While multiple layers are observed on the S, height-
temporal variations at both wavelengths (Fig. 5.10 (a) and (b)), VLDR(532) suggests the
presence of one likely homogeneous layer instead (Fig. 5.10c). AODyn values at 532 nm and
808 nm increase up to 1 and 0.9 respectively. EAEyn (532/808) decreases from 1.4 to 0.2

associated to the increase of coarse mode particles concentration.

Additionally, VSD retrievals from photometer observations during 1 April 2021 (Fig. 5.11a)
show the strong predominance of aerosols in the coarse mode with an effective radius at 1.7

um. Thus, with the identified non-spherical coarse particles, the presence of dust is confirmed.
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Figure 5.10: Overview of synergetic measurements of METIS lidar and photometer during an event of Saharan
dust transport from 2021-03-31 to 2021-04-02. Heigh-temporal variation of (a) B4 at 532 nm, (b) B4 at 808
nm, (c) VLDR at 532 nm, and (d) time series of AODyp, at 532 nm and 808 nm with EAE,(532/808) derived from
photometer. Black dashed line in (a), (b) and (c) indicates the change of measurements conditions for METIS lidar.

1

o
»

& 2021-04-01 | ( a) ‘ | e (b)
1S ~—=—(09:20 AOD(440)=0.98
mi 0.3 | |—e—15:02 AOD(440)=0.96 ] 0.98 |
£ —=—15:21 AOD(440)=0.92
3 —A—16:19 AOD(440)=0.88 <
0.2 - |—¥—16:43 AOD(440)=0.89 1 096"
= (7]
£
2 0.1 0.94
=
>
©
0 - g 0.92 : :
0.1 1 10 0.4 0.6 0.8 1
r[pm] A [pm]

Figure 5.11: (a)VSD and (b) SSA(M) derived from photometer sky almucantar and AOD measurements during
2021-04-01 at ATOLL. Data is level 2 from AERONET version 3 algorithms.

Moreover, spectral SSA derived from the photometer retrievals (Fig. 5.11b) indicate higher
absorption efficiency at shorter wavelengths (SSA~ 0.93-0.94) than at longer wavelengths
(SSA~ 0.96-0.99), similar to the results presented for dust near source at IZO (Sect. 5.2.1).
Towards the night of 1-2 April 2021, the dust layers slowly vanish. A shallow boundary layer

(<1000 m) with a strong inversion on the top, constrains the mixing of dust within the boundary
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layer. During the day of 2 April 2021 the EAE,n(532/808) increases up to 1.5 and the VLDR

decreases below 0.1 showing the end of the dust event.
Back-trajectories analysis

The NOAA HYSPLIT back trajectory analysis (Stein et al., 2015) is used to identify the

possible sources of the transported aerosols. In this case, the GFSQ (Global Forecast System
0.25 degrees) dataset is considered as the meteorological input for the model and the vertical
velocity of air mass is modeled using vertical motion velocity calculation; the model is run for
5 days of transport. Figure 5.12 presents back-trajectories ending at 3 altitudes above ATOLL
platform (500 m, 2 km and 4 km) on 1 April 2021 at 00:00 UT (Fig. 5.12a), 12:00 UT (Fig.
5.12b) and 21:00 UT (Fig. 5.12¢). These back-trajectories confirm that the air masses between
1.5-6 km asl follow the paths of transported dust as forecasted by the DOD images (Fig. 5.9).
Contrary, at lower altitudes within the ABL, back-trajectories suggest different sources along
the day probably influenced by urban/industrial emissions (Fig. 5.12a and Fig. 5.12b) as
reported for ATOLL by previous studies (Velazquez Garcia, 2023; Velazquez-Garcia et al.,

2023). In this context, the lidar observations showing two distinct aerosol contributions, below

and above the ABL, is supported.
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Figure 5.12: NOAA HYSPLIT back-trajectories ending at 500 m, 2 km and 4 km above ATOLL (Lille, France).
Different ending hours during 1 April 2021 are considered: (a) 00:00, (b) 12:00 and (c) 21:00 UT.  GFSQ
meteorological data is used to run the model for 5 days of transport. The web interface was used to obtain these
results (https://www.ready.noaa.gov/HYSPLIT _traj.php).

Lidar observations analysis during daytime

During daytime of 1 April 2021, lidar signals are rapidly attenuated due to the high aerosol
loading (AOD,p,(532)~1) under the presence of the lofted 5 km dust air mass, as well as due to

the increasing background noise. Thus, low SNR is encountered above the layers at both

wavelengths, making difficult to find a reference zone (free of aerosol region) for the inversion
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procedure. In consequence, aerosol retrievals were impacted by high uncertainties or were not
even possible, meaning that convergence to an effective LR in the inversion was not achieved.
Therefore, only atmospheric (molecules + aerosol) properties directly derived from

measurements are used for further analysis of the dust-laden conditions.

Figure 5.13 presents profiles averaged every 2 hours for the properties derived from 2021-04-
01 07:00 UT to 2021-04-02 01:00 UT. Averaging to 2 hours during day time enabled SNR>1.5
up to 8 km asl and 4 km asl for signal at 532 nm and 808 nm respectively. Thus two time periods
are determined, one from 07:00 to 17:00 UT 2021-04-01 characterized by the homogeneous
VLDR(532) values from 1.5 km asl up to to~6 km asl (Top panel Fig. 5.13); the second period
from 2021-04-01 17:00 UT to 2021-04-02 01:00 UT is characterized by the dust layers fading

away (Bottom panel Fig. 5.13). Moreover, the associated errors to each property are presented

in Fig. 5.14.
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Figure 5.13: Atmospheric optical properties derived from lidar measurements during an event of dust transported
over ATOLL (Lille, France) on 1 April 2021. Profiles averaged to 2 hours from 07:00 UT 2021-04-01 to 01:00
UT 2021-04-02 are considered and presented in two panels. Top panel includes averaged profiles from 07:00 to
17:00 UT 2021-04-01, and bottom panel includes averaged profiles from 17:00 UT 2021-04-01 to 01:00 UT 2021-
04-02. From left to right, the properties presented are §,;; at 532 nm (a, €), 4 at 808 nm (b, ), VLDR at 532 nm
(c, g) and ACR(808/532) (d, h).
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RELATIVE ERRORS
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Figure 5.14: Relative errors for the properties presented in Fig. 5.13.

The VLDR values within the lofted dust air masses (1.5-6 km asl) during the first period are
likely constant (0.23 £ 0.02). Due to noise (inducing larger errors) at higher altitudes, ACR is
largely impacted above 3 km asl during day-time, as can be observed in Fig. 13d contrasting
with its errors in Fig. 14d (in gray line). Nevertheless, ACR provides information on the
stratification within the dust air mass contrary to the VLDR values. On the other hand, the
second time period after 17:00 UT 2021-04-01 (bottom panel Fig. 13) is characterized by the
decrease of the dust layer width accompanied by the reduction of VLDR values (~0.15). The
stratification within the dust air mass is more evident in all the parameters towards the end of
the event. Moreover, lower ACR values (with respect to the dust case at IZ0O) are detected,

influenced by the ABL attenuation (Burton et al., 2013; Omar et al., 2009). Moreover, the

results over all the observations presented are summarized in Table 5.3.

Table 5.3: Summary of properties derived directly from the lidar measurements on 2021-04-01 and presented in
Fig. 5.13 and Fig.514. The absolute and relative values are also presented for SD and SE.

Property A [nm] | MEAN | MEDIAN abs. Srl:l' (%) | abs. iEL (%)
Baee [Mm~1sr~1]| 532 1.8 1.9 1 50 0.2 11
B [Mm~1sr~1]| 808 0.7 0.8 0.3 42 0.1 14

VLDR 532 0.19 0.22 0.06 32 0.02 10
ACR 808/532 | 0.39 0.41 0.12 31 0.05 13

LILAS Mie-Raman high power lidar monitored as well this particular event of Saharan dust
transport. Taking advantage of its capacity to provide independent backscatter and extinction
coefficients, comparisons between METIS CE376 lidar and LILAS are performed for

evaluation. The results of the comparisons are presented in the next subsection.
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5.3.2 METIS and LILAS retrievals comparisons

For comparisons of METIS and LILAS, averaged profiles on 1 April between 20:00 to 22:00
UT were used, when Raman measurements from LILAS were available. Aerosols optical
properties were retrieved with the modified two-wavelength method for METIS and Raman
inversion is used for LILAS. Molecular coefficients were calculated using the radiosonde data
taken at 00:00 UT on 2 April 2021 from the station Herstmonceux. Lunar measurements were
not acquired until later that night, so, the two closest pair of AO D, were considered to constrain
the inversion for METIS at 1 April 2021 17:50 and 2 April 2021 00:45 UT. Hence, backscatter
and extinction profiles at 532 nm and 808 nm for METIS and at 532 nm for LILAS were
retrieved and are presented in Fig. 5.15 panels (a) and (b). VLDR and PLDR at 532 nm for both
lidars are also compared (Fig. 5.15¢), as well as LR (Fig. 5.15f). The ACR and CR of 808-532
nm from METIS are presented (Fig. 5.15¢) as well as EAE (532/808) from METIS and the
photometer (Fig. 5.15d). To avoid artifacts on the retrievals induced by the blind zone of 532
nm, RCS values below 500 m are considered constant for both wavelengths. Likewise, PLDR,

EAE and CR values are not shown when the aerosol backscatter at 532 nm is less than 0.3 Mm~
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Figure 5.15: Aerosol optical properties retrieved from METIS and comparison with LILAS retrievals for the
averaged measurements between 20:00 to 22:00 UTC on 2021-04-01. Vertical profiles of (a) Backscatter, (b)
Extinction and (f) LR at 532 and 808 nm for METIS and 532 nm for LILAS, (c) VLDR and PLDR at 532 nm for
METIS and LILAS, (d) EAE (532/808) from METIS and the 2 closest values from the photometer, and (e) ACR,
CR (808/532).

Backscatter and extinction profiles comparisons showed good agreement between both lidars.
The differences in extinction observed are related to the constant LR of 54 + 3 sr for METIS
retrievals at 532 nm. From the profile of LR at 532 nm for LILAS (Fig. 5.15f), we can see that

the first layer between 1.5-3 km asl is 48 sr on average, in contrast with 72 sr of the second
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layer between 3.3-4.7 km asl. Thus, a better agreement in the lower layer than within the second
layer especially for extinction coefficients is observed. From METIS retrievals, the first layer
extinction values are on average 61 + 14 Mm™ and 52 + 10 Mm™ at 532 nm and 808 nm,
respectively. Extinction values in the second layer are in contrast lower, with 43 + 3 Mm™ and
35+ 6 Mm™ at 532 nm and 808 nm, respectively. Moreover, the LR retrieved for 808 nm is 69

+ 4 sr.

Absolute differences up to 0.02 for METIS VLDR profile with respect to LILAS are observed.
METIS shows VLDR and PLDR values within the two layers of 0.14 + 0.02 and 0.36 +0.05,
respectively. Lower EAE values for the first layer (0.4 + 0.1) were observed compared to 0.5 +
0.1 for the second layer. The ACR (808/532) and CR (808/532) profiles show values of 0.42 +
0.05 and 0.69 + 0.14, respectively, for the lower layer and 0.38 + 0.04 and 0.65 £ 0.12 for the
second layer. These results suggest the presence of two different dust layers, with larger dust

aerosols in the lower layer, which it is also shown in the LR profile from LILAS lidar.

Moreover, the results presented in this section are comparable to values reported in previous
works for Saharan dust transported towards Northern Europe (Table 5.4).
Table 5.4: Aerosol properties obtained in previous studies for transported dust. In parenthesis the standard

deviations are presented. *CALIPSO algorithms consider and estimated PLDR. **This multi-site EARLINET
study considered VLDR values rather than PLDR.

LR(532) | LR(1064) PLDR EAE BAE
Location
[sr] [sr] (532) (532/1064) (532/1064)
LR(808) EAE(532/808)
This work France 54 (3) 0.36 (0.05)
69 (4) 0.4-0.5
CALIPSO V4
55(22) 48 (24) >0.2%
(Kim et al., 2018)
Poland,
(Ansmann et al., 2003) UK, 40-80 40-80 0.15-0.25%** - 0-0.5
Germany
(Haarig et al., 2022) Germany 50 (5) 69 (14) 0.29 (0.02) -0.08 (0.2) 0.35(0.26)

5.3.3 Conclusions

In this section, an event of Saharan dust transported above ATOLL platform (Lille, France) was
studied using METIS CE376 lidar and CE318-T photometer (31 March 2021 to 2 April 2021).
Due to the high attenuation of signal within the dust layers, only volume properties derived
directly from lidar measurements (B4, VLDR and ACR) were evaluated for the entire day.

Towards the end of the event, at night time, lower aerosol loads were encountered. Therefore,
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aerosol properties (Bgers @ger» PLDR, CR, EAE) retrieved through the inversion scheme (lidar
+ photometer) were investigated and compared against co-located LILAS Mie-Raman lidar.
Alongside, the estimated errors for each property derived from the CE376 were presented.
Temporal series of AOD, EAE from direct sun photometer measurements, VSD and SSA

derived from AOD and almucantar photometer measurements were also presented.

The findings suggest that the elevated dust air masses, originated from North Western Sahara
and traversing above ATOLL, maintained their characteristics as pure dust without significant
interaction with other atmospheric components. While VLDR values indicated a quite
homogeneous dust layer, signs of stratification within the extensive volume of air were
observed in S, and ACR instead. Moreover, METIS showed VLDR values 10 % higher than
LILAS under the same operational conditions (without window, controlled temperature). This
reduced bias likely comes from differences on the optical design proper to the instruments and
showcase the capabilities of CE376 lidar to retrieve depolarization properties comparable to

complex high power lidars.
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5.4 Dust and Smoke mixture (ATOLL, July 2022)

Several heatwaves crossed Europe during spring-summer 2022, meaning that air masses from
the equatorial region (North Africa) moved northwards, given by the synoptical weather
conditions, pushing temperatures up in several areas, especially in the Western Europe. The

unusual long periods of heat since spring intensified the dry conditions during summer.
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Figure 5.16: Forecast images of total column dust optical depth at 550 nm over Northern Africa, Middle East and
Europe, and satellite image showing active fires over Western Europe. Forecast images correspond to (a) 15 July
2022 at 12:00, (b) 16 July 2022 at 12:00, (c) 17 July 2022 at 12:00, (d) 18 July 2022 at 12:00 and (e) 19 July 2022
at 12:00. (f) MODIS-AQUA True Color Image for 15 July 2022 over Western Europe is also presented, where the
thermal anomalies (active fires) are indicated by orange dots and a red flame for Gironde Fires. Forecast images
are generated with multi-model forecast and are provided by WMO Barcelona Dust Regional Center and the
partners of SDS-WAS (https://dust.aemet.es/products/daily-dust-products). MODIS products are available
through NASA Worldview Snapshots (https://wvs.earthdata.nasa.gov).
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Moreover, due to the vegetation dryness and the extreme high temperatures, multiple fires were
detected in Southwestern Europe in July-August 2022. Unprecedented wildfires have broken
out on 12 July 2022 in the Gironde department, Southwestern France, intensified by a heatwave
passing, over ~270 km? of burned surface were accounted in the region with the highest forest
losses in France. During this event, biomass burning aerosols injected to the atmosphere by the
wildfires in Western Europe got mixed with the mineral dust transported within the hot air

masscs.

DOD(550) images from 15 July 2022 to 19 July 2022 (Fig 5.16a to Fig 5.16e) show the
evolution of the dust transport path from the North Western Sahara passing through Portugal-
Spain passing above the Atlantic towards France. The images correspond to the model run at
12:00 for each day. The active fires are also indicated on top MODIS image for the 15 July
2022 (Fig. 5.16f), and are located on the predicted path of dust for that day. Moreover, according
to the dust transport path, ATOLL site was most likely to be influenced by DOD(550) values
between 0.1 and 0.2 during 17 and 18 July 2022. Therefore, at the time that the heatwave

traversed Lille, both dust and smoke were detected in the atmospheric column.

In the following subsections, the description of the event seen by the remote sensing
instrumentation, METIS CE376 lidar and CE318-T photometer, installed at ATOLL is

presented. Moreover, comparisons of retrievals against LILAS are also evaluated (Sect. 5.4.2).
5.4.1 CE376 lidar-photometer analysis

For this case, METIS was performing measurements under the current operational conditions,
i.e. adapted roof window and air conditioning. Also, METIS overlap corrections induce errors
in the first 2 km of the RCS at 532 nm, from 3 % at 2 km going towards 20 % at 600 m. For
RCS at 808 nm the influence of overlap error goes from 5 % at 600 m towards 20 % at 100 m.
For retrievals using both RCS, values are therefore considered constant below 600 m. To assess
the continuity of the aerosol optical properties, the closest data points are used to constrain the

inversion when measurements from photometer are not available.

An overview of the retrieved aerosol properties from METIS and photometer is presented in
Fig. 5.17 for the period of 17 July to 20 July 2022 when the dust and smoke particles were
detected at ATOLL. From height-temporal variations in Fig. 5.17 panels (a) to (d), two periods
can be distinguished during the event. On 17 July 2022, a predominant depolarizing layer of

~1.5 km width and quite homogeneously distributed is observed, in contrast to the three
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compacted layers (with different depolarization ratios) detected from 18 July until 19 July 2022
12:00 UT. Contrariwise to the complexity observed with the lidar, the temporal series from the

photometer are fairly stable (Fig. 5.17¢).
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Figure 5.17: Overview of atmospheric optical properties from synergetic measurements of METIS lidar and
sun/lunar photometer at ATOLL platform from 17 to 20 July 2022. Height-temporal variation of (a) S, and (b)
VLDR at 532 nm, aerosols extinction at (c) 532 nm and (d) 808 nm, and (e) time series of AODp;, at 532 nm and
808 nm with EAE, 532/808 derived from the photometer. The layer center altitudes for layer 1 (L1), layer 2 (L2)
and layer 3 (L3), identified during 18 and 19 July 2022, are indicated by dashed white lines in panel d.

The VSD distributions during the event (Fig. 5.17) showed the predominance of three aerosol
size ranges, one in the fine mode centered at 0.11 um of radius, and two in the coarse mode
centered at 1.7 um and 5 pm. On 18 July 2022 (Fig. 5.18b) 5 VSD were retrieved, all having
higher contributions than the day before (Fig. 5.18a), only one VSD in the morning is offset to
higher values (0.15 um) for the fine mode peak. On 19 July 2022 (Fig. 5.18c), 7 VSD were

retrieved, 4 of them in the morning showing the same shape as the ones from 18 July. The rest
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of the VSD show higher contribution at 5 um size, representing the conditions after 15:00 on

19 July which correspond to a drop on the AOD values and the vanishing of the layers.
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Figure 5.18: VSD derived from photometer sky almucantar and AOD measurements during (a) 2022-07-17, (b)
2022-07-18 and (c) 2022-07-19 at ATOLL. Data is level 2 from AERONET version 3 algorithms.

Therefore, the presence of both smoke (fine mode) and dust (coarse mode) aerosols is
confirmed during the entire event by the VSD (Fig. 5.18), with mainly two different stages in
the aerosol vertical distributions (Fig 5.17). Furthermore, towards 12:00 UT on 19 July 2022,
the 3 layers disappear while the boundary layer height increases and probably mixes with the

layer closer to the ground.
Back-trajectories analysis

During 17 July 2022, a layer extended between ~3 km to 5 km asl is lofted on top of apparently

clean air, as indicated by the low values on VLDR and extinction height-temporal variations
(Fig. 5.17 panels b, ¢ and d). Likewise, HYSPLIT back-trajectories ending at 1.5 km and 4 km
above ATOLL corroborate that different air masses are impacting the site (Fig. 5.19). The
transport path of the aerosol layer detected at ~4 km asl (Fig. 5.19b) coincide with the dust
transport track forecasted on the DOD(550) images, i.e., crossing the Portugal-Spain fires (Fig.
5.16). Moreover, the cleaner air intrusion (~1.5 km asl) is influenced by air masses transported
from higher altitudes above the North Atlantic Ocean (Fig. 5.19a). The back-trajectories are

modeled for 3 days of transport with GFSQ meteorological database.

During the second period on 18-19 July 2022, the layer from the day before now reduced to

~0.5 km width is descending from 3 km towards 1.5 km asl accompanied by 2 separated layers
above it. In particular, we focus our attention on the afternoon of 18 July 2022 to early morning
of 19 July 2022, where quite stable AOD,;, and EAE,,, are observed. Back-trajectories ending
at 3 altitudes, 1.7 km (L1 in red), 2.7 km (L2 in blue) and 4 km (L3 in green) above ATOLL,
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and at different arrival hours (model run for 5.5 days) are presented in Fig. 5.20. The altitudes

considered representing the layers observed are also indicated as L1, L2, L3 in Fig. 5.17d.
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Figure 5.19: NOAA HYSPLIT back-trajectories ending at 1.5 km (a) and 4 km (b) above ATOLL (Lille, France).
Each trajectory corresponds to a different ending hour during 17 July 2022, every 3 h since 09:00 UT. GFSQ
meteorological data is used to run the model for 5 days of transport. The web interface was used to obtain these
resutls (https://www.ready.noaa.gov/HYSPLIT _traj.php).
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Figure 5.20: NOAA HYSPLIT back-trajectories ending at 1.8 km, 2.7 km and 4 km above ATOLL (Lille, France).
Different arrival times are considered, 18:00 UT (a) and 21:00 UT (b) on 18 July 2022, 00:00 UT (c) and 03:00
UT (d) on 19 July 2022. GFSQ meteorological data is used to run the model for 5 days of transport. The web
interface was used to obtain these resutls (https://www.ready.noaa.gov/HYSPLIT _traj.php).
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From the back-trajectories, it can be seen that similarly to the day before (17 July 2022) the
layer between 3.2 to 4.5 km asl (L3 in green) follows the path of dust crossing Portugal fires
as predicted by DOD images. In contrast, back-trajectories for the layer between 2.4 km and
3.2 km asl (L2 in blue), with lower VLDR values and higher extinction (Fig. 5.17), show that
air masses follow a quite different path than the transported dust. This time the source is
identified at South West France and North East Spain, closer to the Gironde region where active
fires were detected. On the other hand, L1 in red show that air masses are transported over or
near the dust transport path and pass over active fires. Therefore, the layer L2 appears to be

under higher influence of smoke aerosols rather than dust like L1 and L3.

Table 5.5 summarize the results obtained during the second period of this event, where three
layers are identified. Profiles averaged to 1 hour between 2022-07-18 18:00 UT to 2022-07-19
09:00 UT are used and layers are defined as L1 (1.5-2.2 km asl), L2 (2.4-3.2 km asl) and L3
(3.2-4.5 km asl). The mean, median, Standard Deviation (SD) of the mean and Standard Error

(SE) are presented for each layer and property obtained.

From the results obtained in this work, L2 is well differentiated from the other 2 layers due to
its PLDR values (0.1 £+ 0.01 ) which are in accordance with reported values in previous works
for transported smoke (Table 5.6). Likewise, back-trajectories confirm the higher interaction of
the L2 air masses with active fires than L1 and L3. In contrast PLDR values for L1 (0.19 +
0.04) and L3 (0.25 £ 0.06) are in accordance with previous observations of dust and smoke
mixtures (Table 5.7). It is worth to mention that the considered dust-smoke mixture studies
correspond mostly to observations during SAMUM campaigns, i.¢., close to Saharan desert and
fires in the Sahel region. Previous studies showed that for mixtures of dust-smoke, lower values
of PLDR correspond to higher predominance of smoke over dust and the other way around

(Ansmann et al., 2009; Tesche et al., 2009b).
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Table 5.5: Summary of atmospheric properties within 3 layers from 2022-07-18 18:00 UT to 2022-07-19 09:00 UT at ATOLL station. The layers are defined as L1 (1.5-2.2 km

asl), L2 (2.4-3.2 km asl) and L3 (3.2-4.5 km asl). The profiles are averaged (1 hour) and filtered. Mean, median, SD, SE are presented for each property.

Property A [nm] MEAN MEDIAN SD SE
L1 | L2 | L3 L1 | 2 | L3 L1 L2 | L3 L1 | L2 | L3
LR [sr] 39 40 3 2
Bate [Mm~1sr™1] 1.7 1.6 1 1.8 1.7 1.1 | 0.2 0.2 0.2 0.1 0.1 0.1
Baer 532
[Mm~1sr—1] 1.1 1.4 0.9 1.2 1.4 1 0.2 0.2 0.2 0.1 0.1 0.1
ey [MmM™1] 43 53 36 45 54 37 8 6 10 3 3 2
LR [sr] 38 38 2 2
Bate [IMm~1sr=1] 0.9 0.9 0.6 0.9 1 0.7 |01 0.1 0.2 0.1 0.1 0.1
Baer 808
[Mm~1sr~1] 0.8 1 0.7 0.8 1 0.7 |01 0.1 0.2 0.1 0.2 0.1
Ager [Mm™1] 30 36 26 31 37 27 4 5 7 7 9 7
VLDR 53, |009 (006 011 0.09 0.06 0.12 |0.02 0.01 0.03 |0.01 0.01 0.01
PLDR 019 |0.10 |0.25 0.19 0.1 0.27 | 0.04 0.01 0.06 | 0.02 0.01 0.03
ACR 208/532 | 03 0.55 |0.52 0.49 0.57 0.54 | 0.05 0.06 0.12 |0.03 0.04 0.08
CR 073 |071 |0.71 0.72 0.74 0.74 |0.12 0.11 0.13 | 0.15 0.16 0.21
EAE 30808 | 087 091 | 096 0.90 0.83 0.83 |0.31 0.32 039 |0.50 0.50 0.60
BAE 0.78 |0.83 |0.82 0.80 0.72 0.7 |038 0.4 0.45 | 0.48 0.50 0.60

Table 5.6: Properties obtained in previous studies for transported smoke in the troposphere. In parenthesis the standard deviations are presented if they are provided. *CALIPSO
algorithms consider and estimated PLDR.

Location | LR(532) [sr] | LR(1064) [sr] | PLDR(532) CR(1064/532) BAE(532/1064)
) LR(808)= 38 CR(808/532)=0.71 BAE(532/808)=
This work France 39 (3) 0.1(0.01)
) (0.16) 0.83 (0.5)
CALIPSO V4 (Kim et al., 2018) - 70 (16) 30 (18) <0.08* - -
HSRL-1 aerosol classification (Burton et al., 2013) - 55-73 55-73 0.04-0.09 0.53-0.52 -
(Alados-Arboledas et al., 2011) Spain 60-65 - - - -
(Veselovskii et al., 2022) France 80 (12) 0.03 (0.01) - 1.2 (0.2)
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Moreover, in previous studies using Raman-Mie lidars, the LR at 1064 nm are not usually
provided since observations at this wavelength were obtained through elastic channels for the
majority of the lidar systems, nevertheless BAE is usually calculated by using Klett inversion
at 1064 nm channel. For comparisons of the results obtained in this work against previous
studies, the properties are presented with its larger deviation (SD or SE) to better characterize
the observations, especially when the standard error is significantly larger than the standard
deviation.

Table 5.7: Dust-smoke properties obtained in previous studies. In parenthesis the standard deviations are
presented if they are provided. In particular, DeLiAn is a database that compile lidar observations for different

aerosol types (Floutsi et al., 2023).
Location | LR(532) | LR(808) PLDR BAE Smoke
[sr] [sr] (532) (532/1064) proportion
L1:0.19(0.04) | L1:0.78 (0.5)
This work France 39 (3) 38 (2)
L3:0.25(0.06) | L3:0.82(0.6)
(Tesche et al., 2011) 67 (12) - 0.16 (3) 0.67 (0.27) 60- 40 %
Morocco,
(Ansmann et al. 53(8) - 0.15-0.30 - 60 -10 %
Cape
2009)
Verde
(GroB et al., 2013) 63 (7) - 0.14 (0.02) - -
DeLiAn - 56 (7) - 0.19 (0.01) 1 (0.05) -
(Floutsi et al., 2023)

Further discussion on the complexity of this case is presented in the next sub-section, where

comparisons against LILAS aerosol retrievals are presented.

5.4.2 METIS and LILAS retrievals comparisons

For comparisons of METIS and LILAS, averaged profiles between 01:00 to 03:00 UT on 19
July 2022 are used (when Raman measurements from LILAS are available). Direct moon
photometer measurements available are averaged during the same time period to constrain the
inversion for METIS. During this event, LILAS lidar got affected by the extreme environmental
conditions, so a wider incomplete overlap is acknowledged and we will not consider retrievals
comparisons below 1.7 km. Once again, PLDR, EAE and CR values are not shown when the

aerosols backscatter at 532 nm is less than 0.3 Mm™ sr’! and at altitudes below 600 m.

Backscatter coefficients (Fig. 5.21a) and depolarization ratios (Fig. 5.21c) comparisons show
good agreement between both lidars above 2 km asl (12 % bias on depolarization) with an
obvious influence of the vertically-constant LR assumption on METIS. The extinction

coefficients (Fig. 5.21b) and consequently the EAE (Fig. 5.21d) are the most impacted (LR
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values of 38 + 2 sr for 532 nm and 40 £ 2 sr for 808 nm), showing the limitation of the inversion
method under complex scenarios. However, VLDR and PLDR values retrieved from METIS

are highly sensitive to the change of dust-smoke composition within the layers.

