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Resumo 

O estudo da distribuição vertical das partículas de aerossol é um aspecto muito 

importante para compreender a sua influência sobre o sistema climático. Uma forma de avaliar 

este aspecto dos aerossóis é discriminar a sua fonte e as propriedades ópticas na coluna 

atmosférica. O principal objectivo deste estudo foi caracterizar e analisar o perfil das 

propriedades ópticas do aerossol sob distintos cenários de mistura de aerossóis sobre a ilha de 

São Vicente, Cabo Verde, durante a campanha ASKOS que ocorreu em Julho e Setembro de 

2021. Assim, foi aplicado o método de Extinção Elástica (ElEx) que permitiu a separação do 

perfil de retroespalhamento do aerossol por tipo e a estimativa do coeficiente de extinção total. 

A aplicação do método EIEx requer o retroespalhamento total e a razão de despolarização linear 

das partículas resolvidos verticalmente no mesmo comprimento de onda, obtidos do sistema 

LIDAR eVe, e da razão de despolarização linear e dos valores da razão LIDAR dos tipos de 

aerossóis puros, esses obtidos da literatura. O perfil do coeficiente total de extinção foi então 

estimado e comparado com os perfis obtidos pelo LIDAR eVe Raman e com os resultados de 

um sistema LIDAR PollyXT Raman, também operado em São Vicente durante o experimento 

ASKOS. Com base nesta metodologia, foram escolhidos três casos de estudo para discussão 

detalhada. O primeiro e terceiro casos consistiram em poeira pura do Sahara na troposfera livre, 

enquanto na Camada Limite Marinha (CLM) foram registados aerossóis marinhos puros e 

mistura de partículas de sulfato vulcânico e aerossóis marinhos, respectivamente. Relativamente 

ao segundo caso de estudo, foi encontrado um cenário misto de poeira do Saara e aerossóis 

marinhos tanto na troposfera livre como na CLM. No geral, a comparação entre os perfis de 

propriedades ópticas estimados pelo EIEx (Coeficiente de extinção, Razão LIDAR) e as 

inversões dos LIDARs eVe e PollyXT revelou uma boa concordância. No entanto, houve 

também diferenças importantes entre os resultados do EIEx e os produtos do eVe e do PollyXT, 

em particular na parte superior das camadas de aerossol e algumas divergências dentro da CLM. 

Estas diferenças na CLM podem ser atribuídas à presença de partículas de poluição ou às 

limitações dos sistemas LIDAR em representar corretamente as propriedades ópticas do 

aerossol na camada próxima da superfície, devido ao problema de sobreposição. 

Palavras-chave: Aerossóis, Jatac/Askos, EIEx method, Razão de despolarização, Razão de 

lidar , Poeira do Saara, Propriedades ópticas. 
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Abstract 

Studying the vertical distribution of aerosol particles is essential for understanding their 

influence on the climate system. One way to evaluate this aspect of aerosols is to discriminate 

their source and optical properties in the atmosphere column. The main objective of this study 

was to characterize and vertically analyze aerosol's optical properties profile under distinct 

aerosol mixture states over São Vicente Island, Cabo Verde, during the ASKOS campaign that 

took part in July and September of 2021. Thus, the Elastic Extinction (ElEx) method has been 

applied, which allows aerosol backscattering profile separations by type and estimation of total 

extinction coefficient. The EIEx application requires particles' complete backscattering profile 

and vertically resolved particles' linear depolarization ratio at the same wavelength. These 

values were taken from the eVe lidar system, linear depolarization ratio and lidar ratio values 

of pure aerosol types that were taken from the literature. The total extinction coefficient profile 

is then estimated and compared with eVe Raman retrievals and with the results of a PollyXT 

Raman lidar, also operated in São Vicente during the ASKOS experiment. Based on this 

method, three study cases have been chosen for detailed discussion. The first and third cases 

consist of pure Saharan dust in the free troposphere, while in the Marine Boundary Layer 

(MBL), pure marine and volcanic sulfate were recorded, respectively. Regarding the second 

study case, a mixed scenario of dust and marine aerosols were found across the MBL and free 

troposphere. Comparison between the EIEx estimated optical properties profiles (extinction 

coefficient, lidar ratio) and the eVe and PollyXT lidar retrievals revealed a good general 

agreement. Nevertheless, differences can be observed in regions where the signal to noise ratio 

is low, such as close to the top of the aerosol layer and also inside the MBL. These differences 

in the MBL could be attributed to the presence of pollution particles or the limited ability of the 

lidars to correctly represent the aerosol optical properties in the near range due to the overlap 

problem. 

Keywords: Aerosols, Jatac/Askos, EIEx method, Depolarization ratio, Lidar ratio, Saharan 

dust, Optical properties. 
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 1. Introduction  

1.1. Background and Context 

The tropospheric aerosols are ubiquitous particles in the atmosphere. They are solid and 

liquid particles suspended in the atmosphere, except hydrometeors, and their size generally 

ranges from a few nanometers to hundreds of micrometers (Pio et al., 2014). Depending on their 

sources and atmospheric processes (e.g., chemical and physical transformations, transportation, 

and removal processes), aerosols may vary significantly in time and space (Milford et al., 2019). 

Aerosols can be of natural origin (e.g., from soil resuspension, biogenic, marine) or 

anthropogenic (from human activities). On a global scale, five main aerosols are most often 

encountered: biomass burning, volcano particles, industrial and urban pollution, desert dust, and 

marine aerosols. Furthermore, they are characterized by different chemical, physical, optical, 

and radiative properties (Kambezidis & Kaskaoutis, 2008). These aerosols are essential 

components of the climate system (Knippertz & Todd, 2012). They can influence climate in 

various ways. Due to their optical, radiative properties and their potential to act as cloud 

condensation nuclei (CCN) and ice nucleating (IN) particles, they play a central role in Earth's 

energy budget and hydrological cycle (Ramanathan et al., 2007). Additionally, the role of 

aerosol particles in the global terrestrial and oceanic biogeochemical cycles is vital (Winckler 

et al., 2008).  

Concerning its nature, the aerosol radiative effects are usually divided into two 

categories; the direct radiative effect (DRE), which corresponds to the Earth's energy budget 

modification by aerosols directly via scattering and absorption of solar and terrestrial radiation 

(Pöschl & Shiraiwa, 2015). And the indirect radiative effect, that corresponds to the 

modification of the Earth's energy budget indirectly by acting as cloud condensation nuclei and 

ice nucleating particles, therefore, changing cloud microphysical, optical properties and lifetime 

(Haywood et al., 2011). Nevertheless, through the absorption of solar and terrestrial radiation, 

aerosols can influence the atmosphere temperature profile and its stability and, consequently, 

the formation of clouds (Bates et al., 2008). This effect has been called the semi-direct effect 

(Ackerman et al., 2000; Koren et al., 2004). 

Regarding the impact on the global biogeochemical cycles, it has been shown that 

aerosols, mineral dust, are a significant source of nutrients and trace metals for terrestrial and 

oceanic ecosystems (Saltzman, 2009). Additionally, they affect the optical properties of ocean 
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surface (Moutin et al., 2002) and can significantly influence marine trace element 

biogeochemistry. Deposition of aerosol is an important factor influencing the ocean surface 

biological productivity by increasing the nutrient in low chlorophyll regions of the oceans 

(Saltzman, 2009). Regarding land ecosystems, previous studies show that the atmospheric 

transport of Saharan dust results in substantial iron bioavailability across the Amazon rainforest 

canopy (Rizzolo et al., 2017). 

Atmospheric aerosol systems present large spatial and temporal variability in their 

geographical distribution, vertical profile, and chemical and physical properties, representing a 

challenge to monitoring and modelling aerosol radiative effects. Despite the described aerosol’s 

importance and relevance in the climate system, they are still considered a major source of 

uncertainty to our understanding of climate processes and, consequently, in the Earth system 

and climate models simulations (Stocker et al., 2013). Aerosol radiative effects, in particular, 

are still an important source of uncertainty in recent global climate change assessments and 

predictions. Large uncertainties exist in current estimates of aerosol particle’s radiative forcing 

because of incomplete knowledge concerning the distribution of their concentration and 

radiative properties (Baars et al., 2017). To reduce these uncertainties, coordinated and strategic 

integration of data from multiple platforms (e.g., ground-based networks, satellite, ship, and 

aircraft) and techniques (e.g., in-situ measurement, remote sensing, numerical modelling, and 

data assimilation) are highly required. 

Within this perspective and focusing on the Saharan dust aerosols plume traversing the 

Atlantic Ocean, the ASKOS experiment, which took place from July to September of 2021 at 

São Vicente Island of Cabo Verde. This experiment deployed advanced ground-based remote 

sensing and surface/airborne in situ instrumentation to provide a comprehensive observation of 

aerosol, clouds, water vapor, and wind. The Sahara Desert contributes to more than 50% of 

global emissions of dust aerosols with environmental effects that span from radiative balance, 

visibility, and air quality, to deliver nutrients to the oceans (Dunion & Velden, 2004). The 

ASKOS campaign was planned to take place during the period when dust aerosols above Cabo 

Verde are expected to be at their maximum. Among the planned scientific objectives, the 

experiment aims to: a) characterize columnar and vertical profiles of the aerosol optical 

properties (scattering, backscattering, absorption, extinction, Lidar ratio, depolarization ratio) 

under marine, dusty and mixed scenarios; b) Evaluate and validate satellite-based (Aeolus) 

aerosol retrievals under these distinct scenarios and estimate the uncertainty associated with the 

dust aerosol’s non-sphericity. The unparalleled set of instruments operating simultaneously 
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during ASKOS1 integrating ground-based and satellite-based passive and active remote sensing 

provides a unique opportunity to study the complex dynamic of aerosol load, profile, optical, 

and microphysical properties over São Vicente Island under dominant marine aerosols scenario 

and during Saharan dust aerosols outbreaks. This was a key motivation for this investigation. 

 

1.2. Problem Statement 

Historically, passive remote sensing instruments (ground-based and onboard satellites) 

have helped characterize the long-term variability of the columnar aerosol loading, optical and 

radiative properties over the Cabo Verde region during both pure marine aerosol scenario and 

dusty conditions (Dubovik et al., 2002). However, they provide limited information on the 

mixing state and vertical distribution of dust, urban industrial, smoke, pollution, volcano and 

marine aerosols. Among the aerosols retrievals based on passive remote sensing instruments 

available during the ASKOS campaign, it is worth highlighting the products from the ground-

based AERONET (AErosol RObotic NETwork) CIMEL Sun Photometer, which are widely 

used as reference columnar data to validate retrievals from satellite instruments (Holben et al., 

1998). Despite its focus on the columnar aerosol properties, the ratio of the extinction-to-

backscatter coefficient (often referred to as the Lidar Ratio) of the AERONET has also been 

crucial in the context of the aerosol retrievals of active remote sensing instruments, namely lidar 

systems.  