Average profile from 2022-07-19 01:00 to 2022-07-19 03:00
7% 7 7

7 7= - S | 7 Ll
—— 5,(532) LILAS o (532) LILAS 5" LILAS ﬁp LILAS - - - EAE, ——ACR —— LR(532) LILAS
 3(532) METIS «_(532) METIS " METIS & METIS . EAE, CR LR(532) METIS
[ a a 6 d g 6 LR(808) METIS
5,(808) METIS o (808) METIS i
1 I
5[ (a) 5. (b) 5L 5 ; {d) 5 5 ’ __,!g"‘-'
—_ | i L
g | =
Y 4 4 4p ' 4t |4
% I
p | i 3
[+
EE 3 3 3 3 3
=
2t 2+ 2 2+ 2t 2- a
3 [ =
1F 1l 1 1] ! 1| 1°
1 )
1
0 I‘I ‘.‘I\ U " n 1 .I n " L T " L n O 1 L ! 0 PR B Lol 0‘. - P P
0 1 2 0 50 100 0 01 02 03 03 03 15 02 04 06 08 30 40 50 60
4 [Mm'1sr'1] a [Mm"l] av &P (532) EAE(532/808) ACR, CR (808/532) LR [sr]

Figure 5.21: Aerosols optical properties retrieved from METIS and comparison with LILAS retrievals for the
averaged measurements between 01:00 to 03:00 UT on 2022-07-19. Vertical profiles of (a) Backscatter, (b)
Extinction and (f) LR at 532 and 808 nm for METIS and 532 nm for LILAS, (c) VLDR and PLDR at 532 nm for
METIS and LILAS, (d) EAE (532/808) from METIS and the photometer, and (¢) ACR, CR (808/532).

The first layer, between 1.6-2 km, asl and the third layer between 3.5-5 km asl showed PLDR
(VLDR) values in average 0.20 = 0.02 (0.09 +0.01) and 0.27 + 0.03 (0.12 £ 0.01), respectively.
Both layers with insights of dust predominant presence, higher dust concentration can be
expected at L3 than at L1. In contrast, the second layer (2.4 - 3.2 km asl) yields the unique
presence of smoke aerosols with PLDR (VLDR) of 0.09 + 0.01 (0.05 £ 0.01). Therefore, EAE
values (Fig. 5.21d) are expected to be higher than 1 for the second layer, which is not the case
due to the use of vertically-constant LR. In this context, in a complex scenario like this one,
CR, EAE and BAE derived with Klett method (Fig. 5.21 and Table 5.5), do not show significant
changes within the layers to distinguish between fine and large particles. Nevertheless, ACR
values directly derived from METIS measurements are influenced by the aerosol attenuation

but are still sensitive to the different layers.

5.4.3 Conclusions

In this section, an event of Saharan dust mixed within smoke aerosols transported above
ATOLL platform (Lille, France) during a heat-wave was studied using METIS CE376 lidar and
CE318-T photometer (17 to 19 July 2022). Atmospheric properties derived directly from lidar
measurements (B4, VLDR and ACR) and aerosol properties (Bger> @ger» PLDR, CR, EAE)

were retrieved through the inversion scheme. Temporal series of AOD, EAE from direct sun
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photometer measurements and VSD derived from almucantar and AOD photometer
measurements were also presented. Moreover, VSD distributions showed the presence of dust
(coarse mode) and smoke (fine mode) during the entire event. Likewise, back-trajectories were

presented to track the sources.

Based on the observed vertical aerosol variations using the CE376 lidar, we can distinguish two
distinct periods during the event. On 17 July 2022, a dominant layer, approximately 1.5 km
thick (centered at 4 km asl), containing homogeneously distributed dust and smoke is observed.
In contrast, from 18 to 19 July 2022, until 12:00 UT, three compacted layers (L1, L2, L3) exhibit
significantly different depolarization ratios, indicating varying proportions of dust-smoke

content.

The layers L1 (1.5-2.2 km asl) and L3 (3.2-4.5 km asl) present predominance content of dust
with PLDR values (0.19 £+ 0.04 and 0.25 + 0.06 respectively) comparable to those presented
in previous works on dust-smoke mixtures. In contrast, PLDR values (0.10 £ 0.01) within L2
(2.4-3.2 km asl) and back-trajectories suggest the unique presence of smoke rather than dust.
Contrariwise to the complexity observed with the lidar, the temporal series from the photometer

are fairly stable.

This unusual event of stratified dust and smoke transported over ATOLL, emphasizes both the
limitations and capabilities of the CE376 lidar for aerosol characterization. The assumption of
a constant LR in the atmospheric column limits the aerosol typing within layers, particularly
affecting EAE, BAE and CR. Nevertheless, depolarization measurements prove to be reliable
for aerosol classification even in complex scenarios. Furthermore, operational improvements,
such as the roof window of METIS CE376 lidar, result in relative VLDR bias of 12 % compared
to LILAS Raman lidar.
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5.5 La Palma Eruption (IZO and ATOLL, Sept.-Oct. 2021)

The Cumbre Vieja volcano, located on the Canary Island of La Palma, erupted on 19 September
2021 (Fig. 5.22). The eruption process persisted during 85 days (until 13 December 2021) being
the longest volcanic eruption in La Palma in the last 5 centuries. The eruption was catalogued

as Strombolian type (Bedoya-Veldsquez et al., 2022; Cérdoba-Jabonero et al., 2023), meaning

that it involved moderate gases bursts that ejected lava clots in cyclical or nearly continuous
eruptions. The lava rivers from the eruption led to the evacuation of thousands of residents and
caused significant damage to infrastructures. Moreover, the regional air quality was affected by
the high concentrations of SO,, fine aerosols (non-ash, probably sulfates aerosols) and ash
emitted by the volcano. In addition, in particular during September-October, events of dust
transported from the Sahara (up to 6 km asl) were also impacting the region (Milford et al.

2023; Sicard et al., 2022).

Atlantic Ocean

Figure 5.22: (a) Cumbre Vieja, La Palma, eruption view from spatial station on 4 October 2021 and the (b) lava
flows observed during 29 November 2021. Astronaut photograph ISS065-E-439221 is provided by the ISS Crew
Earth Observations Facility and the Earth Science and Remote Sensing Unit, Johnson Space Center. Lava flow
photography source: Emilio Morenatti/AP (Le Monde).

Scientific, private and governmental organizations joint collaborative efforts, in the frame of

ACTRIS-Spain (https://actris.es.webstsc.webs.upc.edu/en/node/11), permitted the deployment

of in-situ and remote sensing instrumentation in La Palma as part of an emergency response.
Moreover, the volcano activity was monitored by the PEVOLCA (Plan Especial de Proteccion
Civil y Atencién de Emergencias por Riesgo Volcanico en la Comunidad Auténoma de

Canarias;  https://info.igme.es/eventos/Erupcion-volcanica-la-palma/pevolca). Thus, the

continuous monitoring of the eruption was possible. High concentrations of SO,, PM,, and
PM, s were observed at ground level in La Palma and also sporadically at IZO Observatory

(Milford et al., 2023). Moreover, the characteristic atmospheric trade wind inversion played an

important role on the stratification and transport of the volcanic emissions. Thus, considerably
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low plume injection height was observed between 3 and 3.5 km asl (Bedoya-Veldsquez et al.,

2022) and occasionally up to 6 km asl. In particular, Sicard et al. (2022) and Cérdoba-Jabonero

et al. (2023) studied the vertical variation of fresh aerosol produced near the eruption episode
(less than 20 km away). These studies applied the POLIPHON (POlarisation LIdar PHOtometer

Networking, Ansmann et al., 2011) algorithm to separate the volcanic particulate matter into
two aerosol components by means of the depolarization properties: ash particles (assumed as
coarse-dominating aerosol with high depolarization), and non-ash particles (fine-mode of the
volcanic aerosols, mainly sulphates, with low depolarization). These studies showed
PLDR(532) values of 0.2-0.3 for the ash particles and closer to 0.01 for non-ash. Moreover, ash

particles were not detected at aerosol layers above 4 km asl.

To study the aerosols generated by the volcanic eruption, both IZO (near source) and ATOLL
(long-range) are considered. Thus, a case study of intermittent presence of non-ash aerosols at
1Z0 is studied during the first days of eruption (Sect. 5.5.1). On the other hand, a case study of
aerosols accompanying an impressive atmospheric river of SO, arriving to ATOLL is presented
(Sect. 5.5.2). The following subsections are dedicated to the analysis of the observations of the

CE376 lidar and photometer at both sites.
5.5.1 Near Source (IZO, 22-24 September 2021)

1ZO station (Tenerife, Canary Islands) was separated from Cumbre Vieja volcano eruption by
the ridge of Teide and by a distance of ~140 km (Fig. 5.23d). Thus, due to its proximity to the
eruption episode, the monitoring of ash and non-ash aerosols was possible. In particular, we
focus our attention to some days within the first week of the eruption (2021-09-21 to 2021-09-
24). These days were characterized by high emissions of SO, reaching up to 20 DU in density
(DU= Dobson Unit equivalent to 2.69 x 1016 molecules/cm?) as seen by the TROPOMI
(TROPOspheric Monitoring Instrument) spectrometer on board Sentinel-5 satellite. Figure 5.23
presents the TROPOMI images of SO,density at the region of La Palma during the days
considered for analysis. It is shown that Tenerife Island is always within the SO2 plume with
higher densities towards the 24 September 2021. The TROPOMI images presented were obtain
by using the VolcPlum interactive portal, developed in the frame of AERIS data center and
LOA (https://volcplume.aeris-data.fr/, Boichu & Mathurin (2022)). VolcPlum is a versatile tool

that permit the monitoring of volcanic events around the world by means of satellite

instrumentation and AERONET photometer sites.
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Figure 5.23: TROPOMI S 05 total vertical column density (in DU) images are presented for (a) 2021-09-22, (b)
2021-09-23 and (c) 2021-09-24 during Cumbre Vieja eruption. The (d) position of IZO site with respect to the
eruption is also presented. The TROPOMI images are available at VolcPlume portal https://volcplume.aeris-
data.fr/, source: Boichu, M. & Mathurin, T. (2022). Schematic diagram of IZO and the eruption site is adapted
from Milford et al. (2023).

In the following lines, a comprehensive analysis of the observations, using CE376 lidar and

photometer, during 22 to 24 September 2021 is presented.

CE376 lidar-photometer analysis

The CE376 lidar (CE376 GPNP at 1ZO) blind zone is defined from the overlap function
estimations (i.e., 7, where O(r) <0.1). During this period, same as the dust case, for each channel
were: 1,(532par) = 0.6 km, r,(532per) = 0.5 km with and r,(808tot) = 0.15 km. The
first 2 km agl of the total signal RCS at 532 nm are influenced by relative errors of 5 % at 2 km
going towards 15 % at 600 m. In the case of RCS at 808 nm, the influence of overlap error goes

from 4 % at 1 km towards 10 % at 150 m.

An overview of the atmospheric properties from CE376 lidar and photometer is presented in
Fig. 5.24 for the period of 22 to 24 September 2021. During this time, no evidence of dust
presence is observed. Thus, IZO station, located in the FT, was influenced mainly by the
volcanic aerosols from Cumbre Vieja. From height-temporal variations of 8, at 808 nm (Fig.

5.24a), which is less influenced by molecular contributions, and VLDR at 532 nm (Fig. 5.24b),
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one can observe the intrusion of thin aerosol plumes mostly below 4.5 km asl with varying
values of depolarization below 0.06. In particular, on 24 September 2021 a lofted layer above
4.5 km asl and descending towards 3 km asl is detected. Within this layer, higher values of
Bat:(808), indicating higher aerosol concentration, and nearly non depolarization is observed.
Likewise, the presence of the layer is accompanied by an increase of AOD and EAE (Fig.
5.24d). Moreover, height-temporal variations of ACR(808/532) (Fig. 5.24¢) show clearly the

different layers presence.
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Figure 5.24: Overview of atmospheric optical properties from synergetic measurements of CE376 lidar and
sun/moon photometer at IZO observatory from 2021-09-22 to 2021-09-24. Heigh-temporal variation of (a) 84, at
808 nm, (b) VLDR at 532 nm, (c) ACR at 808-532 nm and (d) time series of AODp, at 532 nm and 808 nm with
EAE,; 532/808 derived from the photometer.

Thus, indications of varying aerosol sizes (ACR<0.4), mostly within the fine mode (EAE,, >
1.2, Fig. 5.24d), and presence of nearly spherical particles (VLDR<0.06) are stated. Similarly,
VSD distributions obtained during 23 September 2021 (Fig. 5.25) show the higher
concentration of aerosols in the fine mode (radius of 0.15 um) over the coarse mode. In this

context, a large predominance of non-ash aerosols can be established. It is important to point
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out the high sensitivity of ACR to discriminate the aerosols layers from the molecular

influences, in contrast with VLDR(532) and f,:+(808).
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Figure 5.25: VSD derived from photometer sky almucantar and AOD measurements during 2021-09-23 at IZO.
Data is level 2 from AERONET version 3 algorithms.

Aerosol retrievals profiles

For further analysis of the aerosols observed at IZO, selected time thresholds under presence of
aerosol plumes are studied. Averaging to one to two hours, the SNR improves, resulting in more
reliable information. Due to several layers observed below 500 m agl (i.e, in O(r)<0.1 at 532
nm), the altitude defining the blind zone is reduced to 300 m, taking into account that the
uncertainties can be higher than 20 %, in particular for 532 nm channels. Four time-thresholds
(T1, T2, T3, T4) are selected, averaged, individually analyzed and presented in Fig. 5.26.
Aerosol properties in the Fig. 5.26 presented (from left to right) are aerosol backscatter 5, and
aerosol extinction «, at both wavelengths, VLDR and PLDR at 532 nm, EAE and BAE for
532-808 nm and ACR and CR for 808-532nm. Additionally, black dashed line boxes highlight

the aerosol layers of interest. The analysis of the results is presented below:

(a) T1(2021-09-23 16:00 to 2021-09-23 18:00 UT, Fig. 5.26a): the effective LR retrieved at
both wavelengths are quite similar, 49 + 10 sr at 532 nm and 48 + 17 sr at 808 nm, and
both are affected by large errors, related to the low aerosol loading. However, two layers
well defined are detected of ~0.4 km width, one centered at 3 km asl and the other at ~3.8
km asl. The lower layer presents higher extinction (~60 Mm™! at 532 nm and ~30 Mm™1

at 808 nm) and lower PLDR (0.05) than the layer at higher altitude, with extinction

~30 Mm™! at 532 nm and ~20 Mm~?! at 808 nm and PLDR values of 0.08. The derived

EAE and BAE are identical, with values slightly varying around the EAE from the

photometer (EAE,,(532/808) = 1.67 ), and implying the predominance of fine aerosols.

Similarly, ACR values are lower than 0.35, as well associated to fine aerosols.

Nevertheless, CR values are higher than 0.5 with large uncertainty (~30 %), in relation to
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the LR error propagation. In this context BAE and EAE are also largely affected. Though
errors are larger, both layers show a predominance of fine spherical aerosols with rather

higher contribution in the lower layer than on the higher layer.

(b) T2 (2021-09-24 08:00 to 2021-09-24 09:00 UT, Fig. 5.26b): the effective LR retrieved at

(©)

both wavelengths are 39 + 5 sr at 532 nm and 61 %+ 10 sr at 808 nm. This set of profiles
reveal 3 thin aerosol layers (~100 m width) between 3.6 and 4.2 km asl, all three with
similar extinction coefficients, around ~65 Mm™1! at 532 nm and ~40 Mm~?! at 808 nm,
and similar PLDR values around 0.06. Immediately above, a wider layer between 4.3 and
5.3 km asl is detected, with extinction coefficients around ~40 Mm™! at 532 nm and
~30 Mm™1! at 808 nm and PLDR considerably lower (0.03). In contrast EAE, BAE, ACR
and CR are likely constant within the 4 layers, all showing values related to the presence
of fine aerosols. In particular, the wider layer, yields the unique presence of non-ash
particles, most likely sulfate aerosols.

T3 (2021-09-24 12:00 to 2021-09-24 13:00 UT, Fig. 5.26¢): the effective LR retrieved at
both wavelengths are 38 + 2 sr at 532 nm and 59 * 8 sr at 808 nm. Due to the increasing
background noise caused by solar radiation at this time, the LR at 808 nm is retrieved by
means of the 2-wavelength inversion scheme proposed in this work, i.e., using an
AOD,s(808) and the forward integration Klett method. This set of profiles, follow the
descent of the layer centered at 4.8 km asl detected in T2, now placed between 4 and 5 km
asl with higher aerosol concentration at 532 nm (extinction: 74 Mm™! at 532 nm and
~40 Mm~! at 808 nm). Similarly to T2, the layer presents PLDR values of 0.03. Moreover,

1 at

a layer below 3.5 km asl is also detected with higher values of extinction (100 Mm
532 nm and ~50 Mm™! at 808 nm) and PLDR below 0.05. Both layers show high values
of EAE (~1.8), BAE (~2.6) and identical lower values of ACR, CR (~0.33). Thus, an
increasing presence of non-ash particles is evidenced, in accordance with the increase of

EAEpp (1.8) respect T2 and T1 (1.4 and 1.6 respectively).

(d) T4 (2021-09-24 15:00 to 2021-09-24 17:00 UT, Fig. 5.26d): the effective LR retrieved at

both wavelengths are 47 + 4 sr at 532 nm and 56 * 6 sr at 808 nm. This set of profiles
is characterized by the presence of a layer centered at 4 km asl of 0.5 km width with
considerable extinction coefficients (150 Mm™1 at 532 nm and ~80 Mm~?! at 808 nm).

Moreover, PLDR values are around 0.05 and EAE and BAE are around of the EAE,,

(1.75). Once again, the predominant presence of non-ash particles is distinguished.
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Figure 5.26: Aerosol properties for selected time-threshold during the intrusion of volcanic aerosols from 22 to
24 September 2021 at IZO. The selected time-thresholds are presented by panels of profiles, (a) T1 from 2021-09-
23 16:00 to 2021-09-23 18:00 UT, (b) T2 from 2021-09-24 08:00 to 2021-09-24 09:00 UT, (c) T3 from 2021-09-24 12:00
to 2021-09-24 13:00 UT and (d) T4 (2021-09-24 15:00 to 2021-09-24 17:00 UT. The profiles correspond (from left to
right) to aerosol backscatter 8, and aerosol extinction «, at both wavelengths, VLDR and PLDR at 532 nm, EAE
and BAE for 532-808 nm and ACR and CR for 808-532nm. The aerosol layers of interest are highlighted by black

dashed line boxes.
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As a result, we can imply that the multiple aerosols plumes observed at [ZO (Fig. 5.24),
analyzed through selected time-thresholds (Fig. 5.26), most likely contain non-ash particles

(fine and spherical aerosols) rather than ash (coarse non-spherical aerosols). In agreement with

the results presented by Sicard et al. (2022) and Cérdoba-Jabonero et al. (2023), indications of
higher non-ash concentration (lower values of PLDR) is observed while the layer altitude

increases. Moreover, Coérdoba-Jabonero et al. (2023) reported higher concentration for ash

particles within the first two kilometers which also explains the low impact of ash at [ZO station.

The following subsection will present the study of the aerosols produced at the Cumbre Vieja

eruption, transported to ATOLL (~3000 km far) within an atmospheric river of SO,.
5.5.2 Long range transport (ATOLL, 19-20 October 2021)

During the nearly 3 months of Cumbre Vieja eruptive episode, gas and particle volcanic

emissions impacted mostly at a regional level. Moreover, Milford et al. (2023) evidenced two

phases of the volcanic episode. The first phase from 19 September until 7 November 2021 was
characterized by the trade wind inversion altitude ranging around 1 km asl (Cumbre Vieja ~1.1
km asl), higher SO, emissions and higher PM;, concentrations (~100 ugm™3 per day) with

respect to the second phase.

An important decrease of SO2 emissions and higher altitude of the trade wind inversion
characterized the second phase, from 7 November until 13 December 2021. In particular during
the first phase, a significant reduction of the trade wind inversion altitude (towards below 500
m) was observed, from 15 October to 21 October, accompanied by a 4 km eruptive column. At
the same time, a deep low-pressure system descending through North Atlantic Ocean (from

high to lower latitudes), pushed the air masses from the sub-tropical region towards North.

Thus, an unprecedented SO, atmospheric river formed transporting gas and aerosols from
Cumbre Vieja to France (3000 km away) almost following a straight line (Fig. 5.27). Under this
particular scenario, ATOLL was impacted by the Cumbre Vieja emissions on 19 and 20 October

2021.
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Figure 5.27: TROPOMI SO2 total vertical column density (in DU) image for 19 October 2021. The TROPOMI
images are available at VolcPlume portal https://volcplume.aeris-data.fr/, source: Boichu, M. & Mathurin, T.
(2022).

In the following lines, a comprehensive analysis of the observations, using CE376 lidar and

photometer at ATOLL, during 19 and 20 October is presented.

CE376 lidar-photometer analysis

During this period, METIS (CE376 lidar) was under test at the current configuration (i.e.,
improved window roof), thus enhanced depolarization measurements were already achieved.
At this time, METIS blind zone defined from the overlap function estimations (i.e., r, where
O(r) <0.1) for each channel were: 7,(532par) = 0.5 km, r,(532per) = 0.5 km with and
1,(808tot) = 0.15 km. The first 2 km agl of the total signal RCS at 532 nm are influenced by
relative errors of 4 % at 2 km going towards 15 % at 500 m. In the case of RCS at 808 nm, the
influence of overlap error goes from 4 % at 1 km towards 10 % at 150 m. It is worth to mention
that only METIS lidar was performing measurements during this event, LILAS Raman lidar

was not operational at this time.

In particular, during 19 October 2021, tests on the lidar position with respect to the window
roof were performed, resulting in changes on backscatter light intensity. Nevertheless, changes
on the molecular depolarization (used as reference) were not observed regardless the changes
on the position of the lidar, in this way corroborating the improvements on the configuration.
Moreover, on this day a depolarization calibration was performed at 20:00 UT. Figure 5.28
presents an overview of the synergetic CE376 and photometer observations from 19 October

2021 at 12:00 UT to 20 October 2021 at 05:00 UT. In particular, the changes in lidar position
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and the depolarization calibration are marked by the gaps on the observations. Two aerosol

layers (L1 and L2) likely to be transported from Cumbre Vieja eruption are highlighted by

dashed white line boxes.
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Figure 5.28: Overview of atmospheric optical properties from synergetic measurements of METIS and sun/moon
photometer at ATOLL observatory from 2021-10-19 12:00 UT to 2021-10-20 05:00 UT. Heigh-temporal variation
of (a) In(RCS) at 808 nm, (b) VLDR at 532 nm and (c) time series of AODy; at 532 nm and 808 nm with EAE,;
532/808 derived from the photometer are presented. White dashed line boxes highlight the presence of 2 aerosol
layers (L1, L2) arriving to ATOLL.
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Figure 5.29: VSD derived from photometer sky almucantar and AOD measurements during 2021-10-19 at
ATOLL. Data is level 2 from AERONET version 3 algorithms.
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In contrast to IZO observations, higher VLDR values (up to 0.15, Fig. 5.28b) are observed
within the layers identified (L1 and L2). Similarly to previous studies (Cérdoba-Jabonero et al.,

2023) of Cumbre Vieja eruption, higher depolarization is evidenced at lower altitudes (L1),
indicating as well a major concentration of coarse non-spherical aerosols with respect to non-
ash (fine spherical) particles. Moreover, VSD distributions (Fig. 5.29) at 14:34 and 15:06 on
19 October 2021, show comparable volume concentrations of fine and coarse aerosols centered
on radius 0.2 ym and 1.7 um, in agreement with higher AOD and lower EAE (~1.4). However,
photometer observations show an increase of EAE values during 19 October 2021, indicating
the increasing predominance of fine aerosols (EAE~1.8 at 19:00). Regardless that it was full
moon phase, direct moon photometer measurements were not possible due to clouds above 8

km asl.

The radius of the coarse aerosols indicated by the VSD is comparable to the reported values

during the transported pure dust events at IZO and ATOLL (Sect. 5.2, Sect. 5.3), moreover

depolarization values up to 0.15 can indicate as well dust mixed with fine aerosols. Hence,
doubts on the aerosol types arise for layer L1. To corroborate that the coarse aerosols are
effectively product of the eruption rather than dust from the Sahara, back-trajectories were

analyzed.
Back-trajectories analysis

Back-trajectories ending at 3 altitudes and covering 7 days of transport are considered for 4
different arrival times 12:00 UT (Fig. 5.30a) and 18:00 UT (Fig. 5.30b) on 19 October 2021,
00:00 UT (Fig. 5.30c) and 04:00 UT (Fig. 5.30d) on 20 October 2021. The altitudes considered
represent the ABL (500 m in red), the lower layer L1 (1.9 km in blue) and the upper layer L2
(3 km in green). From these back-trajectories, no indication of dust transported from the Sahara
is observed. Moreover, the air-masses arriving at 1.9 km and 3 km always pass through the trail
of the SO, atmospheric river, validated by TROPOMI observations in previous days (not
shown). Similarly, air masses influencing the ABL (500 m) follow the same trajectory as the
other two layers at 12:00 UT on 19 October 2021 (Fig. 5.30a) and 00:00 UT on 20 October
2021 (Fig. 5.30c). These findings suggest that sulfur compounds and aerosols from Cumbre
Vieja eruption impacted ATOLL atmospheric column from ground level to higher altitudes (up
to 4-5 km as seen by lidar). Thus, observations at ground level at ATOLL showed, as well, the

presence of sulfur compounds. In particular, measurements of SO, from the ACSM (Aerosol
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Chemical Speciation Monitor) showed a pick of concentration on 19 October 2021 from ~12:00

to 16:00 UT (highlighted by dashed line circle in Fig. 5.31).
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Figure 5.30: NOAA HYSPLIT back-trajectories ending at 0.5 km (in red), 1.9 km (in blue) and 3 km (in green)
above ATOLL (Lille, France). Different arrival times are considered: (a) 12:00 UT on 19 October 2021, (b) 18:00
UT on 19 October 2021, (c) 00:00 UT on 20 October 2021 and (d) 04:00 UT on 20 October. GFSQ meteorological
data is used to run the model for 7 days of transport. The web interface was used to obtain these results
(https://www.ready.noaa.gov/HYSPLIT _traj.php).
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Figure 5.31: Concentration of aerosol chemical components using ACSM at ATOLL on 18 to 20 October 2021.
A pick of sulfate aerosols is highlighted by a dashed black line circle.

0

In contrast, the trajectories arriving at 18:00 UT on 19 October 2021 (Fig. 5.30b) and 04:00 UT
on 20 October 2021 (Fig. 5.30d) suggest a possible influence from urban emissions in the ABL.
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In addition, DOD images (not shown) from the dust monitoring center do not indicate events of
Saharan dust outbreaks affecting the region of interest during this period of time. Thus, we can
infer that the aerosol layers detected with the lidar-photometer observations (Fig. 5.28) certainly

contain ash and non-ash (sulfate) particles produced by the Cumbre Vieja eruption.
Aerosol retrievals

During this event, the presence of a cloud affects considerably the photometer observations and
consequently, the retrieval of an effective LR at both wavelengths. Also, the search of a free
aerosol region (needed for Klett BW inversion) under the cloud is not an easy task. However,
some retrievals were possible. A time-threshold is therefore selected for further study of the
event. At 15:00-16:00 UT on 19 October 2021, the layers have clearly different depolarization
ratios (Fig. 5.28b) and the presence of two aerosol sizes are also confirmed by the VSD

distributions (Fig. 5.29).

The effective LR retrieved are 78 + 4 sr at 532 nm and 67 £+ 3 sr at 808 nm. From the profiles

of retrievals (Fig. 5.32), three aerosol layers can be distinguished.
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Figure 5.32 : Aerosol properties retrieved during the intrusion of Cumbre Vieja volcanic aerosols at 15:00-16:00
UT on 19 October 2021.The profiles presented correspond (from left to right) to (a) aerosol backscatter 8, and (b)
aerosol extinction «, at both wavelengths, (¢) VLDR and PLDR at 532 nm, (d) EAE and BAE for 532-808 nm
and (e) ACR and CR for 808-532nm. The aerosol layers of interest are highlighted by black dashed line boxes.

The lower layer of ~1 km width presents high PLDR values around 0.22 (Fig. 5.32c¢), suggesting
presence of non-spherical particles. Furthermore, maximum extinction values were observed at

1.7 km asl, 215 + 12 Mm™1 at 532 nm and 144 + 35 Mm™! at 808 nm. At higher altitudes,
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two thin layers at 2.5 km asl and 3 km asl (0.1 km and 0.3 km width) are detected, with
considerably lower PLDR values (0.09 and 0.08), related to the presence of spherical particles

and comparable to the values observed at [ZO (Sect. 5.5.1).