The main advantage of lidar systems is their ability to retrieve the vertical aerosol 

distribution and their optical properties, depending on the lidar type. Therefore, lidars provide a 

unique perspective to evaluate aerosol transportation and radiative effects along the atmosphere 

column. The Raman-based lidar technique allows the retrieval of the Lidar Ratio, from which it 

is possible to infer the aerosol type and mixed state (Ansmann et al., 2002; Giannakaki et al., 

2010). On the other hand, the multiwavelength elastic backscatter lidars can detect the presence 

of coarse aerosols, and the simple elastic Lidar can use a priori assumptions of the aerosol type 

or combination via the Lidar Ratio (Lr) property to identify the aerosol based on the particle 

backscatter coefficient retrieval (Klett, 1981). Another technique applied in lidars is the 

polarization technique, which allows the retrieval of the aerosol depolarization ratio (Dp) 

(Weitkamp, 2006). A polarization lidar emits polarized light and can detect the depolarization 

of the backscattered light, which can be significant when the scatterers have a non-spherical 

 
1 https://askos.space.noa.gr/about/instruments/ 
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shape, such as desert dust, ice crystals, volcanic ash, and even pollen. The combination of 

polarization and Raman techniques can be used to separate the desert dust aerosol from other 

aerosol components using Depolarization Ratio (Dp) and Lidar Ratio measurements (Tesche et 

al., 2009). Unlike marine aerosols mixtures, desert dust causes high backscattered light 

depolarization (Althausen et al., 2009). On this basis, a recently developed method, called ElEx 

(elastic extinction, Giannakaki et al., 2020), allows the estimation of the aerosol extinction 

coefficient profiles using only the information provided by the elastic and polarization channels 

of an elastic depolarization lidar system. This technic used the particle backscatter profiles and 

the vertically resolved particle linear depolarization ratio measurements at the same wavelength.  

The ElEx method is limited to cases where only two basic aerosol types are observed, 

and the mixing state of the atmosphere is well known. The first aerosols have a high capacity of 

light depolarization, while the second do not depolarizes the light. A scenario usually reported 

over the Cabo Verde region involves marine and Saharan dust aerosols. ASKOS instrumentation 

setup in São Vicente Island provides a strategic framework to apply and evaluate the ElEx 

method since a combination of lidar systems that include a single-wavelength polarization 

Raman lidar system (Paschou et al., 2022) and a multiwavelength polarization Raman Lidar 

(Baars et al., 2016) has been operated simultaneously during the campaign. This represents a 

motivation for the more specific goals of the present study. ElEx method's potential to expand 

extinction coefficient profiles retrievals to non-Raman lidars represents an important and 

valuable contribution to aerosol characterization (Giannakaki et al., 2020). Therefore, the 

continuous evaluation/validation method is essential especially under the unique context of 

ASKOS. 

 

1.3 Research Questions 

Focusing on the understanding of aerosol optical properties in the atmosphere column of 

Mindelo and on the performance of the EIEx method to resolve and characterize the vertical 

optical properties of the aerosol's components, below are listed the main questions that 

summarize the aim of the present study: 

❖ How did aerosol loading and optical properties characterize Mindelo's atmosphere 

during the ASKOS first campaign period? 

❖ Is the EIEx method able to consistently resolve the vertical contribution of aerosol 

species over Mindelo city? 



 

5 
 

1.4. Objectives of the work 

Considering the above-described context, the main objective of this investigation is to 

characterize the aerosol's optical properties and types over São Vicente Island, Cabo Verde, 

during the ASKOS campaign from July to September 2021. 

To achieve the general goal, some specifics objectives were defined: 

❖ Use the AERONET sun photometer retrieval over São Vicente to analyze and 

contextualize the total atmosphere column for the ASKOS campaign period. 

❖ Use the eVe lidar system measurements collected over São Vicente during the ASKOS 

campaign to identify aerosol vertical structure scenarios (case studies) where the ElEx 

method can be applied, i.e., dust and non-dust particles are observed, and their mixing 

state is well characterized. 

❖ Link backward trajectory analysis of the air masses arriving over São Vicente with 

regional maps of aerosol optical depth from MERRA-2 reanalysis to identify the origin 

and nature of aerosol layers for the studies cases.  

❖ Focusing on the target cases, to perform the aerosols discrimination profiles over São 

Vicente by applying the ElEx method using the eVe lidar dataset. 

❖ Validation of the ElEx (elastic extinction) extinction coefficient profiles against the 

retrievals from eVe and PollyXT, an independent multiwavelength depolarization 

Raman lidar system also operated in São Vicente during the ASKOS experiment. 

 

1.5. Structure of the work 

This thesis is organized as follows: The conceptual framework and literature review in 

section two which describe the previous study and research did in the study area, data, and 

methodology used are presented in section three; the results and discussion are described in 

section four. The conclusion and future work recommendations are shown in section five. 
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2. Literature review 

2.1. The importance of dust 

Atmospheric aerosols significantly affect the radiation budget (Stocker et al., 2013). 

They can absorb or scatter incoming and outgoing solar radiation, thereby heating or cooling 

the climate system depending on their type. According to their size and chemical composition, 

they can also serve as condensation nuclei of clouds, thus altering their physical and radiative 

properties (Kaufman et al., 2002). Mineral dust has emerged as a critical aerosol of particular 

concern in the Earth system due to its influence on radiation, clouds, atmospheric dynamics, 

chemistry, air quality, and biogeochemical cycles (Knippertz & Todd, 2012). It represents the 

most abundant and dominant aerosol species in terms of mass (Textor et al., 2006). The 

assessment of global dust emissions revealed that the Sahara Desert is the largest source of dust 

in the world by a wide margin ((Prospero et al., 2002), with an average emission of 22,000 tons 

per year, seconded by the East Asian deserts, which contribute nearly 600 tons of particles 

annually (Huang et al., 2008). 

Saharan dust is the product of natural erosion of soils by wind and is estimated to 

contribute at least (Bates et al., 2008) 80% of the total dust budget and more than half of the 

global aerosol load (Textor et al., 2006). Consequently, studying and understanding Saharan 

dust is very important since it affects the environment and atmosphere differently. Its ability to 

scatter and absorb the shortwave and longwave solar radiation is considered a direct radiative 

effect (Knippertz & Todd, 2012). Additionally, dust aerosols can also indirectly affect the 

radiation budget by impacting the cloud microphysical processes (Haywood et al., 2011). For 

instance, they can operate as cloud nuclei, thus indirectly moving the radiation through albedo, 

rainfall efficiency, cloud lifetime, and size (Klüser & Holzer-Popp, 2010; Rosenfeld et al., 

2001). It is also important to mention their semi-direct influence, which is the uptake of heat 

(within the dust layers), which affects the humidity, vertical dynamics, cloud formation 

precipitation (Klüser & Holzer-Popp, 2010), and even the development of tropical cyclones 

(Dunion & Velden, 2004). 

Mineral dust is the aerosol most involved in ocean biochemistry. SWAP et al. (1992) 

was the first who suggested the contribution of Sahara Dust to the nutrient budgets of 

Amazonian environments, which has been further validated in more current studies (Bristow et 

al., 2010; Koren et al., 2006) and reinforced by the study of the carbon cycle impact of Saharan 

dust conducted by the Nasa (NASA, 2022). Mineral dust is considered a relevant indicator of 

the feedback of climate in glacial/interglacial processes (Krinner et al., 2006; Winckler et al., 
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2008). Thus, the quantity and composition of dust deposited in sediments and glacial soils are 

used as markers of climatic and ecosystem changes over long duration time scales (Lambert et 

al.,2008; Sima et al.,2009). 

Moreover, dust particles present a severe risk to human health, mainly in countries close 

to dust sources and downwind areas (Meningococcal Meningitis, 2022). Several illnesses have 

been linked to dust particulate matter, especially cardiovascular and respiratory difficulties 

caused by breathing submicron particles, as these can be absorbed deeper into the human 

respiratory system (Yoon et al., 2012). Ocular diseases such as meningitis and valley fever have 

been documented in some areas during and after heavy dust events (Meningococcal Meningitis, 

2022; Polymenakou et al., 2008). 

However, despite all these climatic implications and environmental impacts, the 

monitoring and simulation of Saharan dust emission and transport across the world are 

incredibly challenging given the complex meteorology, removal processes and sparse 

monitoring network. Despite that, historical and recent developments in spectral viewing and 

polarization capabilities have allowed the extraction of aerosol properties (dust) from many 

remote sensing techniques and sensors using both ground-based (Sun photometers, Lidar 

systems) and satellite (MISR, MODIS, PARASOL, CALIPSO, OMI, ATSR, or AEOLUS) 

systems. These sets of remote sensing techniques and platforms provide, via complex algorithms 

and models, a more exhaustive overview of the critical phenomena involving dust transport in 

the atmosphere (Molero et al., 2020). They provide vital information on mineral dust's spatial 

and temporal distribution, especially over regions where in situ monitoring is sparse or 

unavailable (over remote areas, including ocean regions). 

 

2.2. Dust remote sensing-based monitoring 

2.2.1. Satellites 

Satellite-based remote sensing can provide almost complete spatial coverage of the dust 

distribution. The instruments aboard satellites are being used to monitor different aspects of the 

atmospheric particles, including optical properties, for instance, aerosol optical depth, mass 

concentration, and vertical distribution (Knippertz & Todd, 2012). Aerosol visual depth (AOD), 

an indirect measurement of the aerosol load, is estimated from cloud-free reflectance 

measurements at the top of the atmosphere (Milford et al., 2019). Other satellite products related 

to dust monitoring include absorption AOD (Marais & Chance, 2015). In fact, throughout the 

last decades, considerable progress has been observed with the improvement of satellite sensors' 
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abilities to survey dust, e.g., the second-generation of Meteosat (MSG) spinning enhancements 

Visible and Infrared Imager (SEVIRI) (Brindley & Ignatov, 2006; Thomas et al., 2007). The 

Multi-Angle Imaging Spectroradiometer (MISR) and Cloud-Aerosol Lidar with Orthogonal 

Polarization (CALIOP) (Hu et al., n.d.) as well as some novel approach for other satellite data 

have been applied to improve our knowledge on the critical phenomena of the dust balance, 

emission, transportation, and deposition. One case is the quantification of the AOD on high 

spatial resolution above the bright desert surfaces from MODIS data in the Nadir view 

performed by Hsu et al. (the "Deep Blue" algorithm of Hsu et al., 2004). Another case is the 

deduction of AOD at a 15-minute time scale from the SEVIRI infrared and optical channels 

(Brindley & Ignatov, 2006; Thomas et al., 2007). The AOD is combined with the SEVIRI dust 

product (see "Best practices for RGB compositing of multispectral imagery", a guideline of the 

European Organization for the Exploitation of Meteorological Satellites2).  

Among additional examples of approaches to advance aerosol monitoring from 

satellites, targeting application is the retrieval of aerosol optical properties, there are the satellite 

Polarization and Anisotropy of Reflectance for Atmospheric Sciences coupled with 

Observations from a Lidar (PARASOL, Wang et al., 2014). The Multi-Angle Imaging 

Spectroradiometer (MISR, Diner et al., 1998), which monitors backscattered radiation from the 

Earth/atmosphere system from the visible to near-infrared bands. Or, the remarkably detailed 

vertical profiles of aerosol backscattering from the CALIOP space lidar (and to a lesser extent 

ICESat), although the temporal range is restricted (Rogers et al., 2014). The Aeolus satellite of 

the European Space Agency (ESA) provides global profiles of the Horizontal Line-of-Sight 

(HLOS) wind component in the troposphere and the lower stratosphere (Tan et al., 2008) 

through ALADIN, a sophisticated Doppler Wind Lidar. This instrument (ALADIN) used a 

circularly polarized emission and a multiple-interferometer to retrieve the particle (i.e., aerosols 

and clouds) backscatter coefficient, the extinction coefficient, and the backscatter-to-extinction 

ratio.  

Several studies can be mentioned highlighting the information delivered by these 

instruments. For instance, the analysis of the aerosol type distribution over the globe is based 

on five-year CALIPSO retrieval (Huang et al., 2008). As well as the three-dimensional (3D) 

models of the occurrence of dust and smoke in China based on CALIPSO, MODIS (Moderate 

Resolution Imaging Spectroradiometer) and OMI (Ozone Monitoring Instrument) conducted by 

Guo et al. (2016), or the study performed by Liu et al., (2019) on the temporal-spatial 

 
2 http://oiswww.eumetsat.org/SDDI/html/doc/best_practices.pdf 

http://oiswww.eumetsat.org/SDDI/html/doc/best_practices.pdf
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distribution of dust over East Asia utilizing CALIPSO dust frequency occurrence (FDO), dust 

top layer height (TH) and aerosol subtype profile. 

 However, it is worth emphasizing that no satellite sensor or retrieval algorithm is 

without limitations. This refers to the multiple uncertainties coupled with cloud contamination 

and assumptions about the optical characteristics of the aerosol, with variability in the albedo 

and emissivity of the Earth's surface. Currently, no satellite sensor can detect aerosols under 

thick cloud layers and thick dust or distinguish cirrus clouds at visible wavelengths 

(Roskovensky & Liou, 2005). For example, 15 satellite algorithms built to monitor Saharan dust 

were correlated with AERONET's AOD, and the results revealed that these standard satellites 

error varied from 0.1 to 0.5 (Knippertz & Todd, 2012). There is an obvious need for more 

quantitative cross-comparison and analysis of the uncertainty sources, especially in areas highly 

exposed to desert dust. For this reason, satellite data requires ground-based data to be validated. 

 

2.2.2. Ground-based instrument  

Ground-based sensors play an important role in validating and calibrating space-based 

instruments by providing well-characterized reference information (Holben et al., 1998). The 

surface instruments generally give more accurate observations of aerosol properties (Huang et 

al., 2008). Still, they are spatially limited because they allow only a representation of an area 

near the observation site. The organization of identical ground-based instruments into 

observational networks, with standardized data processing procedures, extends such data into 

larger geographical scales. For example, the AERONET (AErosol RObotic NETwork) (Holben 

et al., 1998) has almost 500 surface-based sun photometers and provides high-quality retrievals 

of AOD and aerosol physical characterization. These instruments are ground-based and use 

passive remote sensing techniques focusing on spectral solar radiation measurements for aerosol 

properties monitoring worldwide. They are designed to measure at multiwavelength channels 

and collect the solar irradiance directly. This irradiance is complemented with angular radiance 

measurements (almucantar measurements, with a constant zenith angle equal to solar zenith 

angle (SZA)) and are routinely inverted to retrieve the microphysical and optical properties of 

aerosols for the entire atmospheric column. From such measurements, AERONET retrieves 

aerosol microphysical properties, namely size distribution and refractive index, and spectral 

optical properties, such as aerosol optical depth (AOD), Angstrom Exponent, single scattering 

albedo; asymmetry factor; and phase function (Huang et al., 2008; Naeger et al., 2016). The 

AERONET algorithms have been tested and upgraded for more than two decades (Liu et al., 
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2019), and it has been implemented successfully in the worldwide network of instruments, 

providing useful information for satellite validation (Zhang et al., 2003) and climate studies. 

However, sun photometers collect information integrated into the atmosphere column, so they 

are largely limited because they do not offer information on the vertical distribution of aerosol 

particles.  

The vertical distribution of aerosols, particularly dust, is relevant because it determines 

its climate effects, residence, and transport into the atmosphere (Bourgeois et al., 2015). 

Regarding the remote sensing monitoring of aerosol properties vertical profile, the lidar (light 

detection and ranging) technique has the potential to provide detailed information on the vertical 

distribution of particles in the atmosphere. This instrument of high vertical resolution is a 

powerful tool that provides a better characterization of the aerosol profiles by taking advantage 

of the additional information collected by the wavelength dependence of the backscatter and 

extinction coefficients (Molero et al., 2020). Lidar is an active remote sensing system capable 

of obtaining information on the atmospheric structure and constituents (gases, particles and 

cloud droplets), gathered by an appropriately designed optical receiver from the interaction 

between transmitted laser light and these atmospheric constituents (Mona et al., 2012). 

 Currently, there are several lidar instruments worldwide that have been employed by 

regional networks to provide long-term, accurate and consistent measurements of the vertical 

distribution of aerosol parameters. These have included the European Aerosol Research Lidar 

Network3 ,which offers good spatial coverage of optical aerosol properties with high vertical 

resolution. The PLANET4 (Micro-Pulse Lidar NETwork, Qiu et al., 2003), is a system designed 

to measure aerosol and cloud vertical structure (Ackerman et al., 2000). There is also Asian 

Dust Network5 (AD-Net), formed in 1998 to provide 4D outlooks of dust movement using lidar 

sites around the Asian countries (Murayama et al., 2001). 

Several techniques have been further elaborated to extract aerosol profiles based on the 

backscattering and extinction coefficient of the particles. Among them we have the algorithms 

suggested by Léon et al., (2003); Nishizawa et al., (2007) and Huneeus & Boucher, (2007) 

which are based on dual-wavelength backscattering lidar applications and pre-determined 

lognormal aerosol models. The lognormal models consist of fine and coarse modes with 

stationary size distributions and reflectance characteristics but varying concentrations 

 
3 http://www.earlinet.org/ 
4 http://mplnet.gsfc.nasa.gov/ 
5 http://www-lidar.nies.go.jp/AsiaNet/ 

http://www.earlinet.org/
http://mplnet.gsfc.nasa.gov/
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throughout the vertical column. The technique of Nishizawa et al., (2007) uses a dual-

wavelength lidar detection at 532 nm and 1064 nm, and a complementary measurement of the 

depolarization ratio of aerosol at 532 nm, to determine the type of the coarse mode (desert dust 

or sea salt) present in the atmosphere column. Shimizu et al., (2004), Sugimoto et al., (2003), 

and Sugimoto & Lee (2006) utilized the particle depolarization ratio and the backscatter 

coefficient quantitatively by making certain assumptions. they considered 0.35 for the dust 

depolarization ratios at 532 nm and 1064 nm, and the dust backscatter coefficient contribution 

in the total backscatter volume in Asia. Tesche et al. (2009) performed the same method as 

Sugimoto et al. (2003) by using particle depolarization ratio to separate dust and non-dust 

particles in the total volume of backscatter at 532 nm. Then, to reduce the uncertainties they 

employed the signal of a multiwavelength Raman to get, for the first time, the particle 

backscatter coefficients at 355 nm, 532 nm, and 1064 nm with the extinction coefficients at 355 

nm and 532 nm at Praia city, in Cabo Verde.  

The POLIPHON method, developed by Mamouri & Ansmann, (2017) provides 

separation of dust aerosol particles from other aerosol components (for the step I) and the 

separation of course and fine dust from the non-dust particles (step II) by using three 

wavelengths, at 355, 532, and 1064 nm, of a polarization lidar, complemented by the volume 

conversion factors obtained from an AERONET sun photometer and dust extinction coefficient 

for all three wavelengths. Giannakaki et al., (2017) recently developed a method called EIEx 

(elastic extinction), further applied by Giannakaki et al., (2020). This method performs the 

characterization of vertical profiles of dust and non-dust aerosols using the information provided 

by the elastic and polarization channels at 532 nm of a lidar system under some assumptions to 

specify the extinction coefficient profile. This last method is the focus of the present study. 

However, we investigate the inelastic Raman channel at 355 nm instead of using the elastic and 

polarisation channels to apply and validate the method. 

.  
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3. Materials and methods 

Cabo Verde archipelago is a country located around 570 km of the West African coast 

in the eastern portion of the Tropical Atlantic Ocean, as shown in Figure 1. Due to its strategic 

location, Cabo Verde has been a place of many experimental campaigns on dust aerosols that 

aim to study Saharan dust outbreaks over the Atlantic Ocean, e.g., AMMA and DABEX 

(Haywood et al., 2008; Rajot et al., 2008). And taking advantage of the Cabo Verde locations 

and in the framework of the AEOLUS CAL/VAL campaign, the National Observatory of 

Athens (NOA), aiming to evaluate the quality of the aerosol and cloud products of the Aeolus 

satellite, selected the island of São Vicente, during the summers of 2021 and 2022 to deploy the 

ASKOS experiment6. The country is composed of 10 volcanic islands. São Vicente, the second-

largest city (Mindelo) of Cabo Verde, is located in the northern part of the archipelago. This 

area is characterized by the strong trade winds from the northeast that regulate the transport of 

different types of aerosols towards the country, especially from the Sahara, which makes the 

location a hot spot for investigations of aerosol dust interaction with atmospheric dynamics. The 

air mass recorded in Mindelo is relatively free of local anthropogenic pollution, with dust and 

marine aerosols being the dominant types of particles (Fomba et al., 2014). The aerosol mixture 

at this location is spatially and temporally variable depending on meteorological conditions. 

Usually, at the surface level, São Vicente receives clean marine air masses from the North 

Atlantic Ocean in late autumn and summer. In contrast, it receives dust-laden air masses from 

the Sahara in late autumn and winter (Fomba et al., 2014). Meanwhile, Saharan dust is 

transported to the region at higher altitudes during summer, resulting in high aerosol optical 

depths (Gama et al., 2015). 