Moreover, lower extinction was detected, both layers with 100 + 7 Mm™?! at 532 nm and 54
+ 18 Mm™1 at 808 nm. Both derived properties, EAE and BAE (Fig. 5.32d), show lower values
than the EAE,), (1.2) for the wider and highly depolarizing layer and higher EAE values for the
thin aerosol layers. Thus, EAE and BAE indicate higher presence of coarse aerosols in the lower
layer (L1) than on the thin aerosol layers (L2). Similarly, ACR and CR values (Fig. 5.32¢) are
lower for the 2 thin layers (L2) than for the wider layer (L1), indicating higher concentration of

fine aerosols within the thin layers.

Through the ensemble of results, aerosols emitted during the eruption of Cumbre Vieja volcano
were detected 3000 km away from source at ATOLL, Lille, France. Both ash (non-spherical
coarse particles) and fine non-ash (spherical fine particles, mostly associated to sulfates)
particles were identified. In contrast to the observations at 1ZO, higher predominance of ash
particles is observed at ATOLL, in relation with the altitude of the layers. Likewise, the results
at ATOLL are comparable to previous studies of transported ash and fine particles during the
Eyjafjallajokull eruption (Iceland) in spring 2010 (Table 5.8).

Table 5.8: Aerosol properties obtained in previous studies for volcanic aerosols, ash (a) and fine non-ash (na)

particles. In parenthesis the standard deviations are presented. *CALIPSO algorithms consider the classification
of ash and sulfates only in the stratosphere.

. LR [sr] PLDR
Locatio 1064 BAE EAE
n 532 532 (532/1064) (532/1064)
or 808
) a: 0.22 (0.03) | a: 0.6 (0.58) a: 1(0.6)
This work France 78 (4) 67 (3)

na: 0.09 (0.01) | na: 1.25(0.8) | na: 1.6 (0.8)

CALIPSO V4 Stratosp a:44 (9) a: 44 (13)
(Kim et al., 2018) here* na: 50 (18) na:30 (14)

(Navas-Guzman 75 - <0.07 1.5(0.1) -
Spain

etal.. 2013)

(GroB etal., 2013) | Central | 50 (5) - 0.35 - -
Europe
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5.5.3 Conclusions

In this section, the volcanic eruption of Cumbre Vieja was studied at two different locations,
one near the volcanic eruption (IZO, Tenerife Canary Islands) and at a long-range distance from
the source (ATOLL, Lille, France). Despite observations at ATOLL were limited by the
presence of clouds (i.e, no photometer measurements), the analysis of the volcanic plumes was
possible. Likewise, at both sites, atmospheric properties derived directly from lidar
measurements (B4, VLDR and ACR) and aerosol properties (Bger> @aer» PLDR, CR, EAE)
were retrieved through the inversion scheme. Temporal series of AOD, EAE from direct sun
photometer measurements and VSD derived from almucantar and AOD photometer

measurements were also presented.

This study provides comprehensive observations and analysis, emphasizing the transport of
volcanic particles at regional level to long distances. Both ash and non-ash particles
(presumably sulfate aerosols) were identified, with variations in their concentration depending
on the altitude. Higher concentrations of ash particles were found at lower altitudes. Thus,
despite the closeness of IZO (140 km away) to the eruption, predominant presence of non-ash
(fine spherical) particles is observed, related to the site altitude (~2.4 km asl). In contrast, VSD
distributions shown comparable concentration of non-ash and ash (coarse non-spherical)
particles arriving to ATOLL (3000 km away, 60 m asl). The depolarization ratios, along with
the two-wavelengths of the CE376 lidar, once again provided enhanced capabilities to identify
aerosol types, in particular to differentiate the presence of fine spherical and coarse non-

spherical aerosols contributions.
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5.6 Chapter summary

This chapter presented case studies of aerosol observations using CE376 lidar and photometer
at fixed location laboratories. ATOLL platform at Lille University (Lille, France) and 1ZO
observatory operated by ITARC-AEMET (Tenerife-Spain) are both considered. The site
description and a general overview of the aerosol contributions at both sites are presented. Thus,
it was emphasized that the complex mixture of aerosols within and above the ABL than can be
observed at the peri-urban ATOLL station. As well, the singular atmospheric conditions at [ZO
station were described, highlighting the importance of the site for aerosol studies in the free
troposphere. Besides, early versions of the CE376 lidar are installed and co-located with
CE318-T sun/sky/moon photometers at both sites. Additionally at ATOLL, a Raman lidar is

also available and used for comparisons and evaluation. Thus, four case studies were presented:

(a) A Saharan dust outbreak at the IZO station (near source), during the summer of 2021
was evaluated. This case illustrates the dust-laden conditions at 1ZO, usually
encountered during July and August. The study showed a dust layer (coarse non-
spherical particles) extending up to 6 km above sea level and identified changes in
internal structure with quite consistent depolarization ratios. The results were compared
with previous works on Saharan dust characterization using high-power lidar systems.

(b) A Saharan dust outbreak transport to ATOLL platform (far range from source), during
early spring of 2021 was presented. The findings shown that pure dust air masses,
extended from 1.5 km asl up to 7 km asl, were transported with not significant
interaction with other components. The study showed that high aerosol loadings during
daytime can limit the observations of the CE376. However, a relative bias of 10 % in
depolarization measurements between CE376 lidar and Raman high power lidar under
same operational conditions highlighted the reliability on CE376 lidar depolarization
ratios.

(c) An event of Saharan dust mixed with smoke aerosols during a heat wave (in July 2022)
at ATOLL is also presented. Two distinct periods of the event were identified based on
vertical aerosol variations. A dominant layer containing homogeneously distributed mix
of dust and smoke on 17 July 2022 was detected, while from 18 to 19 July 2022, three
compacted layers were exhibited varying proportions of dust-smoke content. The study
emphasized the capabilities and limitations of CE376 lidar for aerosol characterization
using intensive derived properties (such as EAE, BAE, CR) and highlighted the

reliability of depolarization measurements in complex scenarios. Operational
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improvements, such as the roof window for continuous observations of CE376 lidar,
were noted to enhance the depolarization measurements.

(d) The Cumbre Vieja volcanic eruption (September-December 2021) was studied at two
locations: 1ZO (near the source, 140 km) and ATOLL (at a long-range distance, 3000
km). The findings reveal regional to long-distance transport of both ash (coarse non-
spherical) and non-ash (fine spherical) particles, with varying concentrations based on
altitude. IZO shows a prevalence of non-ash particles, while ATOLL displays
comparable concentrations of both types. For this case study, all the parameters are

capable to identify different aerosol types between layers.

Over all, the main limitation of the CE376 lidar to be able to identify aerosol types within
different layers is the assumption of a constant LR. In particular in scenarios with really
different aerosol types and complex vertical variations, like for the case of dust-smoke at
ATOLL, the derived intensive properties (dependent of the LR) such as EAE, BAE, CR cannot
be used for aerosol typing. In contrast, the depolarization ratios show to be reliable even in

complex cases.

Moreover, the ACR property showed to be an interesting tool to identify the stratification in the
atmosphere, separating into aerosol and molecular layers, rather than to imply aerosol sizes,
especially in cases with really different aerosol types. This is due to the dependence on the
aerosol attenuation (integrative parameter). Nevertheless, in particular at IZO station, where
molecular contributions are dominant (FT), ACR showed to be able to imply the aerosol size

mode dominating each layer (fine mode for ACR<0.5 and coarse mode for ACR>(.5).

In conclusion, this chapter presented the capabilities and limitations of the CE376 lidar coupled
with photometer for aerosol monitoring. The reliability of CE376 lidar to characterize aerosols
even in complex scenarios was demonstrated. Thus, the instrument show to be of interest for
further applications, such as mobile measurements, which is the purpose of this work. This
raises several questions: Can the CE376 lidar adequately monitor aerosol properties while in
movement? Is it possible to couple the CE318-T photometer and CE376 lidar aboard mobile

vectors? What are the operational limits? These questions will be addressed in the next chapter.
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Chapter 6

Mobile aerosol monitoring

“El desarrollo tiene que ir de la mano con el

cuidado de la naturaleza™
-Maisa Rojas-

This chapter presents case studies of aerosol observations using lidar and photometer aboard
mobile vectors. FIREX-AQ campaign, organized during the summer 2019, focused on studies
of smoke aerosols emitted by wildfires on Northwestern US. During the campaign, two mobile
remote sensing platforms (DRAGON mobile units 1 and 2) were deployed using dual-
wavelength CE376 lidar and CE318-T photometer, and single-wavelength CE370 lidar and
PLASMA photometer. Thus, the first part of this chapter is dedicated to smoke aerosol

characterization using on-road observations of both mobile platforms (Sanchez Barrero et al.,

2024). The capabilities and limitations of the CE376 lidar to perform on-road measurements in
extreme environmental conditions (high temperatures, thick smoke plumes, difficult roads)
were evaluated. In the second part of the chapter, we switch scenarios and continents with the
campaign TRANSAMA. The campaign, organized during April-May 2023, was a valorization
project of the oceanographic mission AMARILLYS-AMAGAS. During this campaign, the
single-wavelength CE370 lidar, two CE318-T photometers and a lab-built prototype of the
Advanced-PLASMA were installed aboard the Marion Dufresne research vessel, which
navigated from La Reunion Island to Barbados. The conditions for performing lidar
measurements on open sea were evaluated, with future installation of the CE376 lidar aboard
ships in mind. Moreover, the tools developed and presented in Chapter 4 facilitated the analysis

of the mobile aerosol observations.
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6.1 FIREX-AQ Campaign 2019

Every year, agricultural burnings and wildfires are observed around the

world according to regional dry seasons. Mid to high latitudes are mostly

impacted by dry-warm summers and wet-colder winters. Thus, high temperatures and
vegetation dryness are major factors to enhance fire ignition (e.g., boreal forest fires). In
contrast, the tropical regions are dominated by humid-warmer season (spring-summer) and dry-
colder season (fall-winter). Natural ignitions during dry season are mostly observed in savanna
forests (e.g., African savanna); however, there is a significant human influence on both wet and

savanna forest is accounted (e.g., Amazon rain-forest) (Kelley et al., 2021). Moreover, due to

agriculture and urbanization, human induced forest fires have considerable increased along with

the growing population.

Wildfire emissions consist of various gases (carbon monoxide, methane, nitrous dioxide) and
carbonaceous aerosols, such as organic carbon (OC) and black carbon (BC). The microphysical
and therefore optical properties of aerosols emitted from fires are highly variable due to their

complex aging processes (Ansmann, Ohneiser, Mamouri, et al., 2021; Q. Hu et al., 2022; June

et al., 2022; Kleinman et al., 2020). Fresh smoke aerosols emitted from wildfires consist of

aggregates of BC usually coated by OC (China et al., 2013), whose composition can vary

according to diverse factors such as available fuel, meteorological conditions, and burning
phase. For example, during the smoldering phase (i.e., less efficient fire, more smoke),
characterized by lower temperatures, the fire is likely to produce less light absorbing OC
aerosols. Conversely, emissions in the flaming phase have a higher ratio of BC to OC and

produce smaller smoke particles (Reid et al., 2005).

Even though natural fires are important in many ecosystems (Mutch, 1994), they represent a

costly risk to human health (fine aerosols) and property due to the constant growth of population
at the wildland-urban interface. Besides, wildfires generate large volumes of smoke that can be
transported from source and affect local and regional air quality for extended periods of time.
In the last decades, extreme wildfire seasons have hit North America. Since 1960, the burned
area has exceeded 3.6 Mha in a single year in 4 occasions, all of which have occurred in the last

15 years. The study of McClure & Jaffe (2018) shows that the air quality has improved in a

large region of US, but in wildfire-prone states in the Northwest is instead getting worse.

Moreover, larger, more frequent and intense wildfires are expected in the next years, owed to
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warmer and drier climate (Flannigan et al., 2000). To address this problematic, the multi-

disciplinary campaign FIREX-AQ was deployed.

Figure 6.1: Location of the fires (red pins) studied durm the FIREX-AQ campaign deployed in the North Western
US in summer 2019. The radiosonde sites in the region are indicated in light blue, data of both Boise (ID) and
Spokane (WA) sites are available at Wyoming University database. © Google Earth.

The extensive field campaign FIREX-AQ, led by NOAA and NASA, was created with broad
science targets (Warneke et al., 2023), mainly focusing on investigating the chemistry and
transport of smoke from wildfires and agricultural burning with the aim of improving weather,
air quality and climate forecasts. FIREX-AQ has been organized during summer 2019 over the
Northwest states of US (Fig. 6.1), where intense wildfires and agricultural fires take place.
During the campaign, seven main fire sources were identified, thus their locations are indicated
on the map in Fig. 6.1. The two radiosonde sites in the region studied, Boise and Spokane, are

showed as well.
Remote sensing platforms

In order to evaluate and study smoke properties at the source and its transport on a local and
regional scale, remote sensing instruments were installed in both stationary and mobile

DRAGON payloads, in addition to the permanent AERONET sites (Holben et al., 2018). In

total, three DRAGON networks (not presented in this work) were installed in Missoula, Taylor

Ranch, and McCall and two mobile units with photometer-lidar were deployed.

The two Dragon Mobile Units called DMU-1 and DMU-2 (Fig. 6.2), both equipped with
photometer and lidar, performed on-road mobile measurements around major fires sources. The

installation of the remote sensing instruments in the DMUs followed the design of MAMS
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(Mobile Aerosol Monitoring System) platform, which is described in detail by Popovici et al.
(2018).

CE318-T

Figure 6.2: Mobile platforms deployed during the FIREX-AQ caiﬁpaign, DMU-1 and DMU-2. Photographs taken
by the DRAGON mobile team.

- DMU-1 was equipped with an early version of CE376, two-wavelength polarization
lidar, and with the CE318-T sun-sky-lunar photometer (ship-borne CE318-T). In this
case the lidar system had higher laser energy for the 532 nm emission. Depolarization
measurements at 532 nm followed a configuration with ¢=0°, measuring the parallel
component on the PBS transmitted branch (Chapter 3 Sect. 3.3.1). The measurements
were taken through an open hatch in the rooftop of the vehicles, so no influence of a
window on the depolarization measurements.

- DMU-2 was equipped with CE370 single-wavelength lidar and PLASMA sun
photometer, both tested and used in prior mobile campaigns (Popovici et al., 2018; Hu

etal., 2019; Popovici et al., 2022).

The temperature control inside both mobile units was not possible during mobile measurements
(only using the car’s air conditioning), so stationary and in movement measurements were
alternated with pauses to preserve the instruments performance, especially during daytime when
extremely high temperatures and dry conditions were met. Both lidars systems were impacted
by high internal temperatures (Fig. 6.3), affecting their performance. Particularly for the 532
nm channels of the CE376 lidar the overlaps were affected by the daily evolution of
temperatures varying some days from 15 °C during nighttime to 40 °C during daytime. We
remind that in Chapter 3 Sect. 3.5.2, it has been discussed temperature effects on the overlap

function for 532 nm channels. Therefore, only quality-assured data are considered for the
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inversion scheme. Likewise, the temperature effect was accounted on the overlap correction,
from where relative errors of 10 % at 2 km going to 30 % at 400 m are estimated and propagated

on the derived aerosol optical properties.
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Figure 6.3: Temporal variations of the lidar internal temperature during the FIREX-AQ campaign. On the top,
the CE376 lidar internal temperature is presented and, on the bottom, the CE370 lidar internal temperature. The
aproximative time of sunset and sunrise are indicated by lines on top the graphs.

Moreover, the CE318-T photometer aboard DMU-1 was adapted and used for ship-borne type
of mobile measurements, i.e., for slow motion, before the campaign. Therefore, some
difficulties were faced when using a car, especially due to the velocity and the complexity of
the terrain and roads. The sun-tracking and geo-location communication were not fast enough
for these particular conditions. As a solution, stationary measurements of 5 to 15 minutes were
performed along the DMU-1 trajectories to increase the density of observations with CE318-T
photometer. On the other hand, PLASMA sun-photometer was able to successfully perform on-
road observations, with difficulties mainly due to the presence of mountains when sun

elevations are low and in presence of dense smoke plumes.
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Both DMUs performed measurements along the roads around the major fire sources. Although
the extreme conditions, such as high temperatures, topography and the presence of thick smoke
plumes limited the performance of the instruments, we were able to investigate smoke optical

properties close to the source.
6.1.1 Aerosol properties: general overview

A general overview of the mobile observations around seven fires sources is provided in this
section. Figure 6.4 presents spatial variability of AOD at 440 nm and EAE at 440/870 nm
acquired with both photometers, CE318-T aboard DMU-1 and PLASMA aboard DMU-2.

Moreover, the average values around each fire are presented in Table 6.1.
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Figure 6.4: Spatial variations of AOD(440) and EAE(440/870) around 7 fires during FIREX-AQ. The aerosol
properties are derived from direct sun photometer measurements, CE318-T aboard DMU-1 (left) and PLASMA
aboard DMU-2 (right). The fires are indicated by numbers on the maps: (1) Pipeline, (2) Shady, (3) Beeskove, (4)
William Flats, (5) Nethker, (6) Granite Gulch and (7) 204 Cow. Credits: I. Popovici.
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Measurements in and out of smoke plumes within ~150 km from the fires are taken into account
for the average values presented in Table 6.1. Higher AODs were found around 204 Cow fire
(7), followed by William Flats fire (4). Conversely, the lowest AOD were found around the first
fire, Pipeline (1), and around Nethker fire (5). Moreover, at Nethker fire the reported EAE,
1.32, is the lowest with respect to the other fires.

Table 6.1. Overview of photometer measurements embarked on-board DMU-1 (CE318-T) and DMU-2
(PLASMA). Averaged measurements around 7 fires sources during the FIREX-AQ campaign.

AODypn EAEpn
Fire Name Location (State) Dates
(440) (440-870)

Pipeline (1) 46.83° N, 120.52° W (WA) | 25-28 July, 2019 0.17£0.06 | 1.55+0.08
Shady (2) 44.52° N, 115.02° W (ID) 29-31 July, 2019 0.21£0.01 | 1.90+0.04
Beeskove (3) 46.96°N, 113.87° W (MT) 31 July, 2019 0.25+£0.01 | 1.84+0.03
William Flats (4) | 47.94° N, 118.62° W (WA) | 05-09 August, 2019 | 0.45+0.34 | 1.83+0.13
Nethker (5) 45.25° N, 115.93° W (ID) 13-20 August, 2019 | 0.20+0.10 | 1.32+0.10
Granite Gulch (6) | 45.18°N, 117.43° W (OR) 20-22 August, 2019 | 0.26+0.11 | 1.44+0.08
204 Cow (7) 44.29°N, 118.46° W (OR) 23-29 August, 2019 | 0.70+0.48 | 1.84+0.21

The high concentration of fine mode aerosols (expected for fresh smoke) is detected at a
regional level, with EAE;n(440/870) always higher than 1.3, and varying 5% from the averages
at each fire. On the other hand, measured AODpn(440) are varying up to 40 % from the averages
at each fire, showing a non-homogeneous distribution of aerosols around the source. In
particular, the William Flats fire was one of the major fires detected during the campaign and
therefore one of the most studied. Thus, the next section is dedicated to the description of the

mobile remote sensing observations around the William Flats fire.

6.1.2 William Flats Fire

The western US was affected by a persistent deep trough of low pressure in the months prior to
FIREX-AQ resulting in elevated soil/vegetation moisture when the fire season began, which
controlled the regional fires spread. However, during the first days of the campaign (22 July-5
August 2019), high pressure (anticyclone) weather conditions controlled the moisture transport
in the mid-troposphere with wide spread of cloud cover and thunderstorms (Fig. 6.5a).
Combined with dry conditions in the lower troposphere, precipitation normally evaporated
before reaching the ground, allowing the ignition of various fires due to lightning strikes. A
low-pressure trough approaching from the West (W) on 6-9 August 2019 broke the high-

pressure ridge, increasing gradually surface wind speed (Fig. 6.5b). William Flats fire, hereafter
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denominated simply as WFF, in the North-East (NE) of Washington state was in particular
controlled by the unique synoptic weather conditions, with fire spread and smoke release
progressively increasing as the low-pressure approached. A more detailed description of the
synoptic meteorological conditions dominating the campaign can be found in Warneke et al.
(2023). Moreover, a camping base has been installed at Fort Spokane (47.905° N, 118.308° W,
430 m a.sl.), which is located on the East (E) side of WFF at ~15 km from the source and
separated by the Columbia River.

(a) Boise: Persistent Anticyclone (b) Boise: Ridge Breakdown
22 July - 05 August 2019 06-08 August 2019
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Figure 6.5: Large scale weather conditions impacting William Flats fire. Adapted from Warneke et al. (2023).

Mobile observations from selected on-road trajectories completed during 6-7 August 2019 are
taken into account to reveal the distribution of aerosols properties around the active WFF. Thus,
the GPS track of lidar measurements and the photometer observations from both DMU-1 and
DMU-2 are displayed in Fig. 6.6. The selected trajectories (T) for DMU-1 (T1 to T4), in the
top panel, and for DMU-2 (T1 to T5), in the bottom panel, are represented by different symbols.
The time used to cover each of them is indicated on the legend and also on top of the maps, all
times are in UT (Local time + 7h). In addition, the AODy, values at 440 nm from both
photometers are given by the symbol size, and EAE,; values at 440-870 nm are color-coded.
The fire ignition point is indicated on the maps with a red star symbol and Fort Spokane is
pointed with a blue arrow. The extension of the active fire for each day is represented by the
thermal anomalies, or hot spots, from the satellite-based sensor MODIS. The MODIS Thermal
anomalies product is derived from the Terra and Aqua satellites and is available to the public

through NASA Worldview (https://wvs.earthdata.nasa.gov).

Differences on both photometer performances are clear in Fig. 6.6. PLASMA sun-photometer

was capable to perform more measurements in contrast to the CE318-T. In general, both DMU-
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1 and DMU-2 observations during 6-7 August 2019, show the predominance of fine aerosols
with EAE,n values always higher than 1.4, as well as high variability of aerosols distribution

with AODph ranging from 0.1 to 1.1.
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Figure 6.6: Mobile observations around WFF during 2019-08-06 and 2019-08-07 in UTC time. GPS tracks of
DMU-1 and DMU-2 are presented in the top and bottom panel respectively. For each trajectory (T) a different
symbol is used. Photometers measurements are presented with color coded symbols, EAE(440/870) represented
by the color and AOD(440) by the symbol size. The ignition point of WFF is represented by a red star. The
extension of the fire is represented by thermal anomalies from MODIS AQUA/TERRA detected during each day.

For further interpretation of the photometer mobile observations, it is convenient to mention
the solar azimuth angle during the WFF. Hence, at sunrise (~13:40 UT) the azimuth is 68°
(NEE), at solar noon (~21:00 UT) it is 180.4° (S) with elevation of 58.7° and at sunset
(~04:40"19%%Y UT) the azimuth is 292° (WNW). In the following sub-sections, the analysis of
mobile observations from DMU-1 and DMU-2 for each day are presented.
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6.1.2.1 Case study: 6 August 2019

On 6 August 2019, WFF was spread to the NE from its ignition point, with hot spots elevations
ranging around 0.7-1.2 km asl (Fig. 6.6 panels a and c). Plumes of emitted smoke were mostly
moving to E direction with respect to the source, as one can see from MODIS images (Fig. 6.7).
During day-time on 6 August 2019, the smoke plumes are slightly moving towards SE at 19:07
UT (image from Terra), and towards NE with diffused smoke northwards at 20:51 UT (image
from Aqua).

TERRA
2019-08-06 19:07 UT

AQUA
2019-08-06 20:51 UT

. . A e & S [

Figure 6.7: True Color Corrected Reflectance and Thermal anomalies obtained from MODIS aboard TERRA
(left) and AQUA (right) during 6 August 2019. The limits of the images are top right: 48.7 N, 117.6 W and bottom
left: 47.6 N, 118.7 W. Source: NASA Worldview Snapshots (https://wvs.earthdata.nasa.gov).

The height-temporal variations of properties derived directly from DMU-1 lidar observations
during 06 August 2019 are presented in Fig. 6.8. The RCS at 532 nm and 808 nm and VLDR
at 532 nm are presented, along with the photometer temporal series of AOD,,, at 532 nm and
808 nm and EAE,,(532/808).The two trajectories DMU-1 T1 and DMU-1 T2 (presented in
Fig. 6.6a) are highlighted, showing the evolution of the fire during the day, especially when
DMU-1 is near Fort Spokane (beginning of T1 and end of T2). Approaching to sunset
(~04:40"19%Y UT), smoke release progressively increased with the temperature rising, thus the
smoke plume was denser and at higher altitude. Over all, the VLDR values are always below

0.08, which is expected for smoke aerosols (coated fine aerosols).
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Figure 6.8: DMU-1 height-temporal variation of (a) In(RCS) at 532 nm, (b) In(RCS) at 808 nm and (c) VLDR at
532 nm, and the photometer temporal series, AOD at 532 nm and 808 nm and EAE during 06 August 2019. The
two trajectories T1 (orange) and T2 (purple) correspond to the present trajectories in Fig. 6.7a. Two thresholds of
time A and B are highlighted by dashed black line boxes and will be used in further analysis.

The height-temporal variations in Fig. 6.8 are useful to clearly see the parameters temporal
evolution, however by their own, do not clearly represent the spatial variations seen by the
mobile observations. Hence, the spatio-temporal variation of aerosols along the trajectories for
both DMU-1 (top panel) and DMU-2 (bottom panel) are presented in Fig. 6.9. For each
trajectory, the 3D spatio-temporal distribution of B, at 532 nm is plotted on top of the 3D
Digital Elevation Model (DEM) map of the region. The DEM used in Fig. 6.9 is the product 1
arc-second global coverage (~30 m resolution) from Shuttle Radar Topography Mission
(SRTM), available through Earth Explorer interface of United States Geological Survey

(https://earthexplorer.usgs.gov/). Moreover, both [, and DEM maps are color coded, each

one with its own color bar scale. In the same way as in Fig. 6.6 panels (a) and (c), red points
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represent the thermal anomalies showing the extension of the active WFF detected on 6 August

2019.

During 6 August 2019, residual smoke in all the trajectories was detected up to 4 km asl and
higher AODpn and EAE,n values were identified under the presence of dense smoke plumes.
The Columbia River acted like an air canal with the prevailing valley winds in the morning (De
Wekker & Kossmann, 2015; Whiteman, 2000), directing a diffused smoke plume northward,
as well observed on the Aqua MODIS image (Fig. 6.7).

The trajectory DMU-1 T1 (Fig. 6.9a, also in Fig. 6.6a and Fig. 6.8) covered ~80 km between
17:00 to 20:31 UT along the Columbia riverside going from Fort Spokane to Kettle Falls
(48.60°N, 118.06° W). AOD,,;,(440) ranged around 0.3 and EAE,,, (440/870) was higher than
1.6.

DMU-2 T1 (Fig. 6.9¢, also Fig. 6.6¢) covered 40 km of the same route between 18:00 to 19:28
UT, starting with 30 min of stationary measurements at Fort Spokane. AOD,;,(440) values
within 0.3-0.7 and EAE,,(440/870) above 1.7 were observed (Fig. 6.6¢). During both
trajectories DMU-1 T1 and DMU-2 T1, azimuthal solar angles vary from 101° to 153° (E to S),
meaning that both photometers, CE318 and PLASMA, were taking measurements towards the
E side of WFF against the movement of the vehicles and limited by the mountain slopes. Hence,
both DMUs followed and measured the diffused smoke plume with one hour time difference.
In particular, DMU-2 T1 lidar-photometer measurements indicate an increase of smoke release

and accumulation northward, with higher AODyp and Bai (below 2 km asl) values.

The trajectory DMU-1 T2 (Fig. 6.9b, also in Fig. 6.6a and Fig. 6.8) was completed from 21:50
to 02:59 UT, i.e., in the afternoon, and covered ~100 km on the way back to Fort Spokane from
Kettle Falls, passing through Colville River basin. Hence, the residual smoke well mixed up to
4 km asl is contained along the valley (Fig. 6.8) showing AOD,,,(440) varying between 0.3-
0.5 and EAE,;(440/870) of 1.6 (solar azimuth 206° to 292°, i.e., photometer pointing to E
side of WFF, towards WFF). Approaching Fort Spokane, the development of a convective
smoke plume was observed (Fig. 6.10b). One exceptional sampling of the dense smoke plume
was possible, at ~01:00 UT and 20 km E away from the fire, with an AODp of 1.1 and EAEp,
of 2.2 (Fig. 9a).
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Figure 6.9: Spatial-temporal distribution of total attenuated backscatter at 532 nm for the trajectories on 2019-08-06 from Fig. 6.6 (a) and (c). Trajectories of DMU-1 (CE376
lidar) are presented in the top panel and DMU-2 (CE370 lidar) in the bottom panel. The lidar trajectories are plotted on top DEM from SRTM at 1 Arc-Second resolution (~30
m). The ignition point of WFF is represented by a red star and the extension of the active fire by MODIS thermal anomalies. Orange arrows represent the selected profiles for
further analysis in Fig. 6.11.
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DMU-2 T2 (Fig. 6.9d, also Fig. 6.6¢) performed measurements in the afternoon from 23:00 to
23:48 UT, going downwind WFF and covering ~60 km horizontally to E (solar azimuth 228°
to 245°, i.e., towards WFF). This trajectory in particular shows how smoke accumulated and

settled across the valleys. High AOD,,(440) values above 0.7 and EAE,,(440/870) values

above 2 (Fig. 6.6¢) were observed.