Although the tropical Atlantic significantly affects the global climate, there is still 

limited scientific data from this region. Furthermore, Cabo Verde lies directly on the path of 

sandstorms and bushfire smoke that migrated westwards from the North Africa region to the 

open Atlantic, thus exposing the local population to severe health risks. Overall, there is a need 

to enhance atmospheric dust monitoring capacity in the region, and São Vicente Island is 

becoming a reference in the monitoring of dusty airflow from Africa towards the Atlantic.  And 

by the way to understand the dust role in the atmospheric processes, ocean biogeochemical 

cycles, and also its transportation towards the remote ecosystems of the Americas. Therefore, 

 
6 https://meetingorganizer.copernicus.org/EGU21/EGU21-13781.html 

https://meetingorganizer.copernicus.org/EGU21/EGU21-13781.html
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studies in the region targeting advancing current knowledge on mineral dust optical properties 

and its climate effects are highly important.  

 

 

Figure 1: An overview of the study area, showing the localization of the 10 islands that constitute the Cabo Verde 

archipelago, on the West coast of Africa, and the São Vicente Island (highlighted using the red circle) where the 

ASKOS experiment occurred. 

 

3.2. Data collection - ASKOS campaign 

The primary dataset considered in this investigation was collected at São Vicente Island 

during the ASKOS campaign in the summer of 2021 by the three instruments described below, 

the eVe lidar system (Paschou et al., 2022), the PollyXT Raman lidar (Baars et al., 2016) and a 

CIMEL sunphotometer from the AERONET (Holben et al., 1998). The eVe measurements 

represent the reference dataset for this study. It was collected during the joint Aeolus Tropical 

Atlantic campaign (JATAC) from July to September 2021 at Cabo Verde. The JATAC/ASKOS 

experiment was organized by ESA in collaboration with European and US Partners; the aim is 

to characterize and understand the dynamic of clouds, winds, and aerosols in the Tropics and to 

validate the AEOLUS products (profiles of wind and aerosol-cloud optical properties). The site 

for the campaign is OSCM (Ocean Science Center Mindelo), located on the North-West coast 

of Mindelo at 16.878° N; -24.995° W. The two other instruments are installed on the rooftop of 

the OSCM and assure continuous measurement. The lidar system PollyXT from the Leibniz 

Institute for Tropospheric Research (TROPOS) has been operated since 29 June 2021, and the 

sunphotometer began collecting data around January 2021. 
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3.3. Instruments 

3.3.1. Cimel sun photometer 

AERONET is a network of sun photometers focusing on aerosol properties and 

precipitable water retrievals (Holben et al., 1998). These sun photometers, manufactured by 

CIMEL Electronic in collaboration with LOA and NASA, are installed worldwide and allow 

continuous and simultaneous measurements to characterize atmospheric aerosols. These 

ground-based remote sensing instruments are described in detail in the user manual of 

AERONET (CIMEL, 2014) and briefly in other studies (Diarra & Ba, 2014; Dubovik & King, 

2000). A radio transmitter relays the data in the sun photometer's memory to the geostationary 

METEOSAT satellite and then forwards it to a ground receiving station (Holben et al., 1998). 

The CIMEL sun photometers are programmed to perform direct solar radiation measurements 

at a 15-min resolution and sky radiation at a 1-hr resolution. The instrument takes direct solar 

radiation measurements at eight different channels of 340, 380, 440, 500, 675, 870, 940, and 

1020 nm, with the 940 nm band used for measuring columnar water vapor (Adesina et al., 2019). 

These observations retrieve the refractive index and the volume size distribution using an 

inversion algorithm. The obtained refractive index and size distribution are used to obtain the 

aerosol's optical properties: single scattering albedo (SSA), asymmetry parameter, extinction 

and backscattering coefficients, phase function, etc.  

Information on uncertainties and calibration protocols has been reported by Dubovik et 

al.  (Dubovik et al., 2002; Dubovik & King, 2000). AERONET data are provided at three quality 

levels: level 1.0 for raw data, level 1.5 for cloud-filtered observations, and level 2.0 for quality-

assured data to which post-field calibration has been carried out. The main retrieval, namely 

Aerosol Optical Depth (AOD), is based on the Beer-Lambert-Bouguer law, via which the 

attenuation of spectral direct solar radiation through the Earth's atmosphere can be described as 

follow. The uncertainty in the AOD retrieval under cloud-screen conditions for the wavelengths 

above 440 nm is < ± 0.01 and for shorter wavelengths < ± 0.02 or less than ± 5% uncertainty in 

the sky radiance measurements. Particle recovery errors in the size range (0.1 ≤ r ≤ 7µm) do not 

surpass 10%, except for tiny sizes below 0.1µm and sizes above 7µm. The SSA has an 

uncertainty of about 0.03 - 0.05 according to aerosol type and loading. The real and imaginary 

parts of the refractive index have uncertainties of about 0.3 - 0.5 and ± 0.04, respectively (Alam 

et al., 2012; Dubovik et al., 2002). The main retrieval, namely Aerosol Optical Depth (AOD), 

is based on the Beer-Lambert-Bouguer law, via which the attenuation of spectral direct solar 

radiation through the Earth's atmosphere can be described as follow:                                    
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Iλ = I0λD−2 exp−τλµ   Eq (1)              

Where: 

● Iλ is the intensity of the light at the wavelength λ at the observation site,  

● I0λ is the intensity of the light at the top of the (TOA),  

● D is the Sun-Earth distance in astronomical units at the time of observation,  

● τλ is the total optical thickness, which includes the effect of all atmosphere radiatively 

active components at  𝜆,  

● and µ = sec θ is the air mass, where θ is the solar zenith angle (SZA). 

The Angstrom coefficient α can be calculated using the following equation 

𝛼 = - 𝑙𝑛 ( τ 1 /τ 2 )     Eq (2) 

𝑙𝑛 ( 𝜆1 /𝜆2 )                

Where: 

• τ1 is the aerosol optical depth (AOD) at a reference wavelength 𝜆1 and τ2 is the AOD 

at another wavelength 𝜆2. 

• α is closely related to the size distribution of the aerosol population; large values of 

α indicate a relatively high ratio of small particles to large particles. Meanwhile, 

under large particle dominance α should approach 0.     

                                    

Moreover, of particular interest to the present investigation are the AERONET relatively 

new parameters obtained from the inversion of sun/sky radiometer measurements. Hence, the 

particle lidar ratio and the particle linear depolarization ratio for different aerosol types, which 

allows aerosol typing and aerosol-type separation in lidar measurements (Shin et al., 2018).  

 

3.3.2. Lidar 

There are different techniques for studying aerosols when it comes to using lidar 

systems, from elastic backscatter lidar, the simplest and most commonly used, to complex and 

sophisticated multi-wavelength Raman lidar, or the high spectral resolution lidar (HSRL). The 

lidar equation that describes the measured signal that is elastically backscattered from the 

atmosphere is presented below (Mona et al., 2012). 

𝑃(𝑅) =  𝑃0
𝐸0𝜂𝐿

𝑅2  𝑂(𝑅) 𝛽(𝑅)𝑒𝑥𝑝 {−2 ∫
𝑅

0
𝛼𝑟𝑑𝑟   ′}     Eq (3) 
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Where: 

• P (R) = the measured signal 

• PO= the number of photons in the laser pulse 

• EO= The emitted laser pulse energy,  

• η and L = lidar parameters describing the efficiencies of the optical and detection units, 

• O(R)= the overlap function of the telescope 

• β(R)= the backscattering coefficient  

• αr =the extinction coefficient 

For the purpose of this work, we focused on two types of lidars: a depolarization lidar system 

that utilizes both elastic and Raman channels, named Eve (Paschou et al., 2022), and an 

independent Depolarization Raman lidar system, termed as PollyXT. Both are ground-based 

systems operated during the ASKOS campaign in São Vicente Island. 

-Lidar ratio 

Laer(R) = αaer (R) Eq (4) 

     βaer(R) 
 

Where: 

• αaer(R)   =  The extinction coefficient of aerosol                                             

• βaer(R) = the backscattering coefficients of aerosol 

 

 

eVe lidar system 

The eVe lidar was designed by Raymetrics S.A(Athens, Greece) in cooperation with the 

National Observatory of Athens and the Ludwig-Maximilian's-Universität, Munich, Germany. 

The system was developed to be a mobile and flexible ground-based lidar system, capable of 

functioning in an extensive range of environmental situations. The system employs two lasers 

for the emission of linearly and circularly polarized light-emitting lasers, respectively, and two 

telescopes, each gathering the backscattered light from both lasers. The eve transmitter consists 

of two lasers that emit polarized laser pulses at 355 and 532 nm and elliptically polarized pulses 

at 1064 nm. The eVe lidar system is a Depolarization Raman lidar (Paschou et al., 2022).  

The advantage of the combined procedure is that it can determine aerosol extinction 

profiles with no significant assumptions during night-time measurements. Consequently, the 

aerosol backscatter coefficient profile can be established with much higher accuracy than simple 

elastic backscatter lidar (Ansmann et al., 1992). Consequently, the eVe system allows the 

retrieval of the following optical properties: the particle extinction coefficient, the particle 



 

17 
 

backscatter coefficient, the particle depolarization ratios and the volume depolarization ratios. 

Moreover, it is possible to directly measure the lidar ratio profile from the independent 

measurement of the aerosol extinction and backscatter profiles. The lidar ratio is a very relevant 

parameter for aerosol identification and typing. With the assistance of transport models, this 

type of measurement allows a detailed analysis of aerosol characterization and mixing patterns 

(Villani et al., 2006). The eVe system has all the needed information to perform and evaluate 

the ElEx method. 

PollyXt lidar system 

The PollyXT is a sophisticated portable lidar system (the one with interest is fixed) with 

the capabilities of advanced EARLINET lidars and EARLINET quality standards but dedicated 

to stand-alone operation in remote places. This Raman lidar was initially conceived in 2003 by 

TROPOS and FMI. In the preceding years, these systems have been successfully applied within 

EARLINET. They are relatively robust, as they can function unsupervised and autonomously 

24 hours a day, seven days a week (24/7) (Wandinger et al., 2012). One more advantage of Polly 

Lidar is the consistent data structure and thus the simple possibility to update and adjust the 

software. All PollyXT lidars are operated in a network called PollyNET (Baars et al., 2016), 

which provides data backup, monitoring of instruments and an internationally accepted 

knowledge transfer. Since 2006, two multiwavelength polarization and Raman lidar systems 

with expanded functionalities (PollyXT, second generation) have been developed and operated 

by the same institutions (TROPOS and FMI).  

These systems allowed the measurement of particle backscatter coefficients at 355, 532 

and 1064 nm and extinction coefficients at 355 and 532 nm. The backscatter and extinction 

coefficients are used to characterize the optical properties of aerosols (Müller et al., 2007) by 

an inversion algorithm to deduce the size distribution and particle concentration. Additionally, 

a polarization-sensitive channel has been set up to determine the particle shape from a linear 

depolarization ratio (Kanitz et al., 2013), to distinguish dust and non-dust particles in mixed 

aerosol layers (Baars et al., 2011) and to examine mixed phase of clouds (Kanitz et al., 2011).   
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Figure 2: The set of instruments used in this project: (a) a sun photometer from the AERONET; (b) the Eve lidar 

system from The National Observatory of Athens (NOA); and (c) The PollyXT lidar from Leibniz Institute for 

Tropospheric Research (TROPOS). All of them are being operated at the OSCM (Ocean Science Center of 

Mindelo), in São Vicente Island during the ASKOS campaign in 2021. 

 
 

3.4. Data Analysis 

3.4.1 Lidar ratio and Depolarization ratio  

        Understanding the relationship between the different optical properties is key to aerosol 

characterization. The main parameters that will be considered during this study will be the 

particle backscatter coefficient, the lidar ratio, the depolarization ratio, and the particle 

extinction coefficient. The relationship between extinction and backscatter coefficients is 

expressed by the lidar ratio, as shown previously. It depends on the particle's size distribution, 

shape, and chemical properties; therefore, Lidar ratios constitute an essential factor for aerosol 

characterization. Regarding the depolarization ratio, it depends on the polarization state of the 

backscattered light retrieved by the lidar (Kaduk,2017). With polarization, the lidar particle 

depolarization ratio is derived from the volume depolarization ratio by measuring the parallel 

and cross-polarized signal component of the backscattered light. The emitted laser light is linear 

polarized; therefore, if the backscattered light is depolarized by non–spherical scattering 

particles, such as dust particles, a significant cross-polarized signal component can be 

registered by the lidar telescope (Seifert, 2010). The particle depolarization ratio δv (R) is the 

ratio of the cross-polarized to parallel–polarized signal. From the particle depolarization ratio, 

information about the sphericity of the scattering particles can be inferred. Spherical particles, 

such as smoke, pollution and marine aerosols produce very low depolarization. Hence the 

https://mobile.twitter.com/raymetrics
https://raymetrics.com/raymetrics-participates-in-askos-aeolus-cal-val-campaign/
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particle linear depolarization ratio for spherical aerosol particles is almost zero (δp (R) ∼ 0). In 

the case of non–spherical particles, such as dust and volcanic ash, the emitted light is strongly 

depolarized during the backscattering process (δpar(R) > 0). Considering the aspects described 

here, the combination of lidar ratio and depolarization ratio has been used to identify aerosols 

type when these two optical properties are available. In this study, lidar and depolarization ratio 

measurements taken over São Vicente Island during the ASKOS campaign and obtained from 

literature were fundamental to the characterization and discussion of the profiles of aerosol 

types transported over the study region. 

 

Retrieval uncertainties 

An overview of the lidar ratio and particle linear depolarization ratio is shown in Figure 

3. The lidar ratio and linear depolarization ratio values at 355 nm for different aerosol types 

and mixtures are plotted against each other (Illingworth et al., 2015). Ground observations with 

Raman polarization lidars have been made at Cabo Verde Islands, Leipzig, Munich, the 

Amazon basin and over the North Atlantic (Baars et al., 2011; Groß et al., 2012). The linear 

particle depolarization ratio presents the most significant differences among the different 

aerosol types. The difference extends from low values of 2-5% for marine aerosol, pollution, 

and smoke to the highest values for volcanic ash (37%). Dust and dust mixtures range from 15 

to 28%. The lidar ratio has its lowest values for marine aerosol (15-30 sr) and the highest values 

for smoke and dust/smoke mixtures (50-95 sr). All other aerosol types are in the range of 35-

70 sr. 

 

 



 

20 
 

 

Figure 3: Lidar ratio as a function of particle linear depolarization ratio at 355 nm obtained by a different 

institution, TROPOS (squares) and University of Munich (dots), for different regions across the world: at Cabo 

Verde, Leipzig, Munich in the Amazon Basin and over the North Atlantic (Illingworth et al., 2015). 

 

For the EIEx application, the assumed lidar ratio and depolarization ratio chosen from 

the literature (see Table 1) agree with the general analysis performed by Illingworth et al. 

(2015). 
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Table: Mean value and the standard deviation of aerosol lidar ratio, particle linear depolarization ratio taken 

from the literature. 

Aerosol Lidar ratio Depolarization ratio  Source 

 

 

 

Dust 

54±7 sr 0.21 ± 0.01 (Kaduk et al., 2017) 

55 sr  (Groß et al., 2015) 

 50 - 60 sr 0.27 ± 0.03 (Mamouri & Ansmann, 2017) 

53 ± 10 sr 0.26 ± 0.06 (Tesche, Müller, et al., 2011)  

53 ± 7 sr 0.26 ± 0.06 (Freudenthaler et al., 2009 ; 

Tesche et al., 2009) 

55 ± 6 0.30 – 0.35 (Müller et al., 2007) 

61±4 sr 0.25 ± 0.01 (Bohlmann et al., 2018.) 

48–70 sr 0.24 – 0.27 (Groß et al., 2011) 

58 ± 7 0.25 ± 0.03 (Groß et al., 2011) 

 

 

Volcano ash 

64 ± 12.7 sr  (Chouza et al., 2020.) 

60 sr 0.35 (Prata et al., 2017) 

50 < Lr < 60 sr 0.35 < Dp < 0.38  (Groß et al., 2012) 

63 ± 21 sr  (Lopes et al., 2019) 

 

 

Volcano sulfate 

60 < Lr < 80 sr 0.01 < Dp < 0.02, (Groß et al., 2012a) 

30–60 sr 0.1–0.2 (Vaughan et al., 2021) 

40–50 sr <5% (Prata et al., 2017) 

 

 

 

Marine 

21±1 sr 0.03±0.01 (Kaduk, 2017) 

15–25 sr 0.05 (Mamouri & Ansmann, 2017) 

23±2 sr around zero (Bohlmann et al., 2018)  

22±1 sr around zero (Bohlmann et al., 2018) 

18 ± 4 sr 0.02 ± 0.01 (Groß et al., 2011) 

 

Pollution 

58 ± 12 sr <0.05 (Müller et al., 2007)  

44±5 sr 0.015±0.01 (Kaduk, 2017) 

 

 

Uncertainties in the basic lidar-derived optical properties retrieval and the EIEx method 

are extensively analyzed and discussed by Giannakaki et al. (2017), Mamouri & Ansmann 

(2017), and Tesche et al. (2009). Typical uncertainties in the fundamental particle optical 

properties were analyzed over several experiments. Figure 4 shows the gaussian distributions 

of the depolarization ratio (Fig.4 (a)) and the lidar ratio (Fig.4 (b)) used in Monte Carlo error 

simulation for the EIEx method retrievals. The assumed depolarization ratio and the lidar ratio 

average and standard deviation values for each pure aerosol type are 53 ± 10 sr and 0.26 ± 0.06 

for dust (Tesche, Müller, et al., 2011), 70 ± 10 sr and 0.02 ± 0.05 for volcanic sulfate (Groß et 

al., 2012b), 18 ± 4 sr and 0.02 ± 0.01 for marine (Groß et al., 2011), and finally 44±5 sr and 

0.015± 0.01 for pollution (Kaduk,2017). 
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Figure 4: Summary of the gaussian distributions applied to (a) literature taken particle depolarization ratio and the 

(b) lidar ratio, and their respective uncertainty. Used in the Monte Carlo uncertainty analysis of the EIEx method 

retrievals. 

The analysis of Figure 4-a for the depolarization ratio variation indicates that values 

between 0 and 0.05 would make it challenging to identify the nature of the particle, as it could 

be either marine, sulfate, or pollution aerosols. This is also valid for certain mixture states. 

Concerning the lidar ratio, Figure 4-b reveals certain similarities among the particle's natures. 

The uncertainty of Sahara dust, which can be ± 10 with a reference of 53 sr at 355 nm, means 

that dust values can be similar to those of pollution or sulfate. Therefore, a careful study of the 

possible mixed state of the atmosphere through understanding the origin of air masses is 

important for the separation process.  

Mamouri et al. (2017) reported an additional source of uncertainty in the case of marine 

particles in layers with low relative humidity (RH). As sea salt is hygroscopic, the salt particles 

absorb water to form droplets when the RH exceeds the deliquescence relative humidity (DRH). 

If the RH reduces to the relative crystallization humidity (CRH), the particle crystallizes from 

the droplet. At RH above CRH, sea salt particles are in solution with water and exhibit low δ ≈ 

3% values (Tesche, Gross, et al., 2011). When the RH is lower than the CRH, sea salt particles 

crystallize and exist as non-spherical particles due to the cubic shape of NaCl, the main 

constituent of the sea salt aerosol. As non-spherical particles, they cause higher depolarization 

ratios. In this case, the dried sea salt particles caused depolarization ratios of 10% at 355 nm. 

During the 2014 winter campaign of the Saharan Aerosol Long-range Transport and Aerosol-

Cloud-interaction Experiment (SALTRACE) in Barbados, Haarig et al., (2017). detected an 

increase in particle depolarization ratios of up to 12% at 355 nm when the relative humidity 
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drops below 50%. In a laboratory chamber experiment, Sakai et al. (2010) found linear 

depolarization ratios at 532 nm of 1± ≤0.1% for droplets, 8±1% for sea salt crystals, and 21±2% 

for NaCl crystals. Marine particles are transported over the top of the MBL; as they get dried 

and crystallized, their depolarization ratio increases, even though the backscatter is low 

compared to the MBL. We can conclude that marine aerosol can cause depolarization of the 

lidar signal when the RH is low. However, for the purpose of this work, we just focus on the 

humidity condition of the MBL. 

 

3.4.2. The selection of the Study case 

In this study, we also use the AOD field from MERRA-2 Reanalysis, and back trajectory 

analysis from HYSPLIT7 model taken from AERONET synergy tool MERRA-2 is NASA's 

most recent global atmospheric reanalysis product. Worldwide natural and anthropogenic 

aerosols are simulated in MERRA-2 with the Goddard Chemistry, Aerosol, Radiation, and 

Transport (GOCART) model (Randles et al., 2017). MERRA-2 reanalysis also assimilates 

aerosol optical depth (AOD) from a variety of ground-based and remote sensing platforms, 

including AOD measurements from AERONET, bias-corrected AOD retrievals from Advanced 

Very High-Resolution Radiometer (AVHRR) instruments, and AOD retrievals from MISR and 

MODIS on bright surfaces (Yang et al., 2021). The aim of combining the AOD field and back 

trajectory is to characterize the origin of the air masses arriving over São Vicente during the 

target's days. Indeed, the case study was selected based on several criteria: 

❖ The analysis of the air masses origin: mainly focusing on dust transport from the Saharan 

region and possible mixing of another type of aerosol, marine aerosols in particular;  

❖ AERONET sun photometer data are used to quantify the atmosphere in terms of aerosol 

load and optical properties variability during the ASKOS experiment. 