DMU-2 T3 (Fig. 6.9e, also Fig. 6.6¢) also completed during the afternoon (23:50 - 01:05 UT),
is covering the return route to Fort Spokane. While it got closer to the source, higher values of
Bare > 6 Mm!sr!) were detected from 4 km asl towards ground level. Although no photometer
data is available due to presence of the thick smoke plume and lower zenithal solar angle, lidar
provides a glimpse of the convective smoke plume transect. The smoke plume raised up to 4.2
km asl at 50 km away (horizontally to E) from its source, ~3 km higher than the active fire and

above the mountain ridges.
Aerosol optical properties: selected profiles

From the DMU-1 and DMU-2 trajectories on 6 August 2019, selected coincident lidar and
photometer data are averaged over 5 to 15 minutes and are used to enhance the aerosols
characterization presented so far. The selected times are displayed in Fig. 6.8 by black dashed
boxes and in Fig. 6.9 by orange arrows in the 3D [3,; quicklook. The profiles’ location with

respect to the fire is shown on a polar plot in Fig. 6.10.
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Figure 6.10: Location of the selected profiles with respect to the WFF in polar coordinates during 6 August 2019.
The angle represents the direction (considering North as 0°) and the radius represents the distance, both with
respect to the center of the active WFF. The ignition point is marked with a red star.

In Fig. 6.11, the profiles of aerosol properties for each selected dataset differentiated by color
are presented. Hence, profiles of backscatter, extinction at 532 nm and 808 nm, and profiles of

PLDR, EAE and ACR are shown. For the lidar inversion, data below 400 m is considered
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constant due to high uncertainties (>30%) on RCS at 532 nm. Molecular coefficients are
calculated using radiosonde measurements at Spokane station (47.68° N, 117.63° W) from

Wyoming University database (https://weather.uwyo.edu/upperair/sounding.html). Moreover,

the detection limit is defined at SNR=1 for all channels to extract more information, in particular
from 808 nm. Detection limits for 808 nm and 532 nm cross polarized channels from CE376
are below 2 km and 3-4 km, respectively, due to high solar background. Nevertheless, we were
able to study the diffuse smoke plume transported along the Columbia River with retrievals

profiles from selected data.

The dataset A, attained during DMU-1 T1, is showed in Fig. 11 top panel along with dataset B,
from DMU-2 T1. The dataset A corresponds to the averaged CE376 lidar data from 18:10 to
18:25 UT on 6 August 2019, located ~40 km away to the NNE of WFF (Fig. 6.10). AODyn from
CE318-T photometer was 0.28 and 0.13 at 532 nm and 808 nm respectively, EAE1(532/808)
was 1.76 and the AODest at 808 nm is 0.1 (needed for retrieval). The smoke plume is identified
at 1-1.3 km asl, with maximum values of extinction at 1.14 km asl. Thus, extinction values of
370 + 70 Mm™' (with LR=35 £ 1 sr) at 532 nm, and 207 + 20 Mm™! (with LR= 57 + 4 sr) at 808
nm were observed. Other aerosol properties inside the smoke plume were 0.06 + 0.04 for PLDR,
1.2 £2.5 for EAE and 0.5 + 0.3 for ACR. On the other hand, dataset B corresponds to averaged
CE370 lidar data from 19:05 to 19:15 UT on 6 August 2019, ~1 h after the dataset A was
obtained. Dataset B is located 25 km to the NNE away from WFF (Fig. 6.10), with values of
0.35 for AODpp at 532 nm and 1.7 for EAEpn (440/870). The smoke plume is identified at 1.6-
1.9 km asl with maximum values of extinction at 1.7 km asl. Thus, values of 380 + 20 Mm™'

(with LR=39 + 1 sr) for extinction at 532 nm were retrieved.

The identified smoke plumes for both datasets, A and B, are almost the same, except for the
altitude. The higher extinction below 1 km asl for dataset B is related to the increase of smoke
released through the day. Moreover, a layer of residual smoke at 2-3 km asl is detected for both
cases, with less intensity for dataset B but still noticeable. PLDR in the residual layer (0.08 +
0.02) is in agreement with reported values of fresh smoke transported one day from source

(Alados-Arboledas et al., 2011; Ansmann et al., 2021; Balis, 2003; Tesche et al., 2009b). Aside

the high uncertainties that are attached to the profiles in the first hundreds of meters (due to
overlap uncertainties), ACR values suggest the presence of bigger aerosols in the smoke plume
at 1 km asl than in the residual layer at 2-3 km asl, in the same way as EAE. The observed
bigger aerosols could be related to the release of fine-ash particles (sizes below 2 pm) within

the smoke plume (Adachi et al., 2022).
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Figure 6.11: Profiles of aerosol optical properties from averaged selected datasets of both DMU-1 and DMU-2
mobile observations during 6 August 2019. Each dataset is differentiated by color. From left to right: Profiles of
backscatter at 532 nm and 808 nm, extinction at 532 nm and 808 nm, PLDR, EAE and ACR.

The dataset C showed in Fig. 6.11 bottom panel, obtained during DMU-1 T2 (Fig. 6.9b),
corresponds to averaged CE376 lidar data from 00:40 to 00:50 UT, toward sunset on 6 August
2019. This dataset, located 20 km E of WFF (Fig. 6.10), is particularly interesting because it
provides information on the convective smoke plume. Values of 1.54 and 0.61 for AODy at
532 nm and 808 nm, respectively, were detected by the photometer, as well an EAE1(532/808)
of 2.25, and AODcs at 808 nm of 0.18 (below the smoke plume). The convective plume is
identified at 3-4.3 km asl, with maximum values of extinction at 3.57 km asl. Thus, 1270 + 330
Mm! (with LR= 82 + 2 sr) for extinction at 532 nm was observed. Inside the plume, a decrease
of PLDR from 0.05 £ 0.01 to 0.03 £ 0.01 is detected, in addition to values progressively
increasing from 0.4 = 0.1 to 0.9 £ 0.1 for ACR. Both parameters suggest the predominance of
big spherical particles towards the smoke layer top, which could be related to the fast increase

in the coating mass of soot particles within minutes from emission (China et al., 2013; Kleinman

et al., 2020). Moreover, the high LR estimated can also indicate a higher presence of light

absorbing aerosols, which can be related to active emissions of OC and BC.

The dataset D showed in Fig. 6.11 bottom panel was obtained during DMU-2 T2 (Fig. 6.9d)
and corresponds to averaged CE370 lidar data from 23:30 and 23:40 UT. This dataset, located
~60 km E of WFF (Fig. 6.10), captures the presence of diffused smoke within a valley
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downwind of the fire. The smoke is extended up to 4 km asl with an important loading, AOD,,,,

of 0.4 at 532 nm, 30% higher than the reported diffused smoke northwards to the fire.
6.1.2.2 Case study: 7 August 2019

During 7 August 2019, the WFF extended towards E getting closer to the Columbia River ridge,
and more hot spots were detected than the day before (Fig. 6.6b and Fig. 6.6d). Through the
day, smoke convective plumes moved, mostly influenced by the strong winds, towards E
direction and slightly to SE, as seen from MODIS images (Fig. 6.12). Similar to the day before,
the smoke plumes are moving towards SE at 19:50 UT (image from Terra) and towards E with
diffused smoke moving northwards along the Columbia River at 21:33 UT (image from Aqua).
Moreover, in the afternoon, black and white ash depositions were reported, in addition to
pyrocumulus clouds formation observed close to sunset (~04:407'% UT). At that point, the
presence of heavy smoke plumes saturated the lidar signals and restricted photometers
measurements close to the source. Therefore, trajectories were performed mostly outside the

smoke plumes.

TERRA
2019-08-07 18:11 UT—_
—19:50UT )

AQUA
2019-08-07 21:33 UT

i

Figure 6.12: Photograph of the heavy smoke plume (right), and the true color corrected reflectance and thermal
anomalies obtained from MODIS aboard TERRA (left) and AQUA (center) during 7 August 2019. The limits of
the satellite images are top right: 48.7 N, 117.6 W and bottom left: 47.6° N, 118.7° W. Source: NASA Worldview
Snapshots (https://wvs.carthdata.nasa.gov). The photograph was taken by the DRAGON mobile team.

Same as for the day before, the height-temporal variations of properties derived directly from
DMU-1 lidar observations during 07 August 2019 are presented in Fig. 6.13. This time, the two
trajectories DMU-1 T3 and DMU-1 T4 (presented in Fig. 6.6b) are highlighted and showing
the southern region of WFF. The influence of smoke plumes, saturating the lidar signals, are

observed when DMU-1 is near Fort Spokane (beginning of T3 and end of T4). Over all, the
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VLDR values are below 0.08, like on 6 August. Artifacts on the VLDR profiles are observed

which are related to the influence of temperature on the overlap functions at 532 nm.

DMU-1T3

OO = N W hHh OO

o

4

[—
£
X
L
¢
©
o
o
S
=
=
[

0.06

0.04

VLDR

0.02

© o
_‘QN-&O—‘NW-PUIO‘SQAN

" - 1.4
, ! o -
8 19 20 21 22 23 00

AOD
e o
o on
EA

UTC Time » AOD_ (532) e AOD, (808) = EAE  (532/808)

Figure 6.13: DMU-1 height-temporal variation of (a) In(RCS) at 532 nm, (b) In(RCS) at 808 nm and (c) VLDR
at 532 nm, and the photometer temporal series, AOD at 532 nm and 808 nm and EAE during 07 August 2019. The
two trajectories T3 (green) and T4 (blue) correspond to the presented trajectories in Fig. 6.7b. One threshold of
time A is highlighted by a dashed black line box and will be used in further analysis.

Same as for lidar observations presented in the previous case study, 3D spatio-temporal
distributions of S, at 532 nm for all the trajectories during 7 August 2019 are presented in

Fig. 6.13. Thus, trajectories of both DMUs are presented and evaluated in the following lines.
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Figure 6.14: Spatial-temporal distribution of total attenuated backscatter at 532 nm, same as Fig. 6.9 but for the
trajectories during 7 August 2019.

The trajectory DMU-1 T3 (Fig. 6.14a, also in Fig. 6.6b and Fig. 6.13) covered ~40 km from
Fort Spokane to the S of WFF between 18:00 to 19:58 UT. DMU-1 T4 (Fig. 6.14b) covered
~70 km of route from S to E side of WFF, between 21:00 to 23:59 UT. For both trajectories,
few data points from photometer were collected and might not represent the same conditions
for the zenithal lidar measurements. Photometer is looking towards SE to SW from the WFF,
against the winds flow. AOD,;,(440) ranging between 0.1-0.2 and EAE,;(440/870) above
1.6 were observed, which are indication of lower loading of residual smoke on the S region of
WFF. Both trajectories seen by the lidar show no direct influence of the smoke plumes on the
S SW of WFF and present considerably lower values of Pat. Nevertheless, similarly to
observations on 6 August 2019, a convective smoke plume reaching up to 4 km asl is observed

in the afternoon towards sunset (Fig. 6.14b).
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On the other hand, the trajectory DMU-2 -T4 (Fig. 6.14c, also in Fig. 6.6d) is covering the NNE
of WFF along the Columbia riverside and following a branch of the smoke plume. DMU-2 T4
covered ~80 km from Fort Spokane to Kettle Falls, from 16:49 to 18:39 UT and with
AOD,;,(440) ranging within 0.1-0.3 and EAE,;(440/870) values of 1.6-1.8, higher AOD
values being measured closer to the fire. This time, the vertical extent of the smoke plume is
~200 m higher and it is denser than the day before. But in the same way as the day before, the
Columbia River is the main driver of the channeling effect of the smoke towards the N in the

morning.

The trajectory DMU-2 TS5 (Fig. 6.14d and also Fig. 6.6d) covered ~200 km between 18:40 to
23:40 UT from Kettle Falls (80 km NNE from WFF) towards Davenport (47.65° N, 118.15°W,
~40 km SE of WFF) going through valleys and returning to Fort Spokane. Along the way,
DMU-2 measured residual smoke accumulated in the NE valley basins, with AOD,,(440)
around 0.3 and EAE,;(440/870) of 1.6-1.8. In addition, residual smoke, SE of WFF, was
measured with lower values of AOD,;(440) around 0.1-0.3 and EAE,,(440/870) values
around 1.5-1.6. During this transect the DMU-2 crossed 2 times the smoke plume, one at 21:20-
21:23 UT 40 km downwind WFF, and the second time at 23:00 UT 15 km away from the WFF.
From the DMU-2 T5 3D aerosol distribution (Fig. 6.14d) and photometer (Fig. 6.6d), one can
see the effect of the diffuse smoke from WFF on the NE region, characterized by its mountains

and valleys.

The complex topography combined with the prevailing synoptic conditions (low pressure
trough approaching from the W) have important effects on the development of the fire and its

surroundings (Whiteman, 2000). While in the morning the river basin acted almost

independently, channeling smoke northward, one can notice how the evolving ABL is coupled
to the mountain winds systems. The diffused smoke is mixed and subsided along the valleys,

with higher aerosols loading closer to the fire downwind.

Moreover, fire emissions get stronger while temperatures rise up, permitting the convective loft
of the smoke above the mountain ridges, impacting an extended region downwind the fire (Fig.
6.15). During 7 August 2019, Missoula city, which is located 360 km away from WFF, was

impacted by the smoke released.
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Aerosol optical properties: selected profiles

From the DMU-1 and DMU-2 trajectories on 7 August 2019, selected coincident lidar and
photometer data are averaged over 5 to 30 minutes. The selected times are displayed in Fig.
6.14 by orange arrows in the 3D [3,+ quicklook. Hence, the aerosol properties derived for each
selected dataset, differentiated by color, are presented in Fig. 6.16. From left to right, profiles
of backscatter at 532 nm and 808 nm, extinction at 532 nm and 808 nm, PLDR at 532 nm,
EAE(532/808) and ACR(808/532) are shown. In this case, only one profile is considered from
DMU-1 (top panel) and then four datasets are considered from DMU-2 (middle and bottom
panel). Likewise, the profiles’ location with respect to the fire is shown on a polar plot (within

the dashed line box) in Fig. 6.16.

Dataset A showed in the top panel of Fig. 6.16, located 25-30 km S of WFF (DMU-1 T4 21:00
to 21:09 UT on 7 August 2019), and dataset C showed in the middle panel of Fig 6.16, located
~60 km NE of WFF (DMU-2 T5 20:00 to 20:30 UT on 7 August 2019), present residual smoke.
Both datasets have values of 0.13 for AODph at 532 nm. The dataset A shows a residual layer
extending up to 4 km asl, with average values of 44 + 17 Mm™' (with LR= 37 + 3 sr) for
extinction at 532 nm, and 28 £+ 15 Mm' (with LR=87 =+ 15 sr) at 808 nm. In particular, the LR
at 808 nm is considerable higher than the LR at 532 nm, probably influenced by the lower part
of the profile which shows lower values of extinction with respect to the values presented above
2 km asl. Recall that the LR is derived from the convergence of calculated AODs to the value
from photometer (in this case, the AODes). Moreover, PLDR is 0.09 + 0.03, EAE is 1.5 £ 1.5
and ACR is 0.3 £ 0.1. One has noticed, that ACR values are constant within the residual layer,
suggesting that smoke is well mixed. Dataset C shows the residual smoke in the NE side of the

WEFF going up to 3 km asl with a LR of 73 & 7 sr, higher than for dataset A.
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Figure 6.16. Profiles of aerosol optical properties from averaged selected datasets of both DMU-1 and DMU-2
mobile observations during 7 August 2019. Each dataset is differentiated by color. From left to right: Profiles of
backscatter at 532 nm and 808 nm, extinction at 532 nm and 808 nm, PLDR, EAE and ACR. Likewise, the location
of the selected profiles with respect to the WFF in polar coordinates during 7 August 2019 is presented within the
dash black line box.

Dataset B (middle panel Fig. 6.16), located 80 km NE of WFF (DMU-2 T4 18:25 to 18:35 UT),
presents similar LR (74 + 8 sr) as the dataset C and the same AOD,,;,(532) of 0.13. Both datasets
B and C are located NE of WFF and separated ~20 km from each other. The difference is given
by the shape of the profiles, dataset B is directly influenced by the diffused smoke transported

northwards by the Columbia River while dataset C is situated in the adjacent valley.

Dataset D (bottom panel Fig. 6.16) is located 50 km E of WFF (DMU-2 T5 21:20 to 21:30 UT),
downwind the fire. Dataset E (bottom panel Fig. 6.16) is located ~25 km E of WFF (DMU-2
T5 22:20 to 22:35 UT) and captures the smoke plume downwind closer to the fire. For both
datasets, the LR at 532 nm (26 & 1 sr for D and 25 £ 1 sr for E) is lower than the one estimated
in presence of residual or diffused smoke, which can be related to an important presence of light

scattering aerosols (i.e., higher values of aerosol backscatter). This can also be observed on the
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MODIS images (Fig. 6.12) obtained during 7 August, where the smoke plume scatter more the
sunlight (the surface is not visible) in contrast with the day before (Fig. 6.7). Moreover the
AOD,, at 532 nm (0.5 for D and 0.6 for E) is lower than the day before (1.54 for dataset C on
Fig. 6.11) in presence of the smoke plume. During this day, a transition to smoldering phase is
presumed, given by the observations of ash deposition, less effective combustion which is
related to the production of less light absorbing OC aerosols. The main results obtained in this
section are summarized in Table 6.2.

Table 6.2: Overview of the aerosol properties retrieved from CE376 lidar and CE318-T photometer for the WFF
case studies. The estimated uncertainties are in parenthesis. The position with respect to WFF is included and for

the case of convective smoke, f make reference to flaming fire and s to smoldering fire. *Aerosol properties
retrieved from CE370 lidar and PLASMA photometer.

Al e Diffuse smoke Convective smoke Residual
P Smoke
. f:3-4.3 (20 km E) 1.2-4 (25 km S)
Altit 1[k 1-1.3 (40 km NNE
ttude asl [km] 340 )| 3-4 (60 km NE) * | 0.9-3 (60 km NE) *
f: 82 (2) 37(3)
LR [sr] 532 nm 35(1) $:25 (1) * 73 (7) *
808 nm 57 (4) - 87 (15)
£:1270 (330) 45 (17)
532 nm 370 (73
da [Mm] (73) s: 960 (80)* 54 (9) *
808 nm 207 (20) - 28 (15)
oY 532 nm 0.04 (0.02) £:0.03 (0.01) 0.05 (0.01)
oP 532 nm 0.06 (0.04) f: 0.04 (0.01) 0.09 (0.03)
LID 1.2 (2.5) - 1.5(1.5)
EAE (532/808) y
PH 176 f: 2.25 1.3
s: 2.25% 1.7*
ACR (808/532) 0.5(0.3) 0.6 (0.1) 0.3(0.1)
CR (808/532) 0.4 (0.3) - 0.2 (0.1)

6.1.3 Conclusions

This section presented ground-based lidar and photometer mobile observations, mapping smoke
aerosol properties near the source during the FIREX-AQ campaign in 2019. The smoky
background air was identified by the photometer measurements, with EAE values always higher
than 1.3. The study focuses on the William Flats Fire (WFF) in Washington state, which

presented unique and challenging environmental conditions for the exploratory platforms.
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The 3D mapping of lidar and photometer observations enabled the identification of aerosol
properties in diffuse, convective, and residual smoke layers near the WFF. The fire’s evolution
passing from flaming phase to the smoldering phase was evidenced by the aerosol properties.
Moreover, detailed spatio-temporal analyses of aerosol distribution during August 6 and 7,
2019, were provided, showing the impact of terrain on smoke plume diffusion. The results
showed that complex topography and synoptic conditions played crucial roles in the WFF
development and smoke transport to regions beyond the fire site (e.g., Missoula 370 km away

from the fire).

The study presented in this work provides insights into the complex dynamic involved in fire
evolution, showcasing the necessity of mobile platforms to access valuable information near
aerosol sources. The study revealed the capabilities of CE376 aboard mobile platforms to
characterize smoke aerosols’ optical properties. At the same time, the limitations of the CE376
lidar (early version used in 2019) and the photometer in harsh environmental conditions

(complex topography, high temperatures, thick smoke plumes) were acknowledged.

The main operational challenge to overcome for enhanced mobile observations with the early
CE376 lidar is related to the opto-mechanical stability, particularly for the 532 nm detection
channels. The extreme temperatures (up to 40° C) during the campaign influenced the
incomplete overlap of the 532 nm channels and, therefore, added uncertainty to the lower region
of the profiles. This specific challenge is being addressed by the CIMEL company. Thus, in
2024, upgraded versions of the CE376 lidar are intend to overcome this operational constraint
and provide more robust instrument. Moreover, improvements in the aerosol properties derived
from CE376 lidar measurements can be achieved by averaging properties within aerosol layers,
thereby reducing noise impacts. Looking ahead, both algorithmic and operational assessments
have the potential to advance, enhancing the lidar system's capabilities for mobile observations

and bridging observational gaps within ground-based networks.

158



CHAPTER 6 MOBILE AEROSOL MONITORING

6.2 TRANSAMA Campaign 2023

It is well known that forests act as sinks of atmospheric

C0O, by transforming the carbon compounds into

biomass. Thus, the Amazon Forest, one of the largest

ecosystems on Earth, plays an important role in the global climate system. However, the
Amazon’s role as a carbon sink depends on various processes, such as the intensity and
distribution of continental precipitation and soil fertilization by Saharan dust, among others. In
particular, the Amazon Cone, a geological feature along the South American continental shelf,
is characterized by the accumulation of sediments carried by the Amazon River to the ocean.
This deposit of sediments is of great interest for studying past climate variations, including
changes on the seasonal transatlantic transport of mineral dust. Concerns have aroused in the
last decades regarding the effects of climate change on the transport of Saharan dust to the

Amazon basin, which can influence the global carbon cycle (Prospero et al., 2020). Thus, both

paleoclimatic reconstruction and the study of the current climate are important to improve our

understanding of the Earth’s system.

Remote sensing and in-situ observations are therefore needed to address the current
atmospheric composition over oceans. Studying aerosols in the North Atlantic helps understand
mineral dust transport from Africa to the Amazon, while investigating marine aerosols in
pristine environments (i.e., no anthropogenic influence) provides insights into pre-industrial

meteorological conditions (Mascaut, 2023). Hence, pristine oceanic regions, identified in the

South Atlantic, South Indian, and Pacific oceans, are characterized by AOD lower than 0.1

(Koren et al., 2014). Small changes in aerosol loading can significantly impact clouds in such

low-concentration regions, as suggested by Koren et al. (2014). Moreover, Mallet et al. (2018)

identified a bias between satellite-derived AOD and ground-based photometer measurements
in the pristine region of South Indian Ocean, linked to errors in quantifying marine aerosols
from satellite. Thus, ground-based aerosol observations in both scenarios, pure and “polluted”

marine conditions remain crucial.

The oceanographic mission AMARYLLIS-AMAGAS, titled "From Amazon sediments to
natural climate variability and slope instability processes", was conducted from May 16 to July

3, 2023 (https://www.insu.cnrs.ft/). The campaign took place aboard the Marion Dufresne

research vessel, the largest oceanographic ship of the French fleet operated by Ifremer (Institut

Francais de Recherche pour I’Exploitation de la Mer, https://www.ifremer.fr/). The Franco-
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Brazilian campaign aimed to collect sediment cores from and near the Amazon cone to study
the role of the Amazon Forest in past climates. Specifically, the collected sediment can provide
insights into past atmospheric composition, offering the opportunity to study environmental

responses to extreme and/or rapid climate changes.

As part of the oceanographic mission AMARYLLIS-AMAGAS, the Marion Dufresne vessel
departed from La Réunion Island in mid-April 2023, navigated around the South African
continent, crossed the Atlantic Ocean, and reached Barbados by mid-May 2023. Thus, the
TRANSAMA valorization project was deployed to study aerosols along the route covered by
the Marion Dufresne. The project aimed to (i) employ remote sensing instruments for aerosol
observations in pristine and dusty marine conditions, (ii) collect mineral dust using filter-based
techniques, and (iii) perform operational assessments on the instrumentation embarked on the

ship.

TRANSAMA remote sensing instrumentation

MAP-IO (Marion Dufresne Atmospheric Program — Indian Ocean, http://www.mapio.re/) is an
observatory aboard the Marion Dufresne, that aims to study ocean-atmosphere processes in a
long-term basis to assess climate studies. The observatory accounts with a radiometer
(measuring solar flux), in-situ instruments for gas and aerosol monitoring and a CE318-T
photometer, all of them measuring since 2021. It is worth mentioning that the Marion Dufresne
covers mostly the South Indian Ocean (pristine environment) during two annual missions in the

Austral French territory (TAAF, Terres Australes et Antarctiques Francgaises).

The observations of the photometer, functional since 2021, revealed operational challenges,
such as wrong sun/moon tracking due to strong waves hitting the ship or given by slow
communication between the control/acquisition software and GPS modules. To address these
challenges, during TRANSAMA, a second CE318-T photometer was installed aboard the
Marion Dufresne and was monitored continuously. The first photometer, hereafter called
photometer A, was installed, from the beginning, on the ship’s main mast (Fig. 6.17) to
minimize potential obstacles for tracking sun/moon. Nevertheless, photometer A can be
impacted by strong winds and abrupt movements of the boat. The second photometer,
photometer B, was installed on deck I (Fig. 6.17), so it was accessible for the continuous
assessments during the campaign. Moreover, photometer B accounted an updated software for

improving the communication between the control and GPS modules. Both photometers were
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adapted for the marine conditions, using a pump to inject air on the collimators, so the
deposition of sea salt can be avoided. The data acquired by the photometers was directly

transmitted to the data centers at LOA and AERONET, and was analyzed in NRT.

Figure 6.17: CE318-T photometers (A and B) installed aboard Marion Dufresne research vessel. Photographs
taken during the TRANSAMA campaign. Credits: TRANSAMA team (Luc Blarel, Philippe Goloub and me).

Likewise, during the campaign, we installed the CE370 single-wavelength lidar. The laser
source of this lidar is connected to the emission/reception telescope by a 10 m optical fiber,
which provided the possibility to install the laser source inside the ship and the telescope on
deck. The laser source was arranged in MAP-IO laboratory which is temperature-controlled.
Moreover, the system was placed on the adapted structure designed for the MAP-IO
instruments, which isolates the vibrations of the ship motor and dissipate movement (Fig.
6.18a). After realignment of the laser injection into the optical fiber, the fiber passed through
the adapted holes for the air inlets (of in-situ MAP-IO instruments) and got connected to the

telescope installed on deck I.

e AT P (b). Z
Figure 6.18: CE370 single-wavelength lidar installation aboard the Marion Dufresne research vessel during
TRANSAMA campaign. Credits: TRANSAMA team (Luc Blarel, Philippe Goloub and me).
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The lidar emission/reception telescope was placed inside an enclosure adapted for the

instrument at LOA (Fig. 6.18b). To avoid the direct sunlight on the lidar system, an automatic
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blind system was added on the enclosure. The control for closing or opening the blind system
was connected to a GPS. Thus, the solar zenithal angle was continuously re-calculated and
when the sun approached too close to the zenith, the closing system was activated, protecting

in this way the optics of the lidar.

In the same way as the photometers, the lidar data was intended to be transmitted continuously
to LOA data center. Nevertheless, due to the volume of the data (300 kB every 10 minutes) and
the poor internet connection in the middle of the ocean, the data transmission was not always
possible. However, with the tools developed in this work, we were able to analyze the data
aboard the ship. Moreover, the operational challenges that need to be addressed for future
installations of ship-borne lidars is related to the deposition of sea spray on the enclosure
window. During the campaign, we had to clean this window with fresh water 1 to 2 times a day.
Thus, several strategies to face this challenge are possible and need to be evaluated. In the
context of this thesis, the deployment of ship-borne remote sensing instruments during
TRANSAMA provided an opportunity to evaluate a future installation of the CE376 lidar
aboard the Marion Dufresne. The operational challenges described here are therefore

considered for further developments.

In the following subsections, the aerosol properties derived from both lidar and photometer

during the campaign are presented.

6.2.1 Aerosol properties: general overview

Before presenting the general overview of the campaign observations, it is worth mentioning
how the sea spray deposition on the lidar enclosure window affected the signal. A change in
light transmission was evidenced, resulting in a reduced lidar signal (Fig. 6.19a), and
sometimes, when the salt accumulated enough, no measurements were possible. For this lidar,
measuring total backscattered light (i.e., no polarization components), the change on the lidar
signals can be corrected by normalization (Fig. 6.19b). Normalizing the profiles, one can notice
the structure that was hidden before. Nevertheless, looking ahead for a ship-borne CE376 lidar,
which accounts for depolarization measurements, this operational challenge needs to be
carefully addressed. The sea spray deposition on a window, will not only change the
transmission of light but also might induce changes on light polarization state, and therefore

induce biases on signal which are difficult to quantify.
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Figure 6.19: (a) Lidar signal affected by Sea spray deposition on the enclosure window, red line marks when the
window got cleaned. (b) Normalization applied to all profiles in (a), showing atmospheric structure that was hidden
due to the differences in signal amplitude.

During TRANSAMA, the instruments started to perform measurements the 20 April 2023,
while the ship was at the port at La Reunion Island (20.93° S, 55.29° E). On 21 April 2023 an
alert of volcanic activity was activated on the Island, hence a signature of volcanic aerosols was
likely detected (in between clouds) just before the departure later that day. Figure 6.20 presents
an overview of spatio-temporal variabilities of measurements collected, using lidar and
photometer B, since 21 April 2023 to 15 May 2023. The 3D spatial variation (height, latitude
and longitude) of normalized RCS (Fig. 6.20a) shows aerosols confined to the lower marine
boundary layer (MBL) for almost all the transect, below 700 m. Sporadic clouds formed at the
top of the MBL were detected all the way and on some occasions at ~2 km where the limit of a
residual layer was observed. During the campaign, we detected pristine conditions with rather
low AOD values at 440 nm, below 0.05, (Fig. 6.20b) and EAE values at 440/870 nm below 0.4
(Fig. 6.20c). The photometer observations correspond to direct sun/moon measurements,

averaged to 3 hours.

Along the transect, lidar measurements were stopped due to absence of permission for active
sensing measurements in territories of Madagascar, South Africa and Brazil. Nevertheless,
photometer measurements (passive) were allowed (except on Brazilian territory). Hence, in
vicinity to coastal cities, the AOD at 440 nm showed to increase above 0.1. The EAE at 440/870
nm showed to increase above 0.8 in vicinity of La Reunion Island and Madagascar, indicating
a major presence of fine aerosols, either related to anthropogenic influence or volcanic

degassing, i.e., formation of secondary aerosols such as sulfates.
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Figure 6.20: Spatio-temporal variabilities of lidar and photometer aerosol measured properties aboard the Marion Dufresne research vessel, during the TRANSAMA campaign
(20 April to 15 May 2023), from La Reunion Island to Barbados. (a) 3D variation of Normalized RCS at 532 nm from lidar on top true color image of the regions covered, (b)
AOD at 440 nm and (c) EAE at 440/870 nm from sun/moon photometer (B) observations on top of topographic maps. The photometer observations correspond to averages of

3 hours. The port in Recife, Brazil is indicated by a red pin.
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Unexpectedly, while crossing the pristine region on the South Atlantic Ocean, an event of
transported aerosols at 2 km, was detected with the lidar. Values of AOD slightly increased but
maintained below 0.1, and EAE increased up to 0.8, indicating a presence of fine aerosols. In

particular, this event will be further studied in Section 6.2.2.

On 9 May 2023, the ship stopped at port Recife, Brazil (8.05° S, 34.87° W) to embark the
Brazilian scientific team for AMARYLLIS-AMAGAS campaign. From Recife to Barbados,
towards the end of TRANSAMA campaign, observations of aerosol layers in between clouds
(seen by lidar) suggested presence of mineral dust transported from the Sahara (dust outbreak

observed in previous days).
Photometer comparisons

During the campaign, both photometers performed measurements continuously. Thus, Figure
6.21 presents linear regressions of the observations acquired from photometers A and B,
considering photometer B (installed during the campaign and closely monitored) as reference.
Average values of 1 hour were considered for coincident observations (109 hours in total), and
there is no distinction between night or day measurements. In general the slopes on the 3 linear
regressions, for AOD(440) (Fig. 6.21a), AOD(870) (Fig. 6.21b) and EAE(440/870) (Fig.
6.21c), are close to 1 with R-squared higher than 0.7. These regressions show good correlation

between both photometer observations, nevertheless we can expect a better agreement.
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Figure 6.21: Linear regressions of (a) AOD(440), (b)AOD(870) and (c)EAE(440/870) observations obtained with

photometers A and B during the TRANSAMA campaign. In blue line is the linear regression, in dashed light blue

line is considering a slope of 1, and in dashed green line is considering the intercept at 0.

This analysis is performed using level 1.5 data with no filtering of outlier points. The R-squared
obtained can be explained by several factors, such as the impact of the photometer uncertainty
at low aerosol loading, the appearance of sporadic low clouds (less than 15 min presence, seen
by lidar) not filtered and not detected at the same time with the instruments. Moreover, the
photometer B, installed during the campaign, accounted with an updated and faster acquisition
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software and therefore more data points, at least until the update of photometer A (updated
during the campaign). However, from this first assessment, it is not observed any bias between
instrument observations nor any influence of the installation spot aboard the ship. A further
study to corroborate these outcomes, can include filtering of data in presence of clouds, the
differentiation between day and nighttime measurements, differentiation of before and after the

photometer A software is updated.

6.2.2 Aerosols in maritime environment

As mentioned in the prior subsection, pristine conditions were identified with AOD values
below 0.05 and EAE below 0.4, related to coarse aerosols. Contrary to what it was expected in
the South Atlantic Ocean, aerosols were detected above the MBL (at ~2 km) with a not evident
increase on aerosol loading (AOD still below 0.1), that could pass like pristine conditions if
lidar measurements were not available. From 30 April to 07 May 2023, a persistent thin aerosol
layer is detected across the ocean. The influence of the aerosol layer is better observed during
4 to 6 May 2023, where minor incidence of low clouds is detected. Thus, we focus the attention
on these peculiar days. Figure 6.22 presents the height-temporal variations of normalized RCS
at 532 nm, from the CE370 single-wavelength lidar, and temporal variations of the sun/moon
photometer observations during the 5 to 7 may 2023. During these days, sunrise is expected at

07:00 UT and sunrise at 20:00 UT.

Clouds are formed at the top of the MBL all day and they are sporadically observed on the lidar
signal, so short thresholds of time are identified without cloud influence. Thus, it was possible
to acquire sun/moon direct measurements with photometer within clouds. However, sometimes
the included filtering in level 1.5 was not enough to eliminate the data contaminated by clouds.
Regardless the intermittent saturation of lidar signal (due to clouds), persistent thin aerosol
layers above the marked MBL are observed. These layers are hardly product of the sea, because
both sea spray primary (sea salt) and secondary (sulfate, ammonium, and organic species)

products are contained within the MBL (Rinaldi et al., 2010; Mayer et al., 2020). Thus, the

aerosols detected above the MBL are likely transported.
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Figure 6.22: Height-temporal variation of (a) normalized RCS (NRB) at 532 nm, and (b) photometer temporal
series, AOD at 532 nm and EAE at 440/870 nm during 04 May to 06 May 2023. The transect of the route covered
is indicated in red line on the map (top right). Selected datasets for further studies are highlighted by pointed black
line boxes (A to F).

Figure 6.23 shows aerosol properties of averaged profiles during selected time-threshold (A to
F in Fig. 6.22). In this case, the molecular contributions are estimated with the tropical standard
atmosphere. The aerosol layers above the MBL are highlighted by dotted black line boxes.
Moreover, each dataset is distinguished by a color and its corresponding back-trajectory (ending
at 2 km) is presented in Fig. 6.24.

In general, all profiles presented in Fig. 6.23 show a marked difference between the MBL and
the aerosol layers above. The MBL is characterized by higher extinction coefficients than the
layers above, indicating a stronger contribution to the measured AOD. For the cases where the
extinction within the aerosol layers is less than 0.5 times the extinction in the MBL (dataset C
and E), the LR is lower (23 sr and 30 sr), which is related to the major contribution of marine
aerosols in the MBL with respect to the layers above. On the other hand, following the back-
trajectories of the aerosols detected above the MBL (ending at 2 km asl), the origin of the
transported aerosols seems to be the active fires in forests located on SE Angola, SW Zambia
and N Botswana. The wildfire source is clear for the datasets C, D and E (purple, black and
light blue respectively), with back-trajectories passing (1 to 2 km) above the fires and
transported across Angola, Namibia and over the South Atlantic Ocean for ~10 days (~4 500
km). The back-trajectories for datasets A, B and F do not relate to the fires directly, though they
show that air masses circulated over a small region of the ocean for more than 4 days, suggesting

a possible influence of the aerosols from wildfires.
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Figure 6.23: Profiles of aerosol optical properties from averaged selected datasets of mobile observations during
4 May to 6 May 2023. Each dataset is differentiated by color. From left to right: Profiles of backscatter and
extinction at 532 nm. Likewise, a pointed black line box highlights the aerosol layers detected above the MBL for
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Figure 6.24: NOAA HYSPLIT back-trajectories ending at 2 km above Marion Dufresne (marked by stars) for the
times selected in Figure 6.23 (each dataset differentiated by color) on top of the true color MODIS image for the
2023-04-26 (including thermal anomalies). The back-trajectories use GDAS meteorological data (1 degree) and
run-time of 12.5 days (300 hours). Source MODIS image: NASA Worldview Snapshots
(https://wvs.earthdata.nasa.gov). Image composed (back-trajectories and MODIS) on Google Earth.
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Though the influence of the smoke, probably mixed with urban aerosols, is low (extinction less
than 30 Mm™! averaged by layer), the presence of the thin layers was consistently observed
across the entire route over South Atlantic Ocean. Thus, the pristine conditions expected in the
middle of the ocean were in reality influenced by continental emissions, regardless the distance
from the continent. Moreover, the presence of these aerosols might have also an important role

in the cloud formation over the ocean, as suggested by previous studies (Koren et al., 2014;

Mascaut, 2023) and observed with lidar measurements showing formation of clouds at 2 km

(above the MBL top).

6.2.3 Conclusions

The oceanographic mission AMARYLLIS-AMAGAS was introduced within a general context
and its objectives. It was emphasized that the Amazon Forest plays a crucial role in the global
climate system by acting as a carbon sink, and can, at the same time, be influenced by Saharan
dust. Moreover, the mission highlights the importance of both paleoclimatic and current

atmospheric composition for a better understanding of the Earth’s climate.

The TRANSAMA campaign, a valorization project part of AMARYLLIS-AMAGAS, aimed to
study aerosols along the route covered by the Marion Dufresne research vessel before the
oceanographic mission. Instruments installed included photometers and CE370 single-
wavelength lidar, which faced operational challenges such as sea spray deposition affecting
measurements. Comparisons between CE318-T photometers A and B showed good correlation,
though improvements in data acquisition software were noted for photometer B and possible

improvements on the comparisons with further cloud filtering.

During the campaign, observations revealed aerosol properties along the route from La Réunion
Island to Barbados. Pristine conditions were identified in the South Atlantic Ocean, with low
AOD values. Although the initial interest was in dust aerosols, the study case presented in this
work corresponds to unexpected aerosol layers detected above the MBL, likely transported from

sources such as wildfires in SE Angola, SW Zambia, and N Botswana.

Overall, the campaign provided valuable insights into aerosol dynamics in maritime
environments, demonstrating the influence of continental emissions even in remote oceanic
regions. These findings can contribute to our understanding of climate processes and the role

of aerosols in cloud formation.
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6.3 Chapter summary

This chapter provided an overview of two significant mobile observations campaigns using
lidar and photometer: one focusing on observations during the FIREX-AQ campaign in 2019,
and the other focusing on the TRANSAMA campaign as part of the oceanographic mission
AMARYLLIS-AMAGAS in 2023.

In the FIREX-AQ campaign, the study concentrated on mapping smoke aerosol properties near
major fire sources in NW US. The photometer measurements allowed the identification of
smoky background air, with EAE values consistently higher than 1.3. Moreover, through 3D
mapping of lidar and photometer observations, different smoke layers near the William Flats
fire were characterized, including diffuse, convective, and residual smoke layers. Detailed
spatio-temporal analyses revealed the impact of terrain and synoptic conditions on smoke plume

diffusion, emphasizing the complexity of fire evolution and smoke transport.

The study emphasizes the importance of mobile platforms for accessing critical information
near sources. It showcases the capabilities of the CE376 lidar aboard mobile platforms in
characterizing smoke aerosol optical properties, while acknowledging its limitations in harsh
environmental conditions (high temperatures, complex terrain). Operational challenges,

particularly related to opto-mechanical stability and overlap functions, were discussed.

On the other hand, the TRANSAMA campaign aimed to study aerosols along the route covered
by the Marion Dufresne research vessel, focusing on the transport of Saharan dust to the
Amazon basin. Despite initial interest in dust aerosols, unexpected aerosol layers above the
marine boundary layer were detected, likely transported from wildfires in Southern Africa.
These findings highlight the influence of continental emissions even in remote oceanic regions,
which can pass unnoticed only with photometer data, emphasizing the importance of lidar

measurements over the oceans.

Moreover, TRANSAMA provided valuable opportunities to evaluate the operational conditions
for a future CE376 ship-borne lidar. Future developments in algorithmic and operational
assessments are expected to improve the lidar system's capabilities for mobile observations

(aboard cars, ships) and to bridge observational gaps within ground-based networks.
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Chapter 7

Conclusions and perspectives

“El futuro queda hacia adelante”
-Mafalda, Quino-

7.1 Conclusions

This work aims to assess spatio-temporal variabilities of aerosol properties using a compact
dual-wavelength depolarization lidar (CE376 lidar), particularly when it is aboard moving
vectors and co-located with a photometer. Both algorithmic and instrumental assessments were
conducted to investigate the capabilities and limitations of the CE376 lidar. The instruments
used for assessments in this work are early versions of the CE376 lidar, making their evaluation
important for the instrument’s later evolution. The main achievements of my PhD thesis

presented through this manuscript are summarized as follows:

- Atechnical qualification of the CE376 lidar performance was accounted through studies
on its detection limits and stability while operating under difficult conditions (high
temperatures). Improvements in the operational conditions at ATOLL enhanced the
depolarization measurements. Nevertheless, an unexpected large incomplete overlap
function on the 532 nm channels for the early version of the CE376 lidar was
highlighted, related to the optical and mechanical design, which impacts observations
in the first thousand meters. The technical challenges encountered in fixed and mobile
laboratories are currently being addressed by CIMEL company, which has improved the
performance of later versions of the CE376 lidar.

- Algorithmic assessments were conducted to develop a prototype processing system for
aerosol monitoring. The prototype integrates height-resolved two-wavelength
observations from lidar and direct sun/moon photometer measurements (column-
integrated). Thus, a modified two-wavelength Klett inversion was proposed to estimate

aerosol properties by constraining the solutions with photometer observations.
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Moreover, the developed tools accounted for observations in mobile and fixed
laboratories, considering developments towards near real-time aerosol monitoring.

- Case studies were selected from continuous observations of CE376 lidars at two sites,
ATOLL (Lille, France) and 1ZO (Izafia, Tenerife Island, Spain). Events involving
mineral dust, dust-smoke, and volcanic aerosols were presented, showing the
instrument’s capabilities to identify different aerosol types. Moreover, comparisons of
aerosol properties obtained from METIS (CE376 lidar) and LILAS (Raman lidar)
validated the instrumental assessments and methods. Likewise, the limitations in
deriving aerosol properties were also evaluated and linked mainly to the assumption of
a vertically constant LR, opening the discussion on possible solutions to improve the
results. Nevertheless, the reliability of the CE376 lidar to retrieve information even in
complex scenarios was demonstrated with the depolarization measurements. Thus, the
results pave the way for further developments towards aerosol typing and air quality
monitoring.

- Results from the first mobile campaign (FIREX-AQ) using CE376 lidar and CE318-T
photometer aboard a car were presented. The study enabled the characterization of
smoke aerosols close to active fires, highlighting the feasibility of operating the lidar
system aboard mobile vectors even in challenging operational conditions (high
temperatures, difficult roads and thick aerosol plumes). Moreover, both capabilities and
limitations of the remote sensing instruments to characterize aerosols while in
movement were presented, opening the discussion for further developments. Thus, the
operational challenges to be faced in future mobile laboratories, accounting for two
moving vectors, cars (temperature control, opto-mechanical stability) and ships (sea
spray deposition on lidar window), are under evaluation. These results emphasized the
possibility of employing mobile platforms for accessing valuable information near

aerosol sources.

The advancements presented in this work mark significant steps in enhancing our understanding
of aerosol dynamics and environmental monitoring. The demonstrated versatility of the
compact CE376 lidar for monitoring aerosol properties offers a solution to fill the observational
gaps within ground-based networks. Therefore, upcoming mobile campaigns (aboard ships,
trains, and cars) and permanent sites in the southern hemisphere are planned to include the

upgraded, more robust version of the CE376 lidar.
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7.2 Perspectives

From the studies presented in this work, several perspectives emerge for further developments

and applications, and are presented as follows:

Perspectives on technical developments involve the evolution of the CE376 lidar. There
is a need for ongoing improvements to enhance data quality, in particular to reduce the
incomplete overlap region and provide a more robust stable instrument. The new version of the
CE376 lidar addressed these issues, and ongoing tests evaluate its performances. The new
version features a modified optical design that facilitates calibrations and re-alignment of the
optics. Moreover, an important reduction on the incomplete overlap has been evidenced (< 1
km compared to 3 km), and its stability over time is under evaluation. Additionally, the new
versions of the CE376 lidar include a motorized HWP to improve the precision of depolarization

calibration.

The upgraded CE376 lidar provides promising capabilities for aerosol monitoring aboard

mobile vectors and at fixed sites. The Polar POD (https://www.polarpod.fr/), a floating

scientific platform that will circle the Earth around Antarctica, will include a CE376 automatic

lidar, along with several other instruments. In the frame of OBS4CLIM (systéme d’observation

intégré de I’atmosphere, https:// www.obs4clim.fr/), four CE376 lidars will be installed between
2024-2025, one of them will be placed aboard a moving vector, car or ship. Thus, a possible
installation of the CE376 lidar aboard Marion Dufresne research vessel is under evaluation.
The other three lidars will be installed at fixed laboratories in La Paz-Bolivia, Amsterdam Island
and Ivory Coast (Africa). These three locations will cover different environments and will be
influenced by different aerosols sources, enhancing our observation; capability requested for

better understanding the climate system.

- The lidar at La Paz, Bolivia will be located above 3 km asl along with other in-situ
instruments. The region is surrounded by the Altiplano plateau, a dry and arid territory,
and separated from the Amazon by the Andes, though it is impacted by Amazon
wildfires during the dry season. Moreover, dust from the Altiplano can be studied, which
has not been measured before by a two-wavelength depolarization lidar system.

- The lidar on Amsterdam Island will be located in the pristine environment on the Austral
French territory. The effects of a changing climate have been evidenced in this region

regardless of its isolation from continental anthropogenic influence. Studies with the
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lidar system will enable the detection of aerosols transported and possibly deposited
over the Austral Islands.

- Likewise, the lidar on Ivory Coast will be located in proximity to the Sahel African
region, characterized as a transition between the Savanna Forest and the Sahara Desert.
This location will provide unique opportunities to study continuously mineral dust and

smoke transported from the region.

Perspectives on algorithmic developments involve improvements in the tools developed
in this work. On one hand, the adaptation of parts of the code developed and its further extension
into a robust NRT software will be evaluated in the frame of AGORA-Lab. The future versions
of IAAMS and BASIC will host the tools developed in this work. On the other hand, further
developments imply exploring new methods for aerosol retrievals. Hence, two approaches can
be followed; integrating observations by aerosol layer to derive differentiated LR and the use
of advanced retrieval methods like GRASP (Generalized Retrieval of Aerosol and Surface
Properties). In the case of the integrated layer approach, we can explore the forward iterative
method presented in chapter 4. On the other hand, with GRASP algorithms the spectral AOD
and downward sky radiance from CE318-T photometers can be combined with the RCS at two
wavelengths from CE376, providing aerosol properties with estimated contributions of fine and
coarse aerosols. Nevertheless, GRASP algorithms only use daytime measurements, which
complicates the selection of case studies from CE376 lidar (low detection limit by day). But
now that the detection limits and performance of the CE376 were defined, we can explore the
GRASP products knowing the limits of the instrument. Moreover, microphysical aerosol
properties retrieved from sky measurements, particularly those performed by mobile
photometers, can also be addressed through GRASP. Likewise, GRASP-AOD, which enables
the estimation of VSD distributions from spectral AOD measurements, can be further explored

for the mobile CE318-T photometer.

The versatility of the CE376 lidar can also be used for air quality monitoring. In this
context, the need is to estimate mass concentration profiles, particularly within the ABL. Thus,
the identification of the aerosol type is important to better assess the estimations on particulate
matter. Two possible strategies are known; imposing one aerosol type for the entire column of
air or identification by aerosol layer contributions. However, as we saw through case studies
from ATOLL, assuming one aerosol type in the entire column is far from reality. This work
presented different aerosol properties widely used for aerosol typing, such as EAE, BAE and

CR, which indicate aerosol size, and PLDR related to aerosol shape. Nevertheless, the reliability
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of EAE, BAE and CR is low in complex scenarios due to the instrument’s limits. Thus, the
ACR property, which can be related to aerosol size, was introduced and explored through the
case studies. Even though the property is affected by aerosol attenuation, it demonstrated to be
capable to assess the aerosol stratification. Moreover, ACR showed the ability to identify
aerosol size in presence of a homogeneous aerosol background, like at IZO (molecular
background) and during FIREX-AQ (residual smoke background). By estimating the aerosol
attenuation at each layer, we will be able to correct the ACR property. Having both ACR and
PLDR, aerosol size and shape, we can explore a strategy for aerosol typing and therefore better

estimate the mass concentration for air quality assessments.

The demonstrated capacities of the CE376 lidar for aerosol monitoring expands the horizon for
further developments not only for mobile laboratories, but also in other fields. We are confident
that the improved version of the lidar can be a versatile tool for aerosol research and air quality

assessments, and therefore to assess public health concerns.
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I would like to express my deepest gratitude for reading this
document, which represents the hard work of three years during
my PhD program. I hope that the content you found here is useful
and generates curiosity about the next steps of the CE376 lidar.

1 emphasize that this work wouldn’t have been possible without
the collaborations of all my colleagues at LOA and CIMEL. The
fruitful discussions and conferences were essential to generate
new ideas. I am convinced that networking and multi-
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Image composed (back-trajectories and MODIS) on Google Earth. ..........cccooevviiiiiiinenne. 168
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AR

ABL

ACR
ACTRIS
AEMET
AERIS
AERONET
AGORA-Lab

AMARYLLIS-
AMAGAS

AOD
APD
ATOLL
BAE
BASIC
BC

BW
CALIOP
CALIPSO
CAL/VAL
CARS
ch532par

ch532per

Assessment Report

Atmospheric Boundary Layer

Attenuated Color Ratio

Aerosol, Clouds and Trace gases Research InfraStructure
Agencia Estatal de METeorologia

Data Center, Atmosphere data and services hub

AErosol Robotic NETwork

LOA-CIMEL joint laboratory

oceanographic mission “From Amazon sediments to natural climate
variability and slope instability processes”

Aerosol Optical Depth

Avalanche PhotoDiode

ATmospheric Observatory of liLLe

Backscatter Angstrom Exponent

LOA software for lidar retrievals in NRT

Black Carbon

Backward

Cloud-Aerosol Lidar with Orthogonal Polarization
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
Calibration Validation

Center for Aerosol Remote Sensing

channel of 532 nm signal with parallel polarization

channel of 532nm signal with perpendicular polarization
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DEM
DMU
DOD
DRAGON
EAE
EARLINET
E-PROFILE
ERIC
FIREX-AQ
FT

FW

GAW
GFSQ
GRASP
HSRL
HWP
HYSPLIT
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IPCC

IR

532 nm total signal

channel of 808 nm signal with parallel polarization

channel of 808 nm signal with perpendicular polarization
808 nm total signal

Color Ratio

Digital Elevation Model

Dragon Mobile Unit

Dust Optical Depth

Distributed Regional Aerosol Gridded Observations Networks
Extinction Angstrom Exponent

European Aerosol Research Lldar Network

Automatic low power lidar European network

European Research Infrastructure Consortium

Fire Influence on Regional to Global Environments and Air Quality
Free Troposphere

Forward

Global Atmospheric Watch

Global Forecast System 0.25 degrees

Generalized Retrieval of Atmosphere and Surface Properties
High Spectral Resolution Lidar

Half Wave-Plate

Hybrid Single Particle Lagrangian Integrated Trajectory
Izana Atmospheric Research Center

Inter-Governmental Panel on Climate Change

Infrared
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Lidar

LILAS
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LR

MAN

MAP-IO

MBL

METIS

MODIS

MPLNET

NIR

NRT

oC

PBS

PHOTONS

PLASMA

PLDR

PM

POLIPHON

QC
RCS
SAMUM

SD

Izafia Observatory

Light Detection And Ranging

LIlle Lidar AtmosphereS, operative at ATOLL
Laboratoire d’Optique Atmospherique

Lidar Ratio, extinction to backscatter ratio
Maritime Aerosol Network

Marion Dufresne Atmospheric Program — Indian Ocean
Marine Boundary Layer

CIMEL CE376 lidar operative at ATOLL
Moderate Resolution Imaging Spectrometer
Micro-Pulse Lidar Network

Near infrared

Near Ral Time

Organic Carbon

Polarizer BeamSplitter cube

PHOtométrie pour le Traitement Opérationnel de Normalisation
Satellitaire

Photométre Léger Aéroporté pour la Surveillance des Masses d Air
Particle Linear Depolarization Ratio

Particulate Matter

POlarisation LIdar PHOtometer Networking

Quality Control

Range Corrected Signal

Saharan Mineral dUst ExperiMent

Standard Deviation
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SE

SHADOW

SNR

SRTM

SSA

TOA

TRANSAMA

TROPOMI

VLDR

VolcPlum

VSD

WEFF

WHO

WMO

Sand and Dust Storm Warning Advisory and Assessment System

Standard Error

SaHAran Dust Over West Africa

Signal to Noise Ratio

Shuttle Radar Topography Mission
Single Scattering Albedo

Top Of Atmosphere

TRANSIt to AMAGAS-AMARYLLIS campaign
TROPOspheric Monitoring Instrument
Volume Linear Depolarization Ratio
interactive portal for volcano monitoring
Volume Size Distribution

William Flats Fire

World Health Organization
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Abstract. We present the capabilities of a compact dual-
wavelength depolarization lidar to assess the spatiotemporal
variations in aerosol properties aboard moving vectors. Our
approach involves coupling the lightweight Cimel CE376 li-
dar, which provides measurements at 532 and 808 nm and
depolarization at 532nm, with a photometer to monitor
aerosol properties. The assessments, both algorithmic and
instrumental, were conducted at ATOLL (ATmospheric Ob-
servatory of Lille) platform operated by the Laboratoire
d’Optique Atmosphérique (LOA), in Lille, France. An early
version of the CE376 lidar co-located with the CE318-T
photometer and with a multi-wavelength Raman lidar were
considered for comparisons and validation. We developed
a modified Klett inversion method for simultaneous two-
wavelength elastic lidar and photometer measurements. Us-
ing this setup, we characterized aerosols during two distinct
events of Saharan dust and dust smoke aerosols transported
over Lille in spring 2021 and summer 2022. For validation
purposes, comparisons against the Raman lidar were per-
formed, demonstrating good agreement in aerosol proper-
ties with relative differences of up to 12 % in the depolar-
ization measurements. Moreover, a first dataset of CE376 li-
dar and photometer performing on-road measurements was
obtained during the FIREX-AQ (Fire Influence on Regional
to Global Environments and Air Quality) field campaign de-
ployed in summer 2019 over the northwestern USA. By lidar
and photometer mapping in 3D, we investigated the trans-

port of released smoke from active fire spots at William Flats
(northeast WA, USA). Despite extreme environmental con-
ditions, our study enabled the investigation of aerosol opti-
cal properties near the fire source, distinguishing the influ-
ence of diffuse, convective, and residual smoke. Backscatter,
extinction profiles, and column-integrated lidar ratios at 532
and 808 nm were derived for a quality-assured dataset. Ad-
ditionally, the extinction Angstrom exponent (EAE), color
ratio (CR), attenuated color ratio (ACR), and particle linear
depolarization ratio (PLDR) were derived. In this study, we
discuss the capabilities (and limitations) of the CE376 lidar
in bridging observational gaps in aerosol monitoring, provid-
ing valuable insights for future research in this field.