❖ The linear depolarization ratio values of the particles are between 5% and 30%, which 

reveals a mixture of dust and another aerosol type (marine, volcanic, pollutants); 

❖ Moreover, finally, the availability of the Raman measurement for eVe and PollyXT lidar 

systems for comparing the EIEx methodology with the well-established Raman 

extinction coefficient profiles. 

 

 
7 https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/data_access/ 
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3.4.3. The EIEx (Elastic extinction) method  

 
Assumptions 

To perform EIEx method (Giannakaki et al. 2020), we need to consider two main assumptions: 

❖ There are only two types of aerosols in the atmosphere column above Mindelo and their 

individual depolarization ratio as well as their lidar ratio values are known from the 

literature. 

❖ The second assumption is about the relation between the backscatter coefficient and the 

particle's extinction coefficient. Ended assume that there is a constant and height relation 

between aerosol extinction and backscatter coefficient. 

These assumptions generate some errors in the retrieval, which will be analyzed throughout this 

investigation. 

The First step: Backscatter coefficient and particle depolarization 

The Klett– Fernald (Klett, 1981) equation is used to retrieve the backscatter coefficient 

of the particles assuming a priori lidar ratio information from literature, similar to Giannakaki 

et al., (2020). 

Second step: Separation of the backscatter profile 

To distinguish the two types of aerosols in the atmosphere mixture, we need to use the 

equation of the particle depolarization ratio which is automatically computed from the lidar 

signals detected in the cross-polarized and co-polarized channels. Since we already assume that 

the distinguishable aspect of the two types of aerosols is the depolarization ratio. 

-The particle depolarization ratio equation 

 

δp = β1⊥ + β2 ⊥  Eq (5) 

β1ll + β2ll             
 

-The backscatter coefficient for the first particle 

 

β1 = βt (δt − δ2) (1 + δ1)  Eq (6)             

(δ1 − δ2) (1 + δt) 
 

• δp= the depolarization ratio of the particle 

• β⊥ =Cross polarized particle backscatter coefficients 

• βII =Co   -polarized particle backscatter coefficients 
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x 

Figure 5:The proposed EIEx methodology for the retrieval of extinction coefficient profile using backscattering 

coefficient and depolarization data (Giannakaki et al., 2020). 

 

Third step: Estimation of extinction coefficient profile 

The separation of the backscatter profile gives us the opportunity to calculate the total 

extinction coefficient by applying the correct lidar ratio to each aerosol component. 

-Equation for the Extinction estimation 

at = a1 + a2 = β1 · lr1 + β2 · lr2      Eq (7) 

 

3.4.4. Elastic extinction retrieval: EIEx validation 

At the final stage of the project, independent extinction coefficient profiles from eVe 

and PollyXT based on Raman method are used to validate the estimated extinction coefficient 

via EIEx. To carry out this validation we proceed to a comparison between the profiles of the 

lidar ratio and the extinction profiles obtained from the Eve lidar and the PollyXT products.  
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4. Results and discussion 

 4.1. Overview of the ASKOS campaign 

The aerosol optical properties time series from the sunphotometer over Mindelo during 

the 2021 campaign indicated significant variability resulting from the different sources dynamic 

(ex. Saharan dust, marine), types of aerosols and meteorological scenarios. The instantaneous 

retrievals of aerosol optical depth from AERONET at 500 nm (AOD) are analyzed and 

represented in Figure 6. During the campaign period, July to September 2021, the AOD over 

Mindelo varied from values below 0.2 to 2.0 during extreme dust transport events. These events 

occurred throughout the year, with significantly higher values, as can be seen, based on both Sal 

Island and Mindelo AERONET retrievals. That indicates a hazy aspect of the atmosphere. In 

addition, a reduction in the value of the Angstrom coefficient (α440-870) is usually recorded 

whenever a substantial increase in AOD occurs. In particular, the period from July to mid-

September experiences the lowest values of α440-870, over Mindelo, fluctuating between 0.2 and 

0.6. This fluctuating suggests an increase of the coarse particles in the atmosphere column above 

Mindelo, mainly transported from Saharan regions to the island and with the contribution of 

marine coarse mode aerosols from the Atlantic. Nevertheless, a regional (Sal Island and 

Mindelo) remarkable increase of this parameter is observable towards the end of September up 

to 1.6, which is indicative of a reduction in the number of coarse mode aerosols and dominance 

of air masses with a new mixture of particles during this brief portion of time.  

On the other hand, the analysis of the lidar ratio for the campaign period (July and 

September) shows a decrease in its variability (40 - 80 sr) compared to the values by the end of 

the year (40 - 110 sr) similar to that seen for α440-870. Identical patterns can be distinguished for 

the depolarization ratio, which recorded mostly high values from the beginning of the summer 

season until mid-September (Fig.7). This situation indicates the presence of an air mass with 

non–spherical scatterers such as mineral particles (almost-pure dust conditions) as indicated by 

an increase in the particle depolarization ratio, and potentially mixing with spherical scatterers 

such as sulphates and pure sea salt particles. Towards the end of September, the lidar ratio is 

significantly larger than the values observed. The depolarization ratio decreases in contrast to 

what was observed over most of the experiment period (July-September). One can also see that 

there is an increase in α440-870. This cooperative behavior in aerosol optical properties over 

Mindelo at the end of September indicates the influence of air masses with distinct mixing of 

aerosol types compared to what was seen in the previous days of the experiment. It is worth 
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mentioning that at this time, there was a major volcanic eruption in the Canarian Island region, 

upwind of Mindelo, which will be further discussed.  

Under the conditions described above, it is possible to characterize distinct scenarios of 

the aerosol mixture over Mindelo, which provide exciting options to test the consistency of 

results obtained by applying the EIEx method to discriminate the contribution of different types 

of aerosols. Next, we present a selection of cases of aerosol mixing scenarios over Mindelo 

where the EIEx method was performed. 

 

 

Figure 6: Variability of Aerosol Optical Depth at 500 nm (AOD@500nm) and Angström Exponent based on 440 

and 870 nm (AE 440/870 nm) over Mindelo and Sal Island for 2021 based on AERONET sun photometer retrievals. 

The ASKOS campaign period is highlighted in red. 
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Figure 7:Variability of columnar Lidar ratio and particles Depolarization ratio at 440 nm over Mindelo and Sal 

Island for 2021 based on AERONET sun photometer retrievals. The ASKOS campaign period is highlighted in 

light red. 

 

4.2 Study cases selected 

Three cases within the ASKOS campaign were selected and subjected to examination 

using the EIEx method. These cases were selected based on the evaluation of specific predefined 

parameters outlined previously in the methodology (section 3.4.2.). Pure dust and marine case 

occurred on 10 September, a case of high mixing state of dust and marine on 13 September, and 

a case with pure dust and volcanic particles underlying the marine boundary layer on 24 

September. 

For each study case, the same approach was followed: First, the parameters from the 

sunphotometer inversion products at 440 nm, the Lidar time-height plots of the range-corrected 

signal and the volume linear depolarization, measured at 355 nm with eVe, were analyzed with 

a critical observation of aerosol layers and clouds. Then, an analysis of the back trajectories of 

air masses over Mindelo at different altitudes integrated with maps of the MERRA-2 Aerosol 

Optical Depth (AOD) was used to investigate the origin of the observed aerosol layers. 

Specifically for the case where volcanic particles were suspected, instead of the MERRA-2 

AOD map, additional information based on the SO2 columnar concentration from OMI was 

used. Finally, for a detailed analysis of the optical properties, a separation of the aerosol mixture 

profiles was obtained from the eVe Raman products and the EIEx method by considering the 
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backscatter, depolarization ratio, and lidar ratio profiles. In order to perform this separation 

method, several Lidar and depolarization ratios from aerosol species taken from the literature 

are considered according to the atmospheric condition observed over the Mindelo for the study 

cases. The assumed lidar ratio and depolarization ratio, and respective uncertainties values: are 

53 ± 10 sr and 0.26 ± 0.06 for dust (Tesche et al., 2011), 70 ± 10 sr and 0.02 ± 0.05 for volcanic 

sulfate (Groß et al., 2012),18 ± 4 sr and 0.02 ± 0.01 for marine (Groß et al., 2011), and finally 

44 ± 5 sr and 0. 015 ± 0.01for pollution from Kaduk, (2017). 

 

4.2.1. The first case: The 10 September 2021 

The first case is the pure dust and marine aerosol combination scenario on 10 September 

2021. The AERONET AOD at 500 nm observations, in Figure 8, show an increase in aerosol 

loading during this day over both stations Sal and Mindelo, with values mainly around 0.5 for 

the station of Mindelo. The Angstrom exponent decreases, indicating the presence of more 

coarse particles compared to the previous and subsequent days (9th and 11th September). 

Additionally, Figure 9 exposes an increase in the depolarization ratio up to 0.23 for the station 

of Mindelo. From these features, we can affirm that there was an increase in coarse mode 

particles (dust and marine). 

 

  
 

Figure 8: Variability of aerosol optical depth (AOD) and Angstrom exponent (AE) over Mindelo and Sal Island 

from AERONET retrievals products during the ASKOS experiment. The period highlighted (red) corresponds to 

the conditions before, during and after the 10 September 2021 study case. 
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Figure 9: Variability of lidar and linear depolarization ratio at 440 nm over Mindelo and Sal Island from 

AERONET retrievals products during the ASKOS experiment. The period highlighted (red) corresponds to the 

conditions one day before, during and one day after the 10 September 2021 (1st study case). 

 
Figure 10 shows the time–height displays of the range-corrected signal (RCS) and the 

volume linear depolarization ratio (VLDR) at 355 nm measured with eVe on the evening of 10 

September, where the cloudless period from 20:41 to 21:09 UTC is highlighted. According to 

the VLDR structure, aerosol layers from the surface up to 4 km and a low-level cloud layer 

around 500 m can be seen. From RCS, these observed aerosol layers can be separated into two 

parts: a layer confined to the marine boundary layer (MBL) up to 1 km, and an aerosol layer 

above the MLB, in the free troposphere, from 1km up to ~ 4 km. However, from the VLDR 

structure, it is possible to identify a well-mixed layer characterized by a higher volume 

depolarization ratio (> 0.07) extending from 2.5 km to 5.0 km (red colors in Fig.10-(b)), 

indicating the presence of non-spherical particles. Just below, from 2.5 km to the top of MBL 

(~ 0.8 km), there is another homogeneous layer of VLDR with values varying between 0.05 and 

0.07. On the other hand, the lidar observations of VLDR in the lowermost part of the atmosphere 

(< 0.04), 0.5 – 1.0 km above the ground, suggest the presence of more spherical particles, such 

as marine aerosols that are expected within the marine boundary layer. 
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Figure 10: Range-corrected signal at 355 nm (a) and volume depolarization ratio (b) at Mindelo during the ASKOS 

campaign for the day of 10 September 2021 from eVe instrument located at Ocean Science Center Mindelo. 