1 Introduction

Improving knowledge of the spatiotemporal distribution of
aerosols and their local, regional, and global impact, as well
as reducing the uncertainties in the aerosol properties, is fun-
damental to quantify their radiative impacts (Boucher et al.,
2013). Thus, following aerosol transport from the emission
sources and evaluating of their complex horizontal and ver-
tical distribution are therefore needed. Negative effects on
human health and the economy are attributed to aerosols as
well, increasing the demand for continuous air quality con-
trol to develop early-warning systems as more frequent and
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extreme environmental events are detected (Papagiannopou-
los et al., 2020; Seneviratne et al., 2021). Photometer and
lidar instruments are convenient tools to assess aerosol prop-
erties and their impact on climate. To this end, the devel-
opment of networks plays a key role in aerosol monitor-
ing. Some examples are the AERONET network (AErosol
RObotic NETwork; Holben et al., 1998) for photometers;
EARLINET (European Aerosol Research Lidar Network;
Pappalardo et al., 2014; Sicard et al., 2015), now part of AC-
TRIS ERIC (Aerosol, Clouds and Trace gases Research In-
frastructure; European Research Infrastructure Consortium),
for Raman lidars; and MPLNet (Micro-Pulse Lidar Network;
Welton et al., 2001) for micro-pulse lidars. Studies conducted
with multiple network sites allowed the assessment of the
variability in the aerosol properties at a regional level, like
dust outbreaks (Ansmann et al., 2003; Papayannis et al.,
2008; Lépez-Cayuela et al., 2023) or long-range transport
of biomass burning smoke episodes (Nicolae et al., 2013;
Adam et al., 2020). However, instruments at fixed sites are
restricted by their local conditions and position with respect
to the aerosol sources. Furthermore, some regions that are
difficult to access, such as oceans or mountains, remain unex-
plored. Thus, the deployment of mobile laboratories (aboard
ship cruises and airplanes or in cars) provided a solution
to fill these observational gaps in networks (Smirnov et al.,
2009; Tesche et al., 2009; Miiller et al., 2014; Bohlmann
et al., 2018; Popovici et al., 2018; Yin et al., 2019).

In recent years, the multispectral Sun—sky—lunar Cimel
CE318-T photometer (Barreto et al., 2016), widely used in
AERONET sites and designed by the Cimel company, has
been fully adapted for automatic Sun or lunar tracking dur-
ing movement aboard ships (Yin et al., 2019). The ship-
borne CE318-T photometer is operational and has continu-
ously provided aerosol optical depth (AOD) data since Jan-
uary 2021 aboard the Marion Dufresne research vessel in the
framework of the MAP-IO (Marion Dufresne Atmospheric
Program Indian Ocean). Likewise, the PLASMA (Pho-
tometre Léger Aéroporté pour la Surveillance des Masses
d’Air; Karol et al., 2013) photometer was developed ex-
clusively to track the Sun in movement and has been de-
ployed aboard aircraft and vehicles during field campaigns
(Popovici, 2018; Popovici et al., 2018, 2022; Hu et al,,
2019; Mascaut et al., 2022). The ship-borne CE318-T and
PLASMA photometers have been adapted and developed, re-
spectively, in the framework of AGORA-LAB, a common
Laboratoire d’Optique Atmosphérique (LOA)/Cimel labo-
ratory (https://www.agora-lab.fr/, last access: 24 October
2023).

Lidar systems are mostly large and complex and require
considerable space, regular maintenance, and controlled op-
erational conditions. Upgrades for mobile applications are
frequently linked to instrumental modifications and/or the
creation of adapted laboratory platforms or transportable
containers. Examples are the multiwavelength Polly*XT li-
dars, within the network PollyNET (Althausen et al., 2013;
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Engelmann et al., 2016), set up in temperature-controlled
containers for 24/7 operation, and the micro-pulse lidars
from MPLNet, which are automatic and compact systems
that can be easily transported. Studies conducted with lidars
aboard mobile vectors showed the possibilities of supporting
satellite-based observations (Burton et al., 2013; Warneke
et al., 2023) and air quality assessment in urban—rural tran-
sitions and complex topographies (Royer et al., 2011; Pal
et al., 2012; Dieudonné et al., 2015; Shang et al., 2018;
Popovici, 2018; Popovici et al., 2022; Chazette and Totems,
2023). Hence, a description of a compact and light mobile
system, which integrated a lidar and a Sun photometer was
first presented by Popovici et al. (2018). This unique sys-
tem, deployed by LOA, included the Cimel CE370 mono-
wavelength elastic lidar and the PLASMA Sun photometer.
For several field campaigns, the integrated system performed
on-road mobile measurements (Popovici et al., 2018, 2022),
showing the versatility of such a system for aerosol char-
acterization. For that reason, we propose the newest model
of Cimel lightweight lidar, the CE376 dual-wavelength lidar,
for the enhancement of aerosol properties.

The CE376 lidar measures attenuated backscatter profiles
at 532 and 808 nm and depolarization at 532 nm. Algorith-
mic and instrumental assessment took place at the ATOLL
(ATmospheric Observatory of LilLle) platform. METIS, an
early version of the CE376 lidar, has been continuously per-
forming observations since 2019. In addition, METIS is co-
located with a CE318-T photometer and with a high-power
multi-wavelength Raman lidar, LILAS (LIlle Lidar Atmo-
sphereS), part of ACTRIS ERIC, which are also considered
for comparison and validation. Multiple studies performed
on simultaneous two-wavelength lidar measurements pro-
posed inversion schemes by establishing a constant ratio be-
tween wavelengths, and/or requiring the aerosol extinction-
to-backscatter ratios, i.e., the lidar ratio (LR), to be known
a priori and constant (Potter, 1987; Ackermann, 1997, 1999;
Kunz, 1999; Vaughan, 2004; Lu et al., 2011). Therefore, we
propose an inversion scheme with a two-wavelength modi-
fied Klett inversion, using AOD and the extinction Angstrom
exponent (EAE) from the photometer to constrain the re-
trievals. Both forms of the Klett solution, backward and for-
ward integration (Weitkamp, 2005), are used according to de-
tection limits at each wavelength. Profiles of the EAE, color
ratio (CR), and particle linear depolarization ratio (PLDR)
are derived later. In addition, the attenuated total backscatter
and attenuated color ratio (ACR) are derived directly from
the measurements. Moreover, the aerosol retrievals are vali-
dated through comparison with LILAS Raman lidar, and we
establish the reliability of our results. Our study not only out-
lines the findings but also discusses the limitations and future
implications of our approach.

A first dataset of co-located CE376 lidar and photometer
mobile observations has been obtained during the FIREX-
AQ (Fire Influence on Regional to Global Environments and
Air Quality) field campaign organized over the northwest-
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ern US in summer 2019 (Warneke et al., 2018). This cam-
paign, led by NASA and NOAA, focused on investigating the
chemistry and transport of smoke from wildfires and agricul-
tural burning, in addition to the multiple in situ instruments
deployed in fixed platforms around the region and aboard
aircraft (Warneke et al., 2023). Remote sensing instruments
were installed in both stationary and mobile DRAGON pay-
loads (Distributed Regional Aerosol Gridded Observations
Networks; Holben et al., 2018). Thus, two mobile platforms
(two sport utility vehicles, SUVs) called DMU-1 and DMU-
2 (Dragon Mobile Unit) were equipped with lidars and pho-
tometers. The dual-wavelength CE376 lidar and ship-borne
CE318-T photometer were installed aboard DMU-1, and the
mono-wavelength CE370 lidar and PLASMA photometer
were installed on board DMU-2. Both DMUs performed on-
road mobile observations around major fire sources and were
able to follow the smoke plumes. Height-resolved optical
properties of fresh smoke aerosols close to active fire sources
were derived despite extreme environmental conditions (e.g.,
hot and dry ambient temperatures), which limited the perfor-
mance of the instruments. Hence, in this work, we present
aerosol properties mapped for selected case studies during
the William Flats fire in northeastern Washington State. Both
DMU-1 and DMU-2 are considered for the analysis. Notably,
our study provides 3D mapping and the temporal evolution
of aerosol properties, showcasing the relevance of coupling
the CE376 lidar and CE318-T photometer during this mea-
surement campaign.

The main objective of this work is to show the capabil-
ities of a compact dual-wavelength depolarization lidar to
assess the spatiotemporal distribution of aerosol properties,
particularly when it is aboard moving vectors and co-located
with a photometer. Thus, we explore both capabilities and
limitations of CE376 in detail, demonstrating how our study
contributes to filling observational gaps within aerosol mon-
itoring networks. This paper is organized as follows. The de-
scription of the instruments used is presented in Sect. 2. An
extensive description of the methodology applied to derive
aerosol properties, using the two-wavelength depolarization
lidar and photometer, is presented in Sect. 3. The result sec-
tion is divided in two parts; Sect. 4 provides the outcomes of
the algorithmic and instrumental assessments that occurred
at Lille, France. We present two case studies for events of
dust and dust—smoke transported over Lille and the valida-
tion of aerosol retrievals with comparisons against a Raman
lidar. Section 5 shows 3D mapping and the temporal evolu-
tion of aerosol properties using the dual-wavelength CE376
lidar and the CE318-T photometer mobile observations for
the first time. Case studies from the FIREX-AQ campaign
present the optical properties of fresh smoke aerosols close
to the source. Finally, Sect. 6 summarizes the results and
presents the conclusions and perspectives of this work. The
instrumental algorithmic limitations and the uncertainties are
discussed throughout the different sections.
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2 Remote sensing instrumentation

This section is dedicated to the description of the mobile
remote sensing instruments used in this study. Section 2.1
presents the new Cimel CE376 lidar with up to two wave-
lengths and depolarization channels. Section 2.2 describes
the two photometers that were integrated to mobile systems
to derive aerosols optical properties.

2.1 Lidars

The CE370 lidar is an eye-safe micro-pulse lidar (Pelon et al.,
2008; Mortier et al., 2013; Popovici et al., 2018) operating
at 532 nm with 20 uJ pulse energy at 4.7 kHz repetition rate
(Table 1). The CE370 is designed with a shared transmitter—
receiver telescope connected through a 10 m optical fiber to
the control and acquisition system. The backscattered signal
is detected by photon counting with an avalanche photodi-
ode (APD). The CE370 lidar was designed by Cimel Elec-
tronique to monitor aerosol and cloud properties up to 15—
20km, with a vertical resolution of 15 m. For several field
campaigns, the CE370 lidar that embarked on mobile plat-
forms has demonstrated the viability to characterize vertical
aerosol properties in movement (Popovici et al., 2018, 2022).
Therefore, the latest lidar model, CE376, operable up to two
wavelengths, is proposed to replace the CE370 lidar and con-
tinue the developments towards mobile aerosol monitoring
(https://www.cimel.fr/solutions/ce376/, last access: 24 Octo-
ber 2023). In comparison to the CE370, the CE376 lidar is
designed to support up to two wavelengths and depolariza-
tion measurements within different model configurations (G
is for green; GP is for green polarized; GPN is for green po-
larized near-infrared; N is for near-infrared). In this study, we
use the CE376 GPN (green polarized near-infrared) model
that is described as follows.

The CE376 GPN lidar is an autonomous, lightweight, and
compact micro-pulse lidar. The lidar operates at two wave-
lengths, 532 and 808 nm, with 5-10 and 3-5uJ pulse en-
ergy, respectively, at a repetition rate of 4.7kHz (Table 1).
Measurements of elastic backscattered light at both wave-
lengths and depolarization at 532 nm are acquired. For both
systems used in this work (METIS and FIREX-AQ), the laser
source at 532nm has been replaced with one of a higher
pulse energy (not eye-safe) to increase the signal-to-noise
ratio (SNR). The emission—reception design consists of two
Galilean telescopes in a biaxial configuration. The simplified
2D layout of the lidar system is presented in Fig. 1. Light
pulses at 532nm from a frequency-doubled Nd:YAG laser
source are transmitted through an arrangement of dichroic
mirrors and collimation lenses on the green emission sys-
tem. Similarly, a simplified optical system including a pulsed
narrow bandpass laser diode source (manufactured by DI-
LAS laser diodes; now coherent), optical fiber, and collima-
tion lenses emits light pulses in the near-infrared (NIR) at
808 nm (linewidth 0.4 nm). The elastic backscattered light
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Table 1. System specifications for the mobile lidars.

M. F. Sanchez Barrero et al.: Enhancing mobile aerosol monitoring with CE376 dual-wavelength lidar

Cimel CE370? Cimel CE376 GPN
Wavelength 532 nm 532 nm 808 nm
Laser source Frequency doubled Nd : YAG | Frequency doubled Nd: YAG  Pulsed laser diode
Pulse energy 20uJ 5-10uJ (15-20 uJ)® 3-5uJ
Repetition rate (pulse width)  4.7kHz (20 ns) 4.7kHz (20 ns) 4.7kHz (186 ns)
Emission/reception (E/R) Coaxial Biaxial Biaxial
Telescope (E/R) Galilean Galilean Galilean
Diameter (E/R) 200 mm 100 mm/100 mm 100 mm/100 mm
Half field of view (E/R) 55 prad 100 prad/120 prad 240 prad/330 prad
Depolarization No Yes No

@ Cimel CE370 is no longer commercially available. b Systems used in this work had higher pulse energy.

N e
||I |

Green Emission

B -:[ NIR Reception NIR Emission

Green Reception

APD

APD

APD

Size: 65 x45x 71 cm
Weight ~ 35 kg < lens

|\ Optical fiber

- Filter
HWP -- Half-Wave Plate
PBS -— Polarizer Beam-Splitter

™ Mirror F—-

E -- Electronic card

Figure 1. CE376 GPN lidar and its 2D design. The optical design of the biaxial systems at 532 nm (green emission/reception) and 808 nm
(NIR emission/reception) and layout of the control/acquisition system through electronic cards are shown in a simplified plan. Source:

https://www.cimel.fr/solutions/ce376/ (last access: 21 November 2023).

is collected, collimated, and filtered in the reception at each
emitted wavelength and detected with APDs in photon count-
ing mode. Electronic cards developed by Cimel communi-
cate with the control and acquisition software.

Linear depolarization measurements at 532 nm are also ac-
quired by separation in the parallel (co-polarized) and per-
pendicular (cross-polarized) components of the backscat-
tered light using a polarizing beam-splitter cube (PBS) in
the reception. The PBS is a Thorlabs CCM1-PBS25-532 de-
vice with reflectivities Rp and Ry and transmittances 7, and
Ts (subscripts p and s for parallel and perpendicular polar-
ized light with respect to the PBS incident plane). A manu-
ally rotating mount with half-wave plate (HWP) in front of
the PBS controls the polarization angle of the incident light
with a precision of 2°. Measured signals behind the PBS on
the reflected and transmitted branches are named parallel (/)
or perpendicular (L), according to the reception configura-
tion. More details on the depolarization measurements can
be found in Sect. 3.1.1.

Atmos. Meas. Tech., 17, 3121-3146, 2024

For mobile applications, the CE376 lidar is coupled with
a GPS module to derive the exact position during measure-
ments. The integration of the geolocation and lidar observa-
tions is accounted for in the data pre-processing, as described
in Sect. 3.1.2.

2.2 Photometers

The Cimel CE318-T photometer has been adapted for mo-
bile applications. The PLASMA photometer has been devel-
oped exclusively for mobile observations. Both instruments
follow and meet the AERONET standards and are included
in automatic data processing chains. Therefore, automatic
near-real time (NRT) aerosol properties are retrieved (https:
/laeronet.gsfc.nasa.gov/, last access: 23 October 2023) with-
out cloud screening as data level 1.0 and with cloud screening
as data level 1.5. It is important to note that AERONET cloud
screening was formulated for stationary instruments, and
some additional uncertainty in the cloud screening technique
may either identify thin clouds as aerosols, or vice versa, es-
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pecially in the presence of smoke or dust plumes. Further-
more, cirrus cloud screening employed by AERONET Ver-
sion 3 may be further limited (Giles et al., 2019). After cal-
ibration, quality-assured data at level 2.0 are also acquired
(Smirnov et al., 2000; Giles et al., 2019). In this work, data
level 2.0 is used for stationary measurements (Sect. 4), and
data level 1.5 is used for mobile measurements (Sect. 5).
Both photometers are used in this work and are briefly de-
scribed below.

The Sun-sky-lunar Cimel CE318-T photometer devel-
oped by Cimel Electronique (Barreto et al., 2016) per-
forms both daytime and nighttime observations. Direct so-
lar/lunar measurements are collected automatically through
nine channels (340, 380, 440, 500, 670, 870, 936, 1020,
and 1640 nm), deriving spectral AOD with an accuracy of
0.01. EAE is determined by pairs of AOD values at dif-
ferent wavelengths, providing information on the size dis-
tribution of aerosols (Kusmierczyk-Michulec, 2002). More-
over, multi-angular sky radiance measurements are acquired
in the almucantar plane during daytime. Aerosol microphys-
ical properties, such as the volume size distribution (VSD),
complex refractive index, and single-scattering albedo can
be also derived through inversion procedures (Dubovik and
King, 2000). In the last few years, the photometer has been
adapted for mobile measurements aboard cruise ships to
cover oceans. The ship-borne CE318-T described by Yin
et al. (2019) and developed at LOA, in the framework of
AGORA-Lab, enables AOD acquisition during movement.
The system is coupled with a compass and GPS modules,
obtaining information on the date, time, geolocation, head-
ing, pitch, and roll to target the Sun/Moon continuously. With
the help of an accelerated tracking feedback loop, the system
switches to its regular tracking mode to improve measure-
ment quality. Downward sky radiances are also measured
with additional information (from GPS and a compass) for
each almucantar angle to have accurate knowledge of the ob-
servation geometry. The ship-borne CE318-T has been op-
erational and continuously measuring since January 2021 on
board the Marion Dufresne research vessel, as part of MAP-
10 (Marion Dufresne Atmospheric Program — Indian Ocean)
project (http://www.mapio.re, last access: 9 October 2023).
Likewise, a second instrument with upgraded software has
been installed, and it has been performing measurements
since April 2023 aboard Marion Dufresne. In this paper, we
will show the integration of the CE318-T photometer and
CE376 lidar with measurements at a fixed location (Sect. 4)
and for the first time on board a car during FIREX-AQ cam-
paign (Sect. 5).

The sun-tracking photometer, PLASMA, developed by
LOA and SNO/PHOTONS, has the capability of perform-
ing direct solar radiation measurements during movement.
The instrument is easy to set up and transport due to its light
and compact design (~5kg and 23 cm height). PLASMA
has nine spectral channels at 339, 379, 440, 500, 674, 870,
1019, and 1643 nm and 937 nm for water vapor measure-
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ments. Spectral AOD with an accuracy of 0.01 and EAE are
derived from the direct solar radiation measurements (Karol
et al., 2013). A more detailed description of the instrument
and its application to airborne measurements are presented
by Karol et al. (2013). PLASMA, on board an aircraft dur-
ing AEROMARINE field campaign at Réunion island (Mas-
caut et al., 2022), shows the alternative use of the instru-
ment to obtain AOD and EAE vertical profiles during the
aircraft’s ascendent/descendent trajectories. The integration
of PLASMA and CE370 lidar performing on-road mobile
measurements (Popovici et al., 2018, 2022; Hu et al., 2019)
has been carried out during several campaigns. Likewise,
PLASMA and CE370 lidar were coupled to perform mobile
measurements during the FIREX-AQ campaign (Sect. 5).

3 Methodology

In this article, we describe extensively the methodology ap-
plied to derive aerosol optical properties from measurements
of the CE376 GPN lidar, simply named CE376 hereafter. De-
tailed descriptions of the methods and corrections applied
to the mono-wavelength CE370 lidar can be found in previ-
ous works (Pelon et al., 2008; Mortier et al., 2013; Popovici
et al., 2018). For this study, two early versions of CE376 are
used, with one performing continuous observations at Lille,
France, and the other installed on board a mobile platform
during the FIREX-AQ field campaign. Data treatment and
quality assurance for both types of measurements, a fixed
location, and an on-board mobile platform follow the same
steps, with exceptions mainly for the determination of molec-
ular contributions.

In this section, details from pre-processing to aerosol op-
tical property retrievals are presented. Section 3.1 describes
the atmospheric parameters derived directly from the obser-
vations. The volume linear depolarization ratio (VLDR) is
described in Sect. 3.1.1. The total attenuated backscatter is
described in Sect. 3.1.2, and the ACR definition is presented
in Sect. 3.1.3. Section 3.2 presents the inversion methods
applied to obtain aerosol optical properties. The methodol-
ogy described below is summarized with a block diagram in
Fig. 2, showing the atmospheric optical properties derived
from the CE376 and CE318-T measurements.

3.1 Lidar data processing

The light backscattered by molecules and aerosols at a
distancer from the lidar is collected by a telescope and de-
tected by photon counting with an APD. Considering the
lidar equation (Kovalev and Eichinger, 2004; Weitkamp,
2005), the detected elastic backscattered signal can be de-
scribed as Eq. (1).

RCS(A,7r) = Cp . [Bun(X, ) + Ba(A, 1)]
X T2, T2 (A, 1) (1)
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Figure 2. Block diagram of the methodology combining measurements from the CE376 lidar and CE318-T photometer.
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The range-corrected signal (RCS) (Ph s~ m?) is the de-
tected signal after background, range dependence (r2), and
overlap O(r) corrections. RCS profiles are obtained for
each detection channel of the CE376, i.e., for co- (paral-
lel) and cross-polarized (perpendicular) signals at 532 nm,
RCS(532//,r) and RCS(532 L, r), respectively, and total
signal at 808 nm, RCS(808, r). The right-hand side of Eq. (1)
is therefore described only in terms of atmospheric optical
properties correlated to the measured signal RCS through a
calibration constant Ct, ; (in Ph s~ 'm3sr). The term B(r) is
the backscatter coefficient (m~!sr=1). 72(x,r) is the non-
dimensional two-way atmospheric transmittance defined in
Eq. (2), where a(r) is the extinction coefficient (m~!). Sub-
scripts m and a represent contributions of molecules and
aerosols, respectively. Background noise and overlap correc-
tions at each detection channel are applied in the same way as
for CE370 lidar and are described in previous works (Pelon
et al., 2008; Mortier et al., 2013; Popovici et al., 2018).

The integral [joa(r,r')dr’ in Eq. (2) is also known as
AQOD, and it is directly measured by photometer for the to-
tal atmospheric column. Therefore, hereafter subscripts ph
and lid will be used to differentiate optical properties from
photometer and lidar, respectively. The AODypy for the lidar
wavelengths, 532 and 808 nm, are interpolated by follow-
ing the ;\ngstr(jm law using AODpy, at 440nm and EAE,
(440/870 nm).

The main sources of uncertainties in the RCS profiles
come from the overlap correction in the lower troposphere
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and from the background irradiance in the higher atmo-
sphere (Sassen and Dodd, 1982; Welton and Campbell, 2002;
Guerrero-Rascado et al., 2010; Popovici et al., 2018; Sicard
et al., 2020; Cérdoba-Jabonero et al., 2021). For RCS at
532 nm from both CE376 systems used in this work, con-
siderable underestimations in the incomplete overlap region
(<2.5km) are observed for temperatures below 17 °C and
above 35 °C, adding an error into the lower range of the pro-
files. The profiles RCS(532 L,r) and RCS(808,r) are the
most affected by the solar background, reducing the detec-
tion limits by day. The relative error induced by the APD in
photon counting mode is less than 5 %.

For mobile observations, a GPS module is coupled to the
CE376 lidar. The geolocation is measured with high tempo-
ral resolution (1s). For each RCS profile, we determine its
latitude, longitude, and altitude above sea level (a.s.l.) by
comparing recorded times for both GPS and lidar. We derive
the velocity of the mobile platform from the geolocation and
time to flag the stationary and mobile measurements for fur-
ther analysis. In Sect. 5, case studies of mobile observations
within a complex topography are presented. Thus, we paid
special attention to pairing the geolocation and RCS profiles
to properly assess the complexity of the terrain.

3.1.1 Volume linear depolarization ratio

The total RCS and VLDR, §Y(r), at 532 nm are derived fol-
lowing the methods described by Freudenthaler et al. (2009).
Rotating the HWP, the angle ¢ between the plane of polar-
ization of the laser and the incident plane of the PBS can be
changed for two arrangements (¢ =0 or 90°). For commer-
cial PBS cubes (Rs > Rp and Tp, > T;), the system configu-
ration at ¢ =0° is defined when the parallel polarized signal
is measured in the transmitted branch of the PBS. Moreover,
to reduce noise and errors from cross-talk effects, the con-
figuration ¢ =90° can be also considered. The relative am-
plification factor V* is calculated using the 4= 45° calibration
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(Freudenthaler et al., 2009) under cloud-free and stable at-
mospheric conditions.

The HWP rotates the angle of the incident polarization
plane ¢ by means of 20 with a 6 precision of 2°. The error in-
duced by the uncertainty in ¢ represents less than 5 % of the
error in V* for VLDR values up to 0.3 (Fig. 2; Freudenthaler
et al., 2009). Moreover, to improve depolarization measure-
ments, wire grid polarizers can be added to the PBS to reduce
the cross-talk. However, additional errors during the calibra-
tion and in regular measurements can come from polariz-
ing optical components that need detailed characterization
(Freudenthaler, 2016) and which are not considered in this
work. For current versions of the CE376, a motorized PBS
mount is integrated.

3.1.2 Total attenuated backscatter

For quality assurance of lidar profiles, we follow the standard
Rayleigh fit procedure (Freudenthaler et al., 2018), mean-
ing that we normalize RCS(X,r) to the molecular profile
Bm(X, r)Tnz1 (A, r) at a distance rref, Where we assume a free-
aerosol zone, i.e., B,(A, ref) = 0. The molecular backscat-
ter coefficients S (X, r) and the two-way molecular trans-
mittance Tn% (A, r) are calculated using the pressure and tem-
perature profiles from standard atmosphere models or from
available radiosonde data. This method is recurrently applied
to signals from each channel of the CE376, especially during
night time when SNR is higher. Moreover, we use the same
considerations to determine the calibration constant Cr, ; for
total signals RCS(532,r) and RCS(808, r). Hence, Eq. (3)
can be derived from Eq. (1).

CLo =RCSCu i) [ [ B, e TG e TG 1) 3)

The aerosol transmittance term Ta2 (A, rref) can be calcu-
lated if AODyy, is available. Assuming that no aerosols are
present above rrf, we have Taz(k, Fref) = €Xp(—2A0Dpn (4)).
If there are no changes in the lidar system configuration, the
CL,; stability over time is mainly controlled by the laser en-
ergy and the opto-mechanical stability. Then the total attenu-
ated backscatter By (A, r) is defined by Eq. (4).

Bar(A,r) =RCS(A,r)/CL “4)
3.1.3 Attenuated color ratio

The CR, defined as the ratio of aerosol backscatter at two
different wavelengths, has been used to discriminate clouds
from aerosol layers and eventually for aerosol-typing (Omar
et al., 2009; Burton et al., 2013; Wang et al., 2020; Qi
et al., 2021). In particular, CALIPSO (Cloud—Aerosol Li-
dar and Infrared Pathfinder Satellite Observation) algorithms
use the layer mean total attenuated backscatter as a first
approximation of the aerosol backscatter B, =[1/ (rtop —
Tbase) ] fggfeﬁan(r/ )dr’ and define the layer-integrated atten-
uated color ratio as x' = B,,(1064)/B,:(532). Then both
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layer-integrated features are used for the classification of
stratospheric aerosols (Vaughan et al., 2004; Omar et al.,
2009; Kim et al., 2018). Similarly, the attenuated total
backscatter corrected by the two-way molecular transmit-
tance term is considered a first approximation of the aerosol
backscatter. Therefore, the ACR for all the ranges is defined
by Eq. (9).

Bate (808, 1) T, 2(808, 7)
Ba (532, 1) T 2 (532, 1)

_ [Bm(808,r) + Ba(808,7)]
[Bm(532,7) 4 Ba(532,1)]

ACR(r) =

r

X exp(—Z/[aa(SO& r') — o, (532, r)]dr") 5)
0

The ACR contains information of molecules and aerosols
and mostly provides insights into the aerosol size. For a
purely molecular atmosphere, the ACR is reduced to the ra-
tio of molecular backscatter coefficients and ACR ~ 0.19.
Clouds are generally composed of large particles, compared
to the lidar wavelengths, so the backscatter and extinction co-
efficients are not expected to show spectral variation. There-
fore, ACR values for clouds are likely to be close to 1. As-
suming that only one type of aerosol is present and homo-
geneously distributed in the atmospheric column, the expo-
nential term goes nearly constant, and the ACR is controlled
by the ratio 8,(808, r)/B.(532, r). Under this rough assump-
tion, ACR values for aerosols are between 0 and 1, with low
values for fine aerosols and close to 1 for large particles.

3.2 Aerosol optical properties

By solving the Eq. (1) and assuming a constant LR, we de-
rive Ba(A, r), as in Eq. (6) (Weitkamp, 2005), which is well-
known as Klett solution (Klett, 1985). A constant extinction-
to-backscatter ratio of 8z /3sr for molecules at all wave-
lengths is considered. For mobile measurements, we also
consider surface altitude (a.s.l.) for each RCS profile to
model correctly the molecular profiles, B (A, r) and oy (Ar).

RCS(A,r)
xexp|: —2(LR(A) —87/3)

.
X [ Bm(, r/)dr’]
T
RCS(A,rp)
ﬂa(}»,rb)-ri'ﬂm()»,rb)

—2LR(%) [RCS(, 1)
o

ﬂa()"vr) =

—Bmr,r)  (6)

xexp|: —2(LR(A) —87/3)

h
xf,Bm(k,r”)dr”:Idr’
o
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The boundary conditions are given by the position of ry,
and therefore, two forms of the Klett solution are spec-
ified. The far end with backward integration given by
rp = rret 1S well known as the backward (BW) solution
and takes the same considerations as for the Rayleigh fit
(Sect. 3.1.2). It is the most used form of the Klett solu-
tion, but it has an obvious difficulty when defining ryes.
The near-end solution with a forward integration or forward
(FW) solution is given by ry, = r,, where r, is close to the
ground. Thus, the total backscatter is S, (A, 7o) + Bm (A, 7o) =
Bart(X,10)/ Trrzl(k,ro)Taz(k, o), assuming that aerosol trans-
mittance close to the ground is roughly 1. Due to the in-
complete overlap and the lidar’s instability, especially for
high power and complex systems, the FW solution is usu-
ally not considered. However, it can be applied to measure-
ments from ceilometer-type systems like the 808 nm chan-
nel of CE376, which has available measurements close to the
ground and a stable configuration. On the other hand, the ef-
fective LR can be derived, for both BW and FW, based on
iterative calculation of the solution and constraint by avail-
able AODpp, (Mortier et al., 2013).

During nighttime measurements, the detection limits (us-
ing SNR=1.5 on 30 min averaged profiles) for all CE376
channels is higher than 10km, so we can usually meet an
aerosol-free zone (rr.r) for both 532 and 808 nm wavelengths.
Therefore, the BW Klett solution can be applied for both
wavelengths. Nevertheless, during daytime, the strong so-
lar background light limits the detection to ~ 10km and be-
low 4km for 532 and 808 nm, respectively. Thus, the BW
Klett solution for 532nm can still be applied but not for
808 nm. However, the blind zone and complete overlap are
below 150 m and ~ 1 km, respectively, for 808 nm, which is
in contrast with 400 m and ~ 2.5 km, respectively for 532 nm.
Therefore, we consider the FW Klett solution to be suit-
able for RCS profiles at 808 nm during daytime. Taking all
these considerations into account, we propose a modified
two-wavelength inversion scheme as follows:

a. A BW Klett solution is applied to RCS total signals
and constrained by AODj, at both wavelengths 532 and
808 nm. The rr for each wavelength is searched au-
tomatically within a threshold a priori defined (e.g., 6
to 10 km) and determined by minimizing the root mean
square error with respect to the molecular signal. We
derive LR()), Ba(Ar), and oy (Ar) at both wavelengths.

b. A FW Klett solution (when rer(532) > ri;;n (808)) is ap-
plied to RCS at 808 nm if the 7t determined for 532 nm
is higher than the detection limit (7};,) for 808 nm. We
constrain the solution by an estimated AOD at 808 nm
(AODeggt). AODggt, defined in Eq. (7), is derived from the
lidar retrievals at 532 nm and the interpolated EAE,, for
the pair of wavelengths 532 and 808 nm.
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Tlim

08\ ~EAEpn
AOD¢(808) = faa(532,r)dr (ﬁ) @)

ro

c. An extinction Angstrt‘)m exponent profile (EAEjq)
is derived from 2a,(Ar) and defined as EAEjjq(r) =
(—In[oa(532,7) /24 (808, r)])/In[532/808]. This pa-
rameter gives insights into the vertical distribution of
the aerosol size; EAE values close to O indicate the
dominant presence of coarse-mode aerosols, and values
higher than 1 are related to the fine-mode aerosols.

d. The color ratio (CR) is defined as the ratio between
the aerosol backscatter at 808 and 532nm CR(r) =
Ba(808,7)/Ba(532,r), and it is described in Sect. 3.1.3,
along with the ACR.

e. The particle linear depolarization ratio (PLDR) is de-
fined by Eq. (11), where the molecular depolarization
ratio 8™ is the theoretical value according to the band-
width of the filter in front the half-wave plate in a CE376
system (8™~ 0.004). R = (Ba(r) + Bm(r))/Bm(r) is
known as the backscatter ratio, and §¥ () is the VLDR
profile derived directly from depolarization measure-
ments (Sect. 3.1.1). Furthermore, PLDR gives insights
into the vertical distribution of the aerosol shape; low
values (close to 0) indicate the predominant presence
of spherical aerosols. Values above 0.20 correspond to
the predominant presence of non-spherical aerosols like
dust or ice crystals in cirrus clouds.

[148T18V(r)R(r) —[1+8"(r)]6™

SP(r) =
= T MRe) — (1670 ®

A first evaluation of uncertainties at each step in the data
processing is approached using first-order derivatives. Thus,
error propagation guidelines presented in the literature were
followed (Russell et al., 1979; Sasano et al., 1985; Kovalev,
1995, 2004; Welton and Campbell, 2002; Morille et al., 2007;
Rocadenbosch et al., 2012; Sicard et al., 2020). The main
error sources are related to the overlap function estimation,
background noise, lidar constant, and depolarization calibra-
tions. Therefore, standard deviations from the overlap func-
tion and calibrations are considered and propagated from the
RCS and VLDR to the aerosol retrievals. The uncertainty
into the LR is roughly estimated by the convergence within
the AOD uncertainties (0.01) in the iterative Klett solution.
Errors in the molecular optical properties are negligible. Fur-
thermore, relative errors greater than 15 % in the extinction
coefficients at both wavelengths result in absolute uncertain-
ties above 0.5 in EAE (Hu et al., 2019).

The data processing and inversion scheme presented in
this section are the first steps towards near-real-time obser-
vations integrating the CE376 lidar and CE318-T photome-
ter. Therefore, the capabilities for continuous monitoring of
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aerosol properties in fixed and mobile observatories are en-
hanced and presented through case studies in the following
sections.

4 Atmospheric observations at Lille, France

In this section, we present the analysis and validation of data
from an early version of the CE376 lidar, which is opera-
tional at a fixed location in the metropolitan area of Lille,
France. In Sect. 4.1, a description of the site and instruments
used for this study are presented. Selected case studies and
validation of optical properties derived from the CE376 mea-
surements presented through comparisons with a reference
lidar are presented in Sect. 4.2.

4.1 ATOLL observatory

METIS is an early version of CE376 that is continuously
performing at ATOLL at the University of Lille (50.61°N,
3.14°E; 60 ma.s.1.). The platform is also equipped with on-
line in situ and other remote sensing instruments providing
valuable information on aerosol properties and cloud—aerosol
interactions. The ATOLL platform is one of the AERONET
calibration centers, and it is an ACTRIS ERIC facility.
The location is mainly influenced by urban—industrial emis-
sions, marine aerosols (~80km from the nearest coast),
and seasonal pollen outbreaks (Veselovskii et al.,, 2021).
Likewise, events of long-range transport impact the region
with aerosols from Saharan mineral dust storms (Veselovskii
et al., 2022), North American wildfires (Hu et al., 2019,
2022), and volcanic eruptions (Mortier et al., 2013).

METIS has been operational at the ATOLL platform since
2019 in the framework of AGORA-Lab. METIS depolar-
ization measurements setup currently follows a configura-
tion with ¢ =90°, measuring the parallel component on the
PBS reflected branch. Wire grid polarizers behind the PBS
branches are used to reduce the cross-talk in the signals
(Tp~1, Ty~0 and R, ~0, Ry~ 1). The continuous mea-
surements are ensured by setting the lidar in a temperature-
controlled room and using a high-transmittance glass on the
roof. Moreover, METIS is collocated with a CE318-T pho-
tometer and with LILAS ACTRIS lidar, which are both con-
sidered for this study.

LILAS is a high-powered Mie—-Raman depolarization—
fluorescence lidar that has been developed and upgraded
by LOA and Cimel since 2013. From its simultane-
ous multiple wavelength measurements, the following in-
dependent height-resolved optical properties are derived:
three backscatter (355, 532, and 1064 nm), two extinction
(355 and 532 nm), three particle depolarization ratio (355,
532, and 1064 nm), and one fluorescence backscatter (at
466 nm) profiles. A detailed description of the LILAS sys-
tem, retrievals, and uncertainties can be found in previ-
ous works (Bovchaliuk et al., 2016; Hu et al., 2019, 2022;
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Veselovskii et al., 2022). The aerosol optical properties de-
rived with METIS at 532 nm are validated by intercompar-
isons with LILAS.

Molecular coefficients are modeled using radiosonde
measurements from three stations near Lille, depending
on availability. Beauvechain (50.78°N, 4.76°E; Belgium)
and Herstmonceux (50.90°N, 0.32°E; England) from the
Wyoming University database (https://weather.uwyo.edu/
upperair/sounding.html, last access: 23 October 2023) and
Trappes (48.77° N, 1.99°E; France) from the Météo-France
database (https://donneespubliques.meteofrance.fr/, last ac-
cess: 23 October 2023). Beauvechain is the closest site, about
120 km away from Lille, Herstmonceux is 200 km away, and
Trappes is 240 km away from Lille.

4.2 Continuous observations and comparisons with
reference lidar

Since the installation of METIS at ATOLL, several stud-
ies and instrumental assessments have taken place in or-
der to improve mainly the depolarization measurements.
From the first comparisons of METIS and LILAS, an impor-
tant bias between depolarization measurements was detected
(> 20 %). The roof glass window was tempered, had an anti-
reflective coating, and suffered from deformations due to its
size and weight. All of these aspects created biases in the
depolarization measurements. Currently, a frame designed to
contain four windows has been installed instead and avoids
deformations due to the glass weight. The glass material was
also changed to an extra-clear glass, and the windows are at-
tached to the frame using silicone in order to avoid adding
stress to the glass.

In the following case studies, continuous observations of
METIS and comparisons with LILAS are presented with
METIS under two different conditions of measurement. The
first case is METIS without a roof window during an event of
Saharan dust transported over Lille in spring 2021. The sec-
ond case is METIS in the current configuration for continu-
ous measurements during a recent event of dust and smoke
transported over Lille in summer 2022.

4.2.1 Saharan dust transport over Lille (31 March to
2 April 2021)

Saharan dust layers transported over Lille are frequently ob-
served and monitored with both METIS and LILAS. One
of these events took place from 31 March to 2 April 2021.
An overview of the METIS and photometer measurements
is presented in Fig. 3. During this event, the roof window
of METIS was open on 1 April beginning at 07:00 UTC and
represented by the dotted black line in Fig. 3a and b. The
impact of the roof window on the depolarization measure-
ments can be observed, as VLDR values are higher by 0.02
when METIS is used with the roof window. For this case,
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Figure 3. Overview of synergetic measurements of METIS lidar
and CE318-T photometer during an event of Saharan dust transport
from 31 March 2021 to 2 April 2021. Height-temporal variation in
panel (a) is Ba at 808 nm, (b) VLDR is at 532 nm, and (c) the time
series of AODpp at 532 and 808 nm with EAEy (532/808 nm) as
derived from the photometer. The dashed black line in panels (a)
and (b) indicates the change in the measurements conditions for
METIS lidar.

only VLDR values without window are considered for anal-
ysis.

The dust event had a period of strong aerosol loading
during the night of 31 March 2021 to the afternoon of
1 April 2021. Intrusions of aerosol layers between 1.5 and
8kma.s.l. were observed, with high VLDR values, on av-
erage 0.20£0.04 (1 April 2021 at 07:00-19:00 UTC), indi-
cating the presence of non-spherical aerosols. AODpy, val-
ues at 532 and 808 nm increase up to 1 and 0.9, respectively.
EAE,;, (532/808 nm) decreases from 1.4 to 0.2 and is asso-
ciated with the increase in the coarse-mode particles con-
centration. Additionally, the VSD derived from photometer
observations during 1 April 2021 (Fig. 4) shows the strong
predominance of aerosols in the coarse mode with an effec-
tive radius of 1.7 um. Thus, with the identified non-spherical
coarse particles, the presence of dust is suggested and cor-
roborated by ancillary analysis using back-trajectories (not
shown here). Towards the night of 1-2 April 2021, the dust
layers slowly vanish, while a peak of pollution develops close
to the surface. A shallow boundary layer (<500m) with
a strong inversion at the top constrains the mixing of dust
within the boundary layer. During the day of 2 April, the
EAEph (532/808 nm) increases up to 1.5, and the VLDR de-
creases below 0.1.

For comparisons of METIS and LILAS, averaged pro-
files on 1 April between 20:00 and 22:00 UTC were used
when Raman measurements from LILAS were available.
Aerosol optical properties were derived with the modified
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Figure 4. VSD derived from CE318-T photometer sky almucantar
measurements during 1 April 2021 at ATOLL. Data are level 2 from
AERONET version 3 algorithms (Sinyuk et al., 2020).

two-wavelength method for METIS CE376 lidar, and Raman
inversion is used for LILAS. Molecular coefficients were cal-
culated using the radiosonde data taken at 00:00 UTC on
2 April 2021 from the station Herstmonceux. Lunar measure-
ments were not acquired until later that night, so the two clos-
est pairs of AODp, were considered to constrain the inversion
for METIS on 1 April 2021 at 17:50 and on 2 April 2021 at
00:45 UTC. Hence, backscatter and extinction profiles at 532
and 808 nm for METIS and at 532 nm for LILAS were re-
trieved and are presented in Fig. 5a and b. VLDR and PLDR
at 532nm for both lidars are also compared (Fig. 5c), as
well as LR (Fig. 5f). The ACR and CR of 808-532 nm from
METIS are presented (Fig. Se), as well as EAE (532/808) nm
from METIS and the photometer (Fig. 5d). The first 2 km of
the RCS at 532 nm are influenced by relative errors of 5 %
at 2km going towards 20 % at 500 m due to the overlap es-
timations. In the case of RCS at 808 nm, the influence of the
overlap error goes from 5 % at 1 km towards 10 % at 150 m.
Therefore, to avoid artifacts in the retrievals, RCS values
below 500 m are considered constant for both wavelengths.
Likewise, PLDR, EAE, and CR values are not shown when
the aerosol backscatter at 532 nm is less than 0.3 Mm ™! sr~!
and below 500 m.

Backscatter and extinction profiles comparisons show
good agreement between the Cimel CE376 elastic lidar and
LILAS Raman lidar. The differences in the extinction ob-
served are related to the constant LR of 54 & 3 sr for METIS
retrievals at 532 nm. From the profile of LR at 532 nm for
LILAS (Fig. 5f), we can see that the first layer between 1.5—
3kma.s.l. is 48 sr on average, which is in contrast with 72 sr
for the second layer between 3.3—4.7 kma.s.l. Thus, a better
agreement in the lower layer than within the second layer, es-
pecially for extinction coefficients, is observed. From METIS
retrievals, the first layer extinction values are on average
61+ 14 and 524+ 10 Mm~! at 532 and 808 nm, respectively.
Extinction values in the second layer are in contrast slightly
lower, with 43 +3 and 35+ 6Mm~! at 532 and 808 nm, re-
spectively. The LR at 808 nm that resulted from the retrievals
is 69 £ 4 sr. Absolute differences up to 0.03 for the METIS
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Figure 5. Aerosol optical properties derived from METIS CE376 lidar and intercomparison with LILAS Raman lidar retrievals for the
averaged measurements between 20:00 and 22:00 UTC on 1 April 2021. Vertical profiles of (a) backscatter, (b) extinction, and (f) LR at
532 and 808 nm for METIS and at 532 nm for LILAS; (¢) VLDR and PLDR at 532 nm for METIS and LILAS; (d) EAE (532/808 nm) from
METIS and the two closest values from photometer given in dashed red lines; and (e) ACR and CR (808/532 nm) for METIS.

PLDR profile with respect to LILAS are observed. METIS
shows VLDR and PLDR values within the two layers of
0.14 £0.02 and 0.36 £ 0.05, respectively, which is compa-
rable to values reported in previous works for Saharan dust
transport (Ansmann et al., 2003; Haarig et al., 2022; Floutsi
et al., 2023). Lower EAE values (0.4) were observed for the
first layer compared to 0.5 for the second layer. The ACR
(808/532nm) and CR (808/532 nm) profiles show values of
0.42 £ 0.05 and 0.69 £ 0.14, respectively, for the lower layer
and 0.38+0.04 and 0.65+0.12 at the second layer. These
results suggest the presence of two different air masses with
larger dust aerosols in the lower layer, which is also shown
in the LR profile from LILAS lidar.

METIS showed PLDR values 10 % higher than LILAS un-
der the same operational conditions. This bias comes from
differences in the optical design proper to the instruments and
that METIS uses a manual half-wave plate for the polariza-
tion calibration, while LILAS uses a motorized PBS mount
with an obvious higher precision.

4.2.2 Saharan dust and smoke transport over Lille
(17 to 20 July 2022)

Several heat waves crossed Europe during spring—summer
2022, meaning that air masses from the equatorial region
(North Africa) moved northwards, pushing temperatures up
in several areas, especially in western Europe. The unusual
long periods of heat during spring intensified the dry con-
ditions for the summer. Moreover, due to the dry vegeta-
tion, extreme high temperatures, and high winds, multiple
fires were ignited in southwestern Europe in July—August
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2022. Unprecedented wildfires started on 12 July 2022 in the
Gironde department, southwestern France, and intensified
during a heat wave passing and strong winds over ~ 270 km?
of burned surface which accounted for the highest forest
losses in France. During this event, biomass burning smoke
injected to the atmosphere by the wildfires mixed with the
mineral dust transported within the hot air masses originat-
ing over northern Africa. Therefore, at the time that the heat
wave traversed Lille, we detected both dust and smoke in
the atmospheric column. For this case, METIS was perform-
ing measurements under the current operational conditions,
i.e., adapted roof window and air conditioning. To assess the
continuity of the aerosol optical properties, the closest data
points from the photometer are used to constrain the inver-
sion when measurements from photometer are not available.

An overview of the derived aerosol properties from
METIS and photometer is presented in Fig. 6 for the pe-
riod of 17 to 20 July 2022 when the dust and smoke parti-
cles were detected up to 6 km altitude. From height—temporal
variations in Fig. 6a—d, two periods can be distinguished
during the event. On 17 July 2022, a predominant layer of
~ 1.5km width appears that is quite homogeneously dis-
tributed and is observed between 2 and 5 kma.s.1., in contrast
to the three compacted layers detected from 18 until 19 July
2022 12:00 UTC. Contrary to the complexity observed with
the lidar, the temporal series from the photometer are quite
stable (Fig. 6e).

For the first period on 17 July 2022, aerosol optical prop-
erties are on average 0.10 £ 0.01 for VLDR, 68 &+ 12 Mm~!
(76 + 34 sr) for extinction (LR) at 532 nm, and 44 +9 Mm ™!
(33+14sr) for extinction (LR) at 808 nm, respectively,
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Figure 6. Overview of atmospheric optical properties from syner-
getic measurements of METIS lidar and CE318-T Sun/lunar pho-
tometer at ATOLL platform from 17 to 20 July 2022. Height—
temporal variation in the (a) Batt and (b) VLDR at 532 nm, aerosol
extinction at (¢) 532nm and (d) 808 nm, and (e) time series of
AODypj at 532 and 808 nm with EAE 532/808,nm, southwestern
France, derived from the photometer.

for the layer at 3—4.5kma.s.l. Only data from 18:00 to
24:00 UTC are considered for 808 nm. During the second
period on 18-19 July 2022, the layer from the day before,
now reduced to 0.5 km width, is descending from 3 towards
1kma.s.l. and accompanied by two separated layers above
it. In particular, we focus our attention on the afternoon of
18 July 2022 to the early morning of 19 July 2022, where
quite stable AODp, and EAE,y, are observed. LR is on aver-
age 47 &+ 6 and 35 + 8 sr at 532 and 808 nm, respectively. The
second layer (2.4-3.2 kma.s.1.) shows lower VLDR values of
0.07 +0.01 and higher extinction (50 £3Mm™! at 532nm
and 36+2Mm~! at 808nm) than the other two layers.
The third layer (3.2—4.5kma.s.l.) is, in comparison, char-
acterized by higher VLDR (0.12+£0.02) and lower extinc-
tion (40 £2Mm~! at 532 nm and 25+ 1 Mm~! at 808 nm).
VLDR values are similar to those observed towards the end
of the pure dust event presented in Sect. 4.2.1. Towards
12:00 UTC on 19 July 2022, the three layers disappear while
the boundary layer height increases and probably mixes with
the layer closer to the ground.

The VSD distributions during the event (Fig. 7) showed
the predominance of three aerosol sizes, namely one in the
fine mode centered at 0.11 um radius, and two in the coarse
mode centered at 1.7 ym and 5 um. On 18 July 2022 (Fig. 7b),
five VSDs were retrieved, all having a higher concentration
than the day before (Fig. 7a); only one VSD in the morn-
ing is offset with higher values (0.15 pm) for the fine-mode

Atmos. Meas. Tech., 17, 3121-3146, 2024

2022-07-17
—5—05:42
—o—08:10

(a)

—5—-06:25 —4—17:42
—6—15:58 —v—18:06

2022-07-18
—+—16:36

0.02 2 NN\ f b\

dv(n/din(r) [pm®uzm?]
e

0.08

2022-07-19

—&—-05:44 —v—15:57
0.06 05 5:5

0.04

0.02

p..
0¥

radius1[um]

Figure 7. VSD derived from CE318-T photometer sky almucan-
tar measurements during (a) 17 July 2022, (b) 18 July 2022, and
() 19 July 2022 at ATOLL. Data are level 2 from AERONET ver-
sion 3 algorithms (Sinyuk et al., 2020).

peak. On 19 July 2022 (Fig. 7c), seven VSDs were retrieved,
with four of them in the morning showing the same shape
as the ones from 18 July. The rest of the VSDs show higher
contribution at 5pum size, representing the conditions after
15:00UTC on 19 July which correspond to a drop in the
AOQOD values and the vanishing of the layers. Therefore, the
presence of both smoke (fine-mode) and dust (coarse-mode)
aerosols is suggested during the entire event (Fig. 7) and con-
firmed by the ancillary analysis using back-trajectories (not
shown here) with mainly two different stages in the aerosol
vertical distributions (Fig. 6).

For comparisons of METIS and LILAS, averaged profiles
between 01:00 and 03:00 UTC on 19 July 2022 are used
(when Raman measurements from LILAS are available). The
lunar measurements available are averaged during the same
time period to constrain the inversion for METIS. During this
event, LILAS lidar got affected by the extreme environmen-
tal conditions, so a higher incomplete overlap is acknowl-
edged, and we will not consider retrieval comparisons below
1.7 km. Also, METIS overlap corrections induce errors in the
first 2 km of the RCS at 532 nm from 3 % at 2 km going to-
wards 20 % at 600 m. For RCS at 808 nm, the influence of the
overlap error goes from 5 % at 600 m towards 20 % at 100 m.
For derived properties using both RCS, values are therefore
considered constant below 600 m. Once again, PLDR, EAE,
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and CR values are not shown when the aerosol backscatter
at 532 nm is less than 0.3 Mm™!sr~! and at altitudes below
600 m.

Backscatter coefficient (Fig. 8a) and depolarization ra-
tio (Fig. 8c) comparisons show good agreement between
both lidars above 2kma.s.l., with an obvious influence of
the vertically constant LR assumption on METIS for the
retrieval of backscatter profiles. The extinction coefficients
(Fig. 8b) and consequently the EAE (Fig. 8d) are the most
impacted (LR values of 38 £2sr for 532nm and 40 £2sr
for 808 nm), showing the limitation of the inversion method
under complex scenarios. However, VLDR and PLDR values
calculated from METIS are highly sensitive to the change
in the dust-smoke composition within the layers. The first
layer between 1.6-2kma.s.l. and the third layer between
3.5-5kma.s.l. showed PLDR (VLDR) values on average
0.20£0.02 (0.09 £0.01) and 0.27 £0.03 (0.12£0.01), re-
spectively, and both layers have a predominant dust pres-
ence. In contrast, the second layer (2.4-3.2kma.s.1.) yields
the unique presence of smoke aerosols with PLDR (VLDR)
of 0.09 £0.01 (0.05 £ 0.01), which is in accordance with re-
ported values of fresh smoke transported 1 d from the source
(Balis et al., 2003; Ansmann et al., 2009; Tesche et al.,
2009b; Alados-Arboledas et al., 2011). Therefore, EAE val-
ues (Fig. 8d) are expected to be higher than 1 for the sec-
ond layer, which is not the case due to the use of vertically
constant LR. Moreover, ACR values directly derived from
METIS measurements are influenced by the aerosol attenu-
ation but are still sensitive to the different layers, in contrast
to the CR profile derived from the inversion. Furthermore,
the limitations discussed can be reduced by adding iterative
processes to obtain layer-independent LR, as proposed by Lu
et al. (2011).

Thanks to the operational improvements for the roof win-
dow of METIS, a reduced relative PLDR bias of 12 % with
respect to LILAS is achieved. The results shown here are ev-
idence of the relevant upgrades in the CE376 system relative
to the previous model CE370 for an enhanced aerosol char-
acterization. Furthermore, the algorithmic assessment pre-
sented in the first part of the results provided us with neces-
sary tools to evaluate the data acquired during the FIREX-AQ
campaign.

5 Mobile exploratory platform

In this work, we presented the dual-wavelength CE376 li-
dar that gives access to valuable information on the par-
ticles size with the measurements at two wavelengths and
on aerosol shape using the depolarization measurements.
The capabilities of the instrument regarding the continu-
ous monitoring and characterization of aerosols have been
presented in Sect. 4. Furthermore, the CE376 lidar is au-
tomatic, lightweight, and compact, which are favorable at-
tributes for its installation in a reduced space. In comparison
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with bulky high-power lidars, the CE376 does not demand
constant maintenance or high-power consumption. There-
fore, the CE376 has been proposed to continue the devel-
opments on remote sensing mobile exploratory platforms.

In this section, we present a first dataset obtained with the
CE376 lidar and photometer on board a mobile platform dur-
ing the FIREX-AQ campaign in summer 2019. The general
description of the campaign’s mobile component is presented
in Sect. 5.1, with an overview of the spatiotemporal variabil-
ity in the smoke optical properties observed during the cam-
paign (Sect. 5.1.1). Combined mobile—stationary measure-
ments during the William Flats fire are presented in Sect. 5.2
through case studies.

5.1 FIREX-AQ Dragon Mobile Unit

The extensive field campaign FIREX-AQ, led by NOAA
and NASA, was created with broad science targets (Warneke
et al., 2023) and mainly focusing on investigating the chem-
istry and transport of smoke from wildfires and agricul-
tural burning with the aim of improving weather, air quality,
and climate forecasts. FIREX-AQ has been organized during
summer 2019 over the northwestern US, where intense wild-
fires and agricultural fires seasonally occur. In order to evalu-
ate and study the smoke properties at the source and its trans-
port on a local and regional scale, remote sensing instruments
were installed in both stationary and mobile DRAGON (Dis-
tributed Regional Aerosol Gridded Observations Networks)
payloads, in addition to the permanent AERONET sites (Hol-
ben et al., 2018). In total, three DRAGON networks were
installed in Missoula (Montana), Taylor Ranch (Idaho), and
McCall (Idaho), and two mobile units with photometer—lidar
were deployed.

The two mobile units called DMU-1 and DMU-2 (Dragon
Mobile Unit), both equipped with a photometer and lidar,
performed on-road mobile measurements around major fires
sources. The installation of the remote sensing instruments
in the DMUs followed the design of the MAMS (Mobile
Aerosol Monitoring System) platform (Popovici et al., 2018).
DMU-2 was equipped with CE370 mono-wavelength lidar
and PLASMA Sun photometer, both tested and used in prior
mobile campaigns (Popovici et al., 2018; Hu et al., 2019;
Popovici et al., 2022). DMU-1 was equipped with an early
version of CE376, a two-wavelength polarization lidar, and
with the CE318-T Sun-sky-lunar photometer (ship-borne
CE318-T). Depolarization measurements at 532 nm followed
a configuration with ¢ =0°, measuring the parallel compo-
nent on the PBS transmitted branch (Rs > R, with Ry~ 1,
T, > T; and considering Ry =1— 1T, and Ry =1 —T;). The
measurements were taken through an open hatch in the
rooftop of the vehicles, so there was no influence of a window
on the depolarization measurements. The temperature con-
trol inside both mobile units was not possible during mobile
measurements (only using the car’s air conditioning), so sta-
tionary and in-movement measurements were alternated with
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Figure 8. Aerosol optical properties derived from METIS and comparison with LILAS retrievals. Same as Fig. 5 but for the averaged

measurements between 01:00 and 03:00 UTC on 19 July 2022.

pauses to preserve the instruments’ performance, especially
during daytime when extremely high temperatures and dry
conditions were met. Particularly for the 532 nm channels
of the CE376 lidar, the overlaps were affected by the daily
evolution of temperatures that varied some days from 15 °C
during nighttime to 40 °C during daytime. Therefore, only
quality-assured data are considered for the inversion scheme
in this work. Moreover, the temperature effect was accounted
for in the overlap correction from where relative errors of
10 % at 2km that increased to 30 % at 400 m are estimated
and propagated on the derived aerosol properties.