 
 

The back trajectories of air masses arriving at Mindelo on 10 September, combined with 

the Aerosol Optical Depth at 550 nm (AOD@550 nm) map from MERRA-2 reanalysis, at the 
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heights of 100, 1000, 2000, 3000, and 4000 m are presented in Figure 11. The trajectories 

analysis suggests that the air masses arriving at Mindelo within the marine boundary layer 

travelled all their way close to the ground, from the Canary Islands to Mindelo during the 

previous three days; hence mainly particles within MBL are expected in this layer. In contrast, 

the air masses that arrived over Mindelo in the layers above (1000, 2000, 3000, and 4000 m) 

originated from the West Africa coast and continental areas. In fact, the air mass that arrived at 

2000, 3000 and 4000 m was over the Saharan desert at the beginning of the trajectory. So, 

aerosol dust layers between 1.1 km to 4 km are therefore expected, as suggested by VLDR. 

Additionally, the AOD map shows a Saharan dust plume extending from the North-West of 

Africa towards Mindelo. 

 

 

Figure 11: (a) Back trajectories of air masses arriving over Mindelo at different altitudes and map of Aerosol 

Optical Depth at 550 nm (AOD@550nm) distribution across North Africa and Atlantic Ocean on 10 September 

2021. (b) The arrival heights are set to 100 m, 1000 m, 2000 m, 3000 m, and 4000 m. 

 
Following Mindelo atmosphere vertical structure and air mass origins, applying the ElEx 

methodology for the measurement obtained on 10 September was performed considering 

averaged lidar profiles between 20:41 and 21:09 UTC. The advantage of this method is its 

applicability in both daytime and nighttime conditions. And accuracy even for a small SNR 

(signal near range) in the extinction retrievals despite the small temporal averaging frame. In 

Figure 12, profiles of the reference backscatter (from eVe) and resolved backscatter profiles for 
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different mixtures of aerosols applying the method, as well as the Lidar and particle linear 

depolarization ratio obtained by eVe system and taken from literature for each aerosol type, are 

shown.  

These results are obtained by the good agreement between the near range profile and the 

far range profile at 355 nm. It is worth mentioning that there is an overlap problem. This overlap 

is inherent in near range lidar measurements (Wandinger et al.,2002). Concerning eVe, the full 

overlap range is 450m. So, the optical parameters above this high range (450m) are not 

influenced by the overlap issue.  

 

Figure 12: (a) Relative humidity from PollyXT lidar system, (b) backscatter coefficients from eVe (black) for the 

case of 10 September 2021 and resolved for aerosol types (dust, marine and pollution) considered in different 

assumptions of aerosol mixtures applying EIEx method, lidar and depolarization ratios from eVe and taken from 

the literature for the types of aerosols considered in the mixture. The red line represents the dust component, the 

light blue for marine, and purple for pollution at 355 nm. 

 
Figure12-(a) illustrates the relative humidity profile of the atmosphere over Mindelo 

computed through the PollyXT system measurements from 20:00 to 20:59 UTC on 10 

September 2021. It is important to underline that this study's particular interest lies in the humid 

condition of the lower atmospheric layers. Mindelo location, in the middle of the Atlantic 

Ocean, and because the analysis of the air masses demonstrated that marine particles, whose 

depolarization ratio is dependent on the ambient humidity, are probably the dominant type of 

aerosols in the MBL. According, to Mamouri et al. (2017), as long as relative humidity (RH) is 

above 50–60%, the particle depolarization ratio of marine particles is in the range of 0.05 ± 
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0.02. In this way, the RH observed in the lower layers of the atmosphere in Mindelo for this 

study case decreases from 85% near the ground to 50 % around 1000 m. Therefore, we can 

assume that the marine depolarization ratio is within the literature ranges.  

Furthermore, Figure12-(b) presents the retrieval of the eVe optical parameters using the 

Raman method (with the black line) and the results from the profiles separation using the EIEx 

method. The separation of the two aerosol types was applied using the EIEx separation 

technique, and the resolved dust and marine optical properties were presented. The lidar ratio 

profile for 355 nm obtained by applying the Raman lidar method indicates two aerosol layers: 

the primarily first confined to the MBL (< 1.0 km) and the second in the aerosol layer (from 

1.0km to 4km). The eVe profile indicates values of Lidar ratio (Lr) close to 53 sr from ~1.0km 

to 4 km height, which is typical for dust. Below about 1 km height, the Lr decreases to values 

around 17-18 sr (355 nm) within the MBL. This reduction of the Lr values from 53 sr to 18 sr 

points out marine aerosols as the major non-dust component in the MBL. Minor contributions 

to particle backscattering by pollution origin cannot be excluded. The eVe PDLR shows similar 

features. The depolarization ratio values indicated by the eVe profile above the MBL were 

around 0.28 and then declined towards 0.03 in the MBL. These values are consistent with the 

pre-selected averages based on the literature, which are 0.26 for pure dust and 0.02 for pure 

marine. Despite their difference from the assumption, they are still in the range frame of the 

selected pure species. Indeed, Kaduk (2017), in her investigation of pure particle classification 

and mixture state in Leipzig, obtained precisely the same value (0.03) for the depolarization 

ratio of pure marine. 

 

4.2.2. The second case: 13 September 2021 

Figure 13 presents AOD500nm and AE, while Figure 14 shows lidar ratio and particle 

linear depolarization ratio distribution during the 13 September, based on AERONET retrievals. 

On 13 September, AOD500nm was about 0.3, representing a much lower value compared with 

10 September, when dusty conditions were prevalent. Although relatively low, AE presented an 

increase, especially over Sal Island. The lidar ratio shows an average value of 50sr, and the 

particle depolarization ratio was again high at 0.26. Based on these optical properties, the 

following points can be derived: the aerosol load is probably lower compared to the previous 

case and may be composed of a distinct mixture of aerosol particles. 
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Figure 13:Variability of aerosol optical depth (AOD) and Angstrom exponent (AE) over Mindelo and Sal Island 

from Aeronet retrievals products during the ASKOS experiment. The period highlighted(red) corresponds to the 

conditions before, during and after the 13 September 2021 study case. 

 

 
 

Figure 14: Variability of the lidar ratio and linear depolarization ratio at 440 nm over Mindelo and Sal Island from 

Aeronet retrievals products during the ASKOS experiment. The period highlighted(red) corresponds to the 

conditions one day before, during and one day after the 13 September 2021 (2nd study case). 

 
This second case represents a mixture of coarse and fine aerosols in the considering 

atmosphere column. The range-corrected signal (RCS) and the VLDR performed from the eVe 

(Fig.15) measurement from 20:17 to 21:17 UTC reveals some cloud contamination at different 

altitudes between 1 km and 2 km. The VLDR suggests a single compact layer of mixed aerosols 
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throughout the profile from the ground to 3 km. The VLDR intermediate values (~ 0.02 - 0.04) 

suggest that the layer is not pure Saharan dust and neither could be of pure marine, pollution, or 

volcanic origin. Consequently, a thoroughly mixed state of different types of aerosols in the 

atmosphere on all layers from MBL to 3 km can be assumed. This mixture could be interpreted 

(consider the main species) as either dust with marine or dust and pollution. 

 

 

Figure 15: Range-corrected signal at 355 nm (a) and volume depolarization ratio (b) at Mindelo during the ASKOS 

campaign for the day of 13-September 2021 from eVe instrument located at Ocean Science Center Mindelo. 

 
The three days back trajectory of air masses arriving over Mindelo at different levels 

(Fig.16) indicates that, during the referred period, all air masses were coming from the ocean in 

the southern part of Cabo Verde, implying a lower dust contribution and higher dominance of 

marine aerosols compare to the case of 10 September. An analysis of the AOD spatial 
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distribution from MERRA-2 reveals moderate values between 0.3-0.4, relatively high for 

marine particle, suggesting the presence of dust previously transported. Consequently, the dust 

aerosols could have been mixed with marine and/or pollution aerosols. 

 

 
Figure 16:(a) Back trajectories of air masses arriving over Mindelo at different altitudes and map of Aerosol 

Optical Depth at 550 nm (AOD@550nm) distribution across North Africa and Atlantic Ocean on 13 September 

2021. (b) The arrival heights are set to 100 m, 1000 m, 2000 m, 3000m, and 4000 m. 

 
Considering the information provided by these previous analyses, we proceed with 

applying the EIEx method taking into account the optical properties (lidar and depolarization 

ratio) of dust, marine, and pollution based on the literature. In fact, the optical parameters 

revealed a very different scenario from the first case study. For this situation, the estimated 

values of the lidar ratio of the different species are maintained: 53 sr for the dust, 18sr for the 

marine, and 45 sr for the pollution. These values were respectively combined with the 

depolarization ratio of 0.26, 0.02, and 0.015 for the three aerosol species considered. The 

calculated dust, marine, and pollution backscatter coefficients profiles are presented in 

Figure17-(b). However, before analyzing the optical properties profile derived from the EIEx 

method, the humidity conditions of the atmosphere are first examined to verify the structural 

aspect of the marine particles. The RH profile of PollyXT retrieval from 19:55 to 20:51 UTC 

presented in Figure 17-(a) indicates a layer with enhanced and varying RH (around 85% - 60%) 

from the surface to 1.8 km height. From this level (1.8 km) to the upper levels, the RH varied 
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from 60% (ground) to ~50% in the upper layer. Therefore, the RH is still > CRH in the identified 

aerosol mixing layer, so spheric marine particles are likely. Hence, from the point of view of 

the humidity scenario, the assumed values for marine aerosol are consistent for this atmosphere 

condition. 

 

 

 

Figure 17: (a) Relative humidity from PollyXT lidar system, (b) backscatter coefficients from eVe (black) for the 

case of 13 September 2021 and resolved for aerosol types (dust, marine and pollution) considered in different 

assumptions of aerosol mixtures when applying EIEx method, lidar and depolarization ratios from eVe and taken 

from the literature for the types of aerosols considered in the mixture. The red line represents the dust component, 

the light blue for marine, and purple for pollution at 355 nm. 

 

Inspection of the particle depolarization ratio profile demonstrates values between 3% 

and 15% (Fig.17-(b)).  A layer extended from the MBL to 1.5 km with a depolarization ratio of 

around 0.03. Upward, from 1.5 km to 2.8 km, another layer with a higher depolarization ratio 

~0.15-0.20 was found. This structure indicates a different degree of mixing, with dust being 

more dominant in the second layer. These values are significantly lower than the ones 

considered for the most depolarizing species (dust) by 15%. The prior assumption of lidar ratio 

(53 sr and 18 sr) and depolarization ratio (0.02 and 0.26) for the pure species reveal extreme 

values for this case. This situation illustrates the mixed state of the atmosphere across all layers. 