5.1.1 Overview of smoke optical property distribution

Both DMUs performed measurements along the roads
around the major fire sources. Although the extreme condi-
tions, such as high temperatures, topography, and the pres-
ence of thick smoke plumes, limited the performance of the
instruments, we were able to investigate smoke optical prop-
erties close to the source and downwind. A general overview
of the column-integrated optical properties during the cam-
paign is provided by photometer mobile observations around
seven fire sources (Table 2). Measurements in and out of
smoke plumes within ~ 150 km from the fires are presented
as average values of AODp, (440nm) and EAEp, (440-
870 nm). The high concentration of fine-mode aerosols (ex-
pected for fresh smoke) is detected at a regional level, with
EAEpp (440/870 nm) always higher than 1.3 and varying 5 %
from the averages at each fire. On the other hand, measured
AODypp, (440 nm) values are varying up to 40 % from the av-
erages at each fire, showing a non-homogeneous distribution
of aerosols around the source.
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Adding measurements from the lidar system, a more elab-
orated study of the spatiotemporal distribution of aerosol
properties can be addressed. Therefore, optical properties de-
rived from lidar and photometer measurements are presented
in Sect. 5.2 through case studies during William Flats fire.

5.2 William Flats fire at WA, USA (6 to 7 August 2019)

The western US was affected by a persistent deep trough
of low pressure in the months prior to FIREX-AQ, result-
ing in elevated soil/vegetation moisture when the fire sea-
son began, which controlled the regional fire spread. How-
ever, during the first days of the campaign (22 July—5 August
2019), high-pressure (anticyclone) weather conditions con-
trolled the moisture transport in the mid-troposphere with a
wide spread of cloud cover and thunderstorms. Combined
with dry conditions in the lower troposphere, precipitation
normally evaporated before reaching the ground, allowing
the ignition of various fires due to lightning strikes. A low-
pressure trough approaching from the west (W) on 6-9 Au-
gust 2019 broke the high-pressure ridge and increased the
surface wind speed gradually. William Flats fire, hereafter
abbreviated as WFF, in the northeast (NE) of Washington
state was in particular controlled by the unique synoptic
weather conditions, with fire spread and smoke release pro-
gressively increasing as the low pressure approached. A more
detailed description of the synoptic meteorological condi-
tions dominating the campaign can be found in Warneke et al.
(2023). Moreover, a camping base has been installed at Fort
Spokane (47.905° N, 118.308° W; 430 ma.s.1.), which is lo-
cated on the east (E) side of the WFF at ~ 15km from the
source and separated by the Columbia River.
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Table 2. Overview of photometer measurements embarked upon on board DMU-1 (CE318-T) and DMU-2 (PLASMA). Averaged measure-

ments around seven fires sources during the FIREX-AQ campaign.

Fire name Location (state) Dates AODp}1 (440 nm) EAEp}1 (440-870 nm)
Pipeline 46.83°N, 120.52° W (WA)  25-28 Jul 2019 0.17+£0.06 1.55+0.08
Shady 44.52°N, 115.02° W (ID) 29-31 Jul 2019 0.21 £0.01 1.90 +0.04
Beeskove 46.96°N, 113.87°W (MT) 31 Jul 2019 0.254+0.01 1.84 +0.03
William Flats ~ 47.94°N, 118.62°W (WA)  5-9 Aug 2019 0.45+0.34 1.83+0.13
Nethker 45.25°N, 115.93° W (ID) 13-20 Aug 2019 0.20+0.10 1.32+0.10
Granite Gulch  45.18°N, 117.43°W (OR)  20-22 Aug 2019 0.26+0.11 1.44 +0.08
204 Cow 44.29°N, 118.46°W (OR)  23-29 Aug 2019 0.70+0.48 1.84 +0.21

Mobile observations from selected on-road trajectories
completed during 67 August 2019 are examined to reveal
the distribution of aerosol properties around the active WFF.
Thus, the GPS track of lidar measurements and the photome-
ter observations from both DMU-1 and DMU-2 are displayed
in Fig. 9. The selected trajectories (T) for DMU-1 (T1 to T4),
in the top panel, and for DMU-2 (T1 to T5), in the bot-
tom panel, are represented by different symbols. The time
used to cover each of them is indicated in the legend and
also at the top of the maps, and all times are in UTC (local
time + 7h). In addition, the AODyy, values at 440 nm from
both photometers are given by the symbol size, and EAE
values at 440-870 nm are color-coded. To simplify the read-
ing of this section, AODyy, values refer to AODypy, values at
440nm, and EAE,;, values refer to EAEp, values at 440-
870 nm when wavelengths are not specified. The fire igni-
tion point is indicated in the maps with a red star symbol,
and Fort Spokane is shown with a blue arrow. The extension
of the active fire for each day are represented with the ther-
mal anomalies, or hot spots, from the satellite-based sensor
MODIS (Moderate Resolution Imaging Spectroradiometer).
The MODIS Thermal anomalies product is derived from the
Terra and Aqua satellites, and it is available to the public
through NASA Worldview (https://wvs.earthdata.nasa.gov,
last access: 23 October 2023).

The CE318-T photometer aboard DMU-1 was adapted and
used for the ship-borne type of mobile measurements, i.e.,
for slow motion, before the campaign. Therefore, some dif-
ficulties were faced when using a car, especially due to the
velocity and the complexity of the terrain and roads. The
sun-tracking and geolocation communication were not fast
enough for these particular conditions. As a solution, station-
ary measurements of 5 to 15 min were performed along the
DMU-1 trajectories to increase the density of observations
with CE318-T photometer. On the other hand, PLASMA Sun
photometer was able to successfully perform on-road ob-
servations, with difficulties mainly due to the presence of
mountains when Sun elevations are low and in presence of
dense smoke plumes. Differences in both photometer per-
formances are clear in Fig. 9. In general, both DMU-1 and
DMU-2 observations during 6-7 August 2019 show the pre-
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dominance of fine aerosols with EAE,, values always higher
than 1.4, as well as high variability in the aerosol distribu-
tion with AODp, ranging from 0.1 to 1.1. For a further inter-
pretation of the photometer mobile observations, it is conve-
nient to mention the solar azimuth during the WFF. Hence,
at sunrise (~ 13:40 UTC), the azimuth is 68° (NEE); at so-
lar noon (~ 21:00 UTC), it is 180.4° (S) with an elevation of
58.7°; and at sunset (~ 04:40T14UTC), the azimuth is 292°
(WNW). In the following sub-sections, the analysis of mo-
bile observations from DMU-1 and DMU-2 for each day are
presented.

5.2.1 Three-dimensional spatiotemporal variation in
the smoke properties

On 6 August 2019, the WFF was spread to the NE from its
ignition point, with hot spot land elevations ranging around
0.7-1.2kma.s.l. (Fig. 9a and c). Plumes of emitted smoke
were mostly moving to easterly direction with respect to
the source. When approaching sunset (~04:40114UTC),
the smoke release progressively increased with the tempera-
ture rising. Hence, the spatiotemporal distribution of aerosols
along the trajectories for both DMU-1 (top panel) and DMU-
2 (bottom panel) is presented in Fig. 10. For each trajec-
tory, the 3D spatiotemporal distribution of B, at 532 nm
is plotted on top of the 3D digital elevation model (DEM)
map of the region. The DEM used is the product with
1 arcsec global coverage (~ 30 m resolution) from Shuttle
Radar Topography Mission (SRTM) that is available through
Earth Explorer interface of United States Geological Survey
(USGS, https://earthexplorer.usgs.gov/, last access: 23 Oc-
tober 2023). Moreover, both B, and DEM maps are color-
coded, and each one has its own color bar scale. In the same
way as in Fig. 9a and c, red points represent the thermal
anomalies and show the extension of the active WFF detected
on 6 August 2019.

During 6 August 2019, residual smoke in all the trajec-
tories was detected up to 4 kma.s.1., and higher AOD,j, and
EAEp values were identified under the presence of dense
smoke plumes. The Columbia River acted like an air canal
with the prevailing valley winds in the morning (De Wekker
and Kossmann, 2015; Whiteman, 2000), directing a dif-
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Figure 9. Mobile observations around the WFF during 6 and 7 August 2019 (in UTC). GPS tracks of DMU-1 and DMU-2 are presented
in the top and bottom panels, respectively. For each trajectory (T), a different symbol is used. Photometer measurements are presented with
color-coded symbols, EAE, (440/870) represented by the color and AODpy, (440) by the symbol size. The ignition point of the WFF is
represented by a red star. The extension of the fire is represented by thermal anomalies from MODIS AQUA/TERRA detected during each

day.

fused smoke plume northward. The trajectory of DMU-1 T1
(Fig. 10a) covered ~ 80 km between 17:00 and 20:31 UTC
along the Columbia riverside going from Fort Spokane to
Kettle Falls (48.60°N, 118.06°W). AODpy, ranged within
0.2-0.3, and EAE,}, was higher than 1.6 (Fig. 9a). DMU-2
T1 (Fig. 10c) covered 40 km of the same route between 18:00
and 19:28 UTC, starting with 30 min of stationary measure-
ments at Fort Spokane. AODpy values within 0.3-0.7 and
EAE, above 1.7 were observed (Fig. 9¢). During both tra-
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jectories, azimuthal solar angles vary from 101 to 153° (E
to S), meaning that both photometers were taking measure-
ments towards the east side of the WFF against the movement
of the vehicles and limited by the mountain slopes. Hence,
both DMUs followed and measured the diffuse smoke plume
with 1h time difference. DMU-2 T1 lidar—photometer mea-
surements indicate an increase in smoke release and ac-
cumulation northward, with higher AODpy and By (below
2kma.s.l.) values.
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Figure 10. Spatiotemporal distribution of total attenuated backscatter at 532 nm for the trajectories during 6 August 2019 from Fig. 9.
Trajectories of DMU-1 (CE376 lidar) are presented in the top panel and DMU-2 (CE370 lidar) in the bottom panel. The lidar trajectories
are plotted in the top DEM from SRTM at 1 arcsec resolution (~ 30 m). The ignition point of the WFF is represented by a red star and the
extension of the active fire by MODIS thermal anomalies. Orange arrows represent the selected profiles for further analysis in Fig. 12.

The trajectory DMU-1 T2 (Fig. 10b and also Fig. 9a) was
completed from 21:50 to 02:59 UTC, i.e., in the afternoon,
and covered ~ 100km on the way back to Fort Spokane
from Kettle Falls, passing through the Colville River basin.
Hence, the residual smoke that is well mixed up to 4 kma.s.1.
is contained along the valley, showing AODyy, varying be-
tween 0.3-0.5 and EAE,y, of 1.6 (solar azimuth 206 to 292°,
i.e., photometer pointing to the east side of the WFF towards
the WFF). Approaching Fort Spokane, the development of a
convective smoke plume was observed (Fig. 10b). One ex-
ceptional sampling of the dense smoke plume was possible
at ~01:00 UTC and 20km east, away from the fire, with
an AODyy, of 1.1 and EAE,, of 2.2 (Fig. 9a). DMU-2 T2
(Fig. 10d and also Fig. 9¢) performed measurements in the
afternoon from 23:00 to 23:48 UTC, going downwind of the
WFEFF and covering ~ 50 km horizontally to the east (solar az-
imuth 228 to 245°, i.e., towards the WFF). This trajectory in
particular shows how smoke accumulated and settled across
the valleys. High AODp, values above 0.7 and EAE, values
above 2 (Fig. 9c) were observed. DMU-2 T3 (Fig. 10e) also
completed during the afternoon (23:50-01:05 UTC), cover-
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ing the return route to Fort Spokane. While it got closer to the
source, higher values of By (> 6 Mm™! sr’l) were detected
from 4 kma.s.l. towards the ground level. Although no pho-
tometer data are available due to presence of the thick smoke
plume, the lidar provides a glimpse of the convective smoke
plume transect. The smoke plume raised up to 4.2kma.s.1.
at 50km away (horizontally to the east) from its source and
~ 3 km higher than the active fire and above the mountain
ridges.

During 7 August 2019, the WFF extended towards the
east, getting closer to the Columbia River ridge, and more
hot spots were detected than the day before (Fig. 9b and d).
Through the day, smoke convective plumes moved, mostly
influenced by the strong winds, towards the easterly direction
and slightly to the SE. In the afternoon, black and white ash
depositions were reported, in addition to cloud formation ob-
served close to sunset (~ 04:407! d UTC). At that point, the
presence of heavy smoke plumes saturated the lidar signals
and restricted photometer measurements close to the source.
Therefore, trajectories were performed mostly outside of the
smoke plumes. Similar to the lidar observations presented

Atmos. Meas. Tech., 17, 3121-3146, 2024
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Figure 11. Spatiotemporal distribution of total attenuated backscatter at 532 nm. Same as Fig. 10 but for the trajectories during 7 August

2019.

in Fig. 10, 3D spatiotemporal distributions of B, at 532 nm
for all the trajectories during 7 August 2019 are presented in
Fig. 11.

The trajectory DMU-1 T3 (Fig. 11a) covered ~40km
from Fort Spokane to the south of the WFF between 18:00
to 19:58 UTC. DMU-1 T4 (Fig. 11b) covered ~70km of
the route (from S to E side of the WFF) between 21:00 and
23:59 UTC. For both trajectories, few data points from pho-
tometer were collected and might not represent the same con-
ditions for the zenithal lidar measurements. The photometer
is looking towards the SE to the SW from the WFF, against
the wind’s flow. AODp ranging between 0.1-0.2 and EAE,
above 1.6 were observed (Fig. 9b), which are indicative of
the low loading of residual smoke in the southern region of
the WFE. Both trajectories seen by the lidar show no direct
influence of the smoke release on the S—SE of the WFF and
present considerably lower values of B,. Nevertheless, sim-
ilar to observations on 6 August 2019, a convective smoke
plume reaching up to 4 kma.s.l. is observed in the afternoon
(Fig. 11b).

On the other hand, the trajectory DMU-2 T4 (Fig. 11c)
is covering the NNE of the WFF along the Columbia river-
side and following the smoke plume. DMU-2 T4 covered
~ 80km from Fort Spokane to Kettle Falls, from 16:49 to
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18:39UTC, and with AODpy ranging within 0.1-0.3 and
EAEp, 1.6-1.8, with higher AOD values being measured
closer to the fire. This time, the vertical extent of the smoke
plume is ~200m higher, and it is denser than the day be-
fore. But in the same way as the day before, the Columbia
River is the main driver of the channeling effect of the smoke
towards the north in the morning. The trajectory DMU-2
TS5 (Fig. 11d and also Fig. 9d) covered ~ 200 km between
18:40 to 23:40UTC from Kettle Falls (80 km NNE from
the WFF) towards Davenport (47.65° N, 118.15°W; ~40km
SE of the WFF) going through valleys and returning to Fort
Spokane. Along the way, DMU-2 measured residual smoke
accumulated in the NE valley basins, with AODpp, around
0.3 and EAE,y, of 1.6-1.8. In addition, residual smoke, SE
of the WFF, was measured with lower values of AODp,
around 0.1-0.3 and EAEp, 1.5-1.6. During this transect,
the DMU-2 crossed the smoke plume twice, once at 21:20-
21:23 UTC 40km downwind of the WFF, and the second
time at 23:00 UTC about 15 km away from the WFE. From
the DMU-2 T5 3D aerosol distribution (Fig. 11d) and pho-
tometer (Fig. 9d), one can see the effect of the diffuse smoke
from the WFF on the NE region that is characterized by its
mountains and valleys.

https://doi.org/10.5194/amt-17-3121-2024



M. F. Sanchez Barrero et al.: Enhancing mobile aerosol monitoring with CE376 dual-wavelength lidar

The complex topography, combined with the prevailing
synoptic conditions (low-pressure trough approaching from
the west), has important effects on the development of fire
(Whiteman, 2000). While the river basin acted almost inde-
pendently in the morning, channeling smoke northward, we
noticed how the evolving boundary layer is coupled to the
mountain wind systems. The diffused smoke is mixed and
subsided along the valleys, with higher aerosol loading closer
to the fire downwind. Moreover, fire emissions get stronger
while temperatures rise up, permitting the convective loft of
the smoke above the mountain ridges. On 7 August 2019,
the convective smoke evolved into the formation of pyrocu-
mulus clouds. For further analysis, in the following section
we present aerosol properties of selected datasets from the
trajectories presented here.

5.2.2 Aerosol properties for selected profiles

From the DMU-1 and DMU-2 trajectories on 6-7 Au-
gust 2019, selected coincident lidar and photometer data
are averaged over 5 to 15min and are used to enhance
the aerosol characterization presented so far. The selected
times are displayed in Figs. 10 and 11 by orange arrows
in the 3D By quick-look. In Fig. 12, we present the pro-
files of aerosol properties for each selected dataset differ-
entiated by color. Hence, we show profiles of backscatter,
extinction at 532 and 808 nm, and profiles of PLDR, EAE,
and ACR. For the lidar retrievals, data below 400m are
considered constant due to high uncertainties (> 30 %) in
RCS at 532nm. Molecular coefficients are calculated us-
ing radiosonde measurements at Spokane station (47.68° N,
117.63° W) from the Wyoming University database (https:
/Iweather.uwyo.edu/upperair/sounding.html). The detection
limit is defined at SNR =1 for all channels to extract more
information, in particular from 808 nm.

Detection limits for 808 and 532 nm cross-polarized chan-
nels from CE376 are below 2 and 3-4km, respectively,
due to the high solar background. Nevertheless, we were
able to study the diffuse smoke plume transported along
the Columbia River with retrieval profiles from selected
data. The dataset A, attained during DMU-1 T1, is shown
in Fig. 12a-g, and dataset B, from DMU-2 T1, is shown
in Fig. 12a and c. The dataset A corresponds to the aver-
aged CE376 lidar data from 18:10 to 18:25UTC on 6 Au-
gust 2019 that is located 40km away and to the NNE of
the WFF. AODy, from the CE318-T photometer were 0.28
and 0.13 at 532 and 808 nm, respectively; EAE,(532/808)
was 1.76; and the calculated AOD¢y at 808 nm is O.1.
The smoke plume is identified at 1-1.3 kma.s.l. with max-
imum values of extinction at 1.14 kma.s.l. Thus, extinction
values of 37070 Mm~! (with LR=35=+1sr) at 532nm
(Fig. 12¢), and 207 20 Mm~! (with LR=57+4sr) at
808 nm (Fig. 12d) were observed. Other aerosol proper-
ties inside the smoke plume were 0.06 +0.04 for PLDR
(Fig. 12e), 1.2 for EAE (Fig. 12f), and 0.5+£0.3 for ACR
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(Fig. 12g). On the other hand, dataset B corresponds to av-
eraged CE370 lidar data from 19:05 to 19:15UTC on 6 Au-
gust 2019, ~ 1 h after dataset A was obtained. Dataset B is
located 25km to the NNE and away from the WFF, with
values of 0.35 for AODp, at 532nm and 1.7 for EAE,,
(440/870). The smoke plume is identified at 1.6-1.9 kma.s.1.
with maximum values of extinction at 1.71 kma.s.l. Values
of 3804+ 20Mm~"! (with LR =39+ 1 sr) for extinction at
532 nm were derived. The identified smoke plumes for both
datasets are almost the same, except for the altitude. The
higher extinction below 1 kma.s.l. for dataset B is related to
the increase in the smoke released through the day. More-
over, a layer of residual smoke at 2-3 kma.s.l. is detected for
both cases with less, but still noticeable, intensity for dataset
B. PLDR in the residual layer (0.08 +0.02) is in agreement
with reported values of fresh smoke transported 1d from
source (Balis et al., 2003; Ansmann et al., 2009; Tesche et al.,
2009b; Alados-Arboledas et al., 2011). Despite the high un-
certainties that are attached to the profiles in the few first
hundreds of meters, ACR values (Fig. 12g) suggest the pres-
ence of bigger aerosols in the smoke plume at 1 kma.s.1. than
in the residual layer at 2-3kma.s.l., similar to EAE. The
observed bigger aerosols could be related to the release of
fine-ash particles (sizes of 1-2 um) within the smoke plume
(Adachi et al., 2022).

The dataset C shown in Fig. 12h-n, obtained during
DMU-1 T2, corresponds to averaged CE376 lidar data from
00:40 to 00:50 UTC toward sunset on 6 August 2019. This
dataset, located 20km east of the WFF, is particularly in-
teresting because it provides information on the convective
smoke plume. Values of 1.54 and 0.61 for AODp, at 532
and 808 nm, respectively, were detected by the photome-
ter, as well as an EAE;,(532/808) of 2.25 and calculated
AODgg at 808 nm of 0.18 (below the smoke plume). The
convective plume is identified at 3—4.3 kma.s.1., with maxi-
mum values of extinction at 3.57 kma.s.l. (Fig. 12j). Thus,
1270 £330 Mm~! (with LR =824 2sr) for extinction at
532nm was observed. Inside the plume, a decrease in the
PLDR (Fig. 121) from 0.05 £ 0.01 to 0.03 £ 0.01 is detected,
in addition to values progressively increasing from 0.4 £ 0.1
t0 0.9 £0.1 for ACR (Fig. 12n). Both parameters suggest the
predominance of big spherical particles towards the smoke
layer top, which could be related to the fast increase in the
coating mass of soot particles within minutes from emis-
sion. In contrast, dataset D shown in Fig. 120—u, located
25 km south of the WFF (21:00 to 21:09 UTC on 7 August
2019), and dataset E shown in Fig. 120 and g, located 60 km
NE of the WFF (20:00 to 20:30 UTC on 7 August 2019),
present residual smoke. Both datasets have values of 0.13 for
AODp at 532 nm. Dataset D shows a residual layer extend-
ing up to 4kma.s.1., with average values of 44 & 17 Mm™!
(with LR = 37 &£ 3 sr) for extinction at 532 nm (Fig. 12q) and
284+ 15Mm~! (with LR =87+ 15sr) at 808 nm (Fig. 12r).
Moreover, PLDR is 0.09+0.03 (Fig. 12s), EAE is 1.5
(Fig. 12t), and ACR is 0.3 £0.1 (Fig. 12u). One notices that
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Figure 12. Profiles of aerosol optical properties from averaged selected datasets of both DMU-1 and DMU-2 mobile observations during
6 and 7 August 2019. The selected data are displayed in Figs. 10 and 11 by orange arrows in the 3D By distributions. Each dataset is
differentiated by color. Profiles of backscatter at 532nm (a, h, and o) and 808 nm (b, i, and p), extinction at 532nm (c, j, and q) and
808 nm (d, k, and r), PLDR (e, 1, and s), EAE (f, m, and t), and ACR (g, n, and u).

ACR values are constant within the residual layer, suggesting
that smoke is well mixed. Dataset E shows that the residual
smoke in the NE side of the WFF is going up to 3kma.s.l.
with a LR of 73 & 7 sr, which is higher than for dataset D.

6 Summary and conclusions

In this study, we presented the enhanced capabilities of the
Cimel CE376 lidar, a compact dual-wavelength depolariza-
tion elastic lidar, for the assessment of spatiotemporal vari-
ability in the aerosol properties, especially when deployed
aboard moving platforms and co-located with a photometer.
Our approach involved a modified two-wavelength Klett in-
version constrained by photometer measurements, optimiz-
ing the use of synergetic observations. Comprehensive al-
gorithmic and instrumental assessments, including improve-
ments in continuous depolarization measurements, were con-
ducted at the ATOLL observatory. Our findings were orga-
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nized into two primary parts with the aerosol properties re-
sulting from the case studies at the ATOLL observatory in
Lille, France (Sect. 4), and around the William Flats fire in
northwestern US during the FIREX-AQ campaign (Sect. 5).
Aerosol optical properties obtained in both sections are sum-
marized in Table 3.

Both algorithmic and instrumental assessments of CE376
were tested through case studies (Sect. 4), encompassing
events involving aged dust and mixed dust and smoke
over Lille (Table 3). Despite the operational limitations, we
achieved a relative VLDR bias of 12 % compared to LILAS
Raman lidar, and we showcased CE376’s ability for the con-
tinuous monitoring of aerosol properties. The limitations of
our retrieval approach were also evaluated, owing mainly
to the assumption of a constant LR in the atmospheric col-
umn, where EAE and CR are the most affected. The un-
usual event of stratified dust and smoke transported over Lille
highlights the importance of depolarization measurements
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Table 3. Overview of the aerosol properties retrieved from the CE376 lidar and CE318-T photometer for the case studies presented in this
work. The estimated uncertainties are in parentheses. For observations at the ATOLL platform, aerosol properties are specified for each layer
detected in both case studies, namely aged dust (L1 and L2) and dust smoke (L1, L2, and L3). For the FIREX-AQ campaign, the position
with respect to the WFF is included.

Site ATOLL, France ‘ FIREX-AQ, William Flats fire (USA)
Aerosol type Aged dust Mixture Smoke Diffuse Convective Residual smoke
dust + smoke smoke smoke
Altitude a.s.l. (km) L1:1.5-3 L1:1.6-2 L2:2.4-32 1-1.3 3-4.3 1.2-4 25kmS)
L2:3.3-4.7 L3:3.5-5 (40kmNNE) (20kmE) 0.9-3* (60 km NE)
LR (sr) 532 | LLL2 54 (3) LLL3 38 (2) L2 38 (2) 35 (1) 82 (2) 37 3)
73* (7)
808 | L1269 (4) LLL3 40 (2) L2 40 (2) | 574 - 87 (15)
g Mm—1) 532 | Mgl (14) L1 47 3) L2 54 (3) 370 (73) 1270 (330) 45 (17)
1243 (3) 13342 O
808 | L1529 L1 36 (2) L2 43 (2) 207 (20) - 28 (15)
L2 35 (6) L3 28 (1)
sv 532 | L10.150.02)  L10.09(0.01) L20.050.01) | 0.04(0.02) 0.03(0.01)  0.05(0.01)
L20.120.02) 130.120.01)
P 532 | L1036 0.05) L10.2(0.02) L20.09 (0.01) | 0.06 (0.04) 0.04 (0.01)  0.09 (0.03)
L2036 (0.05) L30.27(0.03)
EAE (532/808nm) LID | L1 0.4 (0.6) L1 0.6 (0.4) L2 0.55 (0.4) 1.2(2.9) - 1.5(1.2)
L2 0.5(0.5) L3 0.5(0.4)
PH | 0.23-0.75 0.92 0.92 1.76 2.25 13
1.7*
ACR (808/532 nm) L1042 0.05) L1049©0.03) L20.560.03) | 0.5(0.3) 0.6 (0.1) 0.3 (0.1)
L2038 (0.04) 130.5(0.03)
CR (808/532 nm) L1069 (0.14) L10720.04) L20.73(0.03) | 0.4(0.3) - 0.2 (0.1)
L2065(0.12) 130.76 (0.03)

Eff. radius VSD (um)

| 1.7

1.7 and 5

0.1 \

* Aerosol properties retrieved from the CE370 lidar and PLASMA photometer.

for aerosol typing within the different aerosol layers, demon-
strating CE376’s reliability — even in challenging scenarios.

We also presented for the first time ground-based lidar and
photometer mobile observations, mapping smoke aerosol
properties near the source during the FIREX-AQ campaign
in 2019 (Sect. 5). Our study focuses on the William Flats
fire (WFF) in Washington state, which presented unique
and challenging environmental conditions for the exploratory
platforms. The 3D mapping of lidar and photometer ob-
servations enabled the identification of aerosol properties
in diffuse, convective, and residual smoke layers near the
WFF (Table 3). The study revealed the capabilities of CE376
aboard mobile platforms to characterize the smoke aerosol
optical properties. At the same time, we acknowledged the
limitations of the CE376 lidar and photometer in harsh en-
vironmental conditions (complex topography, high tempera-
tures, and thick smoke plumes).

https://doi.org/10.5194/amt-17-3121-2024

With the demonstrated versatility of the CE376 lidar for
monitoring aerosol properties, we look ahead at bridging ob-
servational gaps within networks. Therefore, upcoming mo-
bile campaigns (aboard ship cruises, trains, and cars) and per-
manent sites in the Southern Hemisphere are planned to in-
clude the upgraded, more robust, version of the CE376 lidar.
The installation of a CE376 lidar aboard Marion Dufresne
research vessel, in the framework of MAP-IO, is planned in
2024. Moreover, the Polar POD (https://www.polarpod.ft/,
last access: 24 October 2023), a floating scientific platform
that will circle the Earth around Antarctica, will include a
CE376 automatic lidar, along with several other installed sci-
entific instruments. Additionally, ongoing research involving
advanced retrieval methods like GRASP (Generalized Re-
trieval of Aerosol and Surface Properties), combining spec-
tral AOD and downward sky radiance from CE318-T pho-
tometers and RCS at two wavelengths from CE376, are un-
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derway. These advancements mark significant steps in en-
hancing our understanding of aerosol dynamics and environ-
mental monitoring.

Data availability. Data from the photometer are available at the
AERONET website (https://aeronet.gsfc.nasa.gov/, NASA GSFC,
2023). Radiosonde data are accessible via the Wyoming Uni-
versity database (https://weather.uwyo.edu/upperair/sounding.html,
University of Wyoming, 2023) and Météo-France database (https://
donneespubliques.meteofrance.fr/, Météo-France, 2023.). The data
of DEM from SRTM are available from Earth Explorer interface
of the USGS (https://doi.org/10.5066/F7PR7TFT, U.S. Geological
Survey, 2023). The MODIS thermal anomalies product is available
from NASA Worldview (https://wvs.earthdata.nasa.gov/, EOSDIS,
2023). Lidar data used in this paper are available upon request to
the corresponding author.
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