To produce adequate profiles and to readjust the separation method, it will be necessary to 

consider a combination of the estimated values for the different pure species to derive adequate 

and predictable profiles.  
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4.2.3. The third case: 24 September 2021 

For the case of 24 September 2021, the AERONET sunphotometer retrievals indicate a 

substantial increase in both AOD and AE over Mindelo (Fig.18,19) to values close to 1.0 for 

both parameters. While the AOD increase indicates an increase of the aerosol load over the city, 

the increase of the AE signifies a change in the aerosol mixing state of the atmospheric in terms 

of aerosol particles' nature and mixture state. An increase in the AE indicates a higher 

contribution of fine mode aerosols. Most interesting is the lidar ratio increase, which equals 80-

90 sr, with a depolarization ratio around 0.2. These characteristics are not typical for any of the 

3 aerosol species examined so far (dust, marine, and pollution). So, we can assume a different 

type of aerosol exists in the atmospheric column. 

The time–height plot of RCS at 355 nm (Fig.20) shows a mostly cloudless atmosphere. 

The measurement was performed from 19:55 to 21:25 UTC. The detailed analysis of the aerosol 

optical property profiles based on the volume depolarization allows the characterization of two 

different aerosol layers. The first layer above the MBL (1.5 km to 3km) is characterized by 

higher depolarization ratios, which can be associated with the presence of dust. The second layer 

is within the MBL < 1.5 km exhibits a meagre depolarization ratio, almost close to 0. This 

depolarization value is lower than the previous observations presented here. It suggests that the 

marine particle is no anymore the main species in this layer. 
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Figure 18: Variability of aerosol optical depth (AOD) and Angstrom exponent (AE) over Mindelo and Sal Island 

from Aeronet retrievals products during the ASKOS experiment. The period highlighted (red). corresponds to the 

conditions before, during and after the period highlighted(red) corresponds to the conditions before, during and 

after the 24 September 2021 study case. 

 

 

Figure 19: Variability of the lidar ratio and depolarization ratio at 440 nm over Mindelo and Sal Island from 

Aeronet retrievals products during the ASKOS experiment. The period highlighted (red) corresponds to the 

conditions one day before, during and one day after the 24 September 2021 (3 study case). 
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Figure 20: Range-corrected signal at 355 nm (a) and volume depolarization ratio (b) at Mindelo during the ASKOS 

campaign for the day of 24-September 2021 from eVe instrument located at Ocean Science Center Mindelo. 

 
The analysis of 3-days backward trajectories in Figure 21-(a) reveals that the air masses 

arriving over Mindelo at levels 2000, 3000 and 4000 m height originated from the Saharan 

regions. The air masses were travelling from Mauritania, a region at this period affected by a 

dust plume, as can be seen in the AOD map from MERRA-2 reanalysis. This helps to explain 

the high dust particles load and depolarization ratio of around 2-4 km in this case. The air masses 

arriving within the marine boundary layer, at 100 m and 1000 m, originated from areas over the 

Atlantic Ocean, so it may inevitably carry marine particles and were less contaminated by dust. 

The trajectory of these air masses indicates that they mainly come from the Canary Islands 

region. At the time of the case analyzed here, the observation based on the Ozone Monitoring 

Instrument (OMI) aboard AURA satellite revealed a large plume of SO2 (Fig 21-(b)) above 

Canary Island. The plume was a result of the Cumbre Vieja volcano eruption at Las Palma that 

sent large plumes of Sulfur dioxide into the atmosphere over North Africa and Europe, and 
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which started on 19 September 2021, according to Copernicus Atmosphere Monitoring Service 

(D'Auria et al.,2022). The SO2 is emitted by volcanic eruptions. Therefore, the sulphate aerosols 

of volcanic origin is expected over Mindelo, considering the volcanic eruption that took place 

in Las Palmas during this period and the air mass trajectory discussed.  

 

 

Figure 21: (a) backward trajectories of the air masses and AOD at 550 nm distribution on 24 September 2021 at 

Mindelo, São Vicente. (b) The arrival heights are set to 100 m, 1000 m, 2000 m,3000 m and 4000 m, and (c) the 

back trajectories combined with columnar sulfur dioxide (SO2) content from the OMI sensor aboard AURA 

satellite, which is a strong component of volcano eruption. 

 
For this case apart from the literature values that we already applied for dust, sea salt, 

and urban pollution, we will include also volcanic sulphate particles in the calculations (70 ± 10 

and 0.02 ± 0.05, Groß et al., 2012). The calculated backscatter profiles for each species using 

measurements from eVe are displayed in Figure 22. The analysis of Figure 22-(b) found the 

particle depolarization ratio from eVe between 0% and 30%, fluctuating with altitude from one 

extreme to another. It is around 0.25–0.27 in the aerosol layer between 1500 m to 400 m, which 

corresponds to the prevalence of dust particles. Between 800 m to 1500 m, the depolarization 

value varied from 0.03 to 0.0, which explained the mixed state between marine and volcanic 

contribution. The analysis of the atmospheric relative humidity from 21:00 to 21h:59 UTC 

(Fig.22-(a)) exposes a high humidity condition in the lower part of MBL, from 70% to 90%, 

and variation between 30% to 50% in the upper region of the atmosphere. 
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Here it is important to emphasize that sulfate is a hygroscopic species, so its structure 

becomes more spheric when the RH is high (like the marine particle). Indeed, Groß et al. (2012), 

during their investigation of the ash plume of the Eyjafjallajökull eruption, demonstrated that a 

great change in the depolarization and lidar ratio could be related to the modification of the 

micro-physical properties of the particle-induced by humidity condition of the atmosphere layer. 

Thus, this value of depolarization ratio close to 0 result from the morphological change of the 

sulfate due to its humidification. 

Considering the lidar ratio profiles, different aspects can be detected. The values 

obtained from eVe are around 68 sr in the MLB and are in agreement with the typical values of 

volcanic sulfate gotten from Groß et al. (2012) and Vaughan et al. (2021) during their study on 

the stratosphere ash plume based on the Raikoke volcano eruption in a marine condition (Kuril 

Island). However, in the upper atmosphere (> 1200 m), the Lr varied from 60 sr to 90 sr, which 

is either lower or higher than the lidar ratio chosen from the literature. These results require 

further investigation to understand the atmosphere structure and its component aspects at these 

high levels. More analysis will be undertaken in the next part with the method's validation. 

 

 

Figure 22: (a) Relative humidity from PollyXT lidar system, (b) backscatter coefficients from eVe (black) for the 

case of 24 September 2021 and resolved for aerosol types (dust, marine, and pollution) considered different 

assumptions of aerosol mixtures when applying EIEx method, lidar and depolarization ratios from eVe and taken 

from the literature for the types of aerosols considered in the mixture. The red line represents the dust component, 

the light blue for marine, and purple for pollution at 355 nm. 
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4.3. Validation of the EIEx method and discussion 

4.3.1. Validation with the eVe Raman retrieval 

After the application of the EIEx method to separate the aerosol type contribution to the 

backscattering profile and the discussion of the results obtained, we proceed in this part to the 

validation of the method by performing a comparison between the extinction coefficient profiles 

and the lidar ratio derived from Eve's and Polly's Raman lidar systems with the one calculated 

from the EIEx application. The lidar and depolarization ratio uncertainties taken from the 

literature are applied for a Monte Carlo simulation in order to quantify the uncertainties in the 

retrievals. 

4.3.1.1 The first case: 10 September 2021 

Figure 23 shows the species backscatter profiles from eVe calculated with EIEx by 

assuming a mixture of 2 species (dust and marine; dust and pollution). Using the Monte Carlo 

method, we estimate the uncertainty in the species profiles due to the variability of the lidar ratio 

and depolarization ratio values reported in the literature  

The Raman backscatter retrieval error is also included in figure 23 (shaded black). For 

the particle backscatter coefficient, the eVe retrieval uncertainties at 355 nm range 5%. 

Nevertheless, the range is higher for the parameters derived from the nitrogen Raman signal, 

with 10% for the extinction and 20% for the lidar ratio. However, it is interesting to emphasize 

that the derived extinction coefficient profile using the proposed methodology was pretty noisy, 

because it is not necessary to calculate the derivative of the Raman signal, a necessary step for 

the Raman retrieval that inevitable increase the noise. This is one of the advantages of the EIEx 

methodology (Giannakaki et al.,2020).  
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Figure 23: Comparison of the eVe Raman-derived profiles (black) with the EIEx profiles of backscatter 

coefficients, lidar ratio and extinction coefficient for the 10 September 2021, considering different aerosol mixtures 

(dust/marine and dust/pollution). 

 

The analysis of the extinction profiles reveals piling up of all profiles in higher layer of 

the aerosol layers. This means matching of the eVe profiles with the dust/pollution mixtures and 

the dust/marine profile. The excellent agreement seen at these higher levels is because dust 

particles are predominant, as can be seen in the resolved backscattering profiles. But in the 

MBL, the dust/pollution profile is offset from the eVe profile while the dust/marine combination 

systematically follows the eVe profile. This is explained by the consistency of the different 

aerosol layers: above the MBL, the pure dust contribution is dominant, and in the MBL that is 

the case for marine particles. In general, taking into account the estimated uncertainty for the 

derived extinction profile from EIEx, throughout the layers, the comparison between the eVe 

Raman and the EIEx extinction profile’s shows a very good agreement. 

Similarly, the comparison of the profiles shows that the particles Lidar ratio profile 

obtained with the Raman lidar technique is in better agreement with the EIEx retrieval for the 

mixture of dust and marine particles than for the mixture of dust and pollution particles. For the 

aerosol layers in the upper levels above 1.5km, the results obtained for the pure dust contribution 

corroborate with the result obtained during the campaign of SAMUM2 around Praia city in 

Cabo Verde (Groß et al., 2011). However, the values are different from that recorded during the 

Polarstern cruise around Canary Island (61 ±4 sr) in a dust plume event. Although within the 
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MBL, the Polarstern cruise results for the pure marine case (Bohlmann et al., 2018.) are slightly 

higher (23 ± 2 sr at 355) than the values assumed in the present study for the method (18 ± 4 

sr). 

This region is a transition layer between a layer dominated by marine particles (MBL) 

and layers above dominated by dust particles, which can be a challenge for consideration of 

depolarization and lidar ratios. Furthermore, a looking carefully at the EIEx extinction profiles 

reveals a small difference between the EIEx and the Raman extinction coefficient profiles at the 

top of MBL (0.5-0.7 km). Giannakaki et al. (2020) found a similar issue, which they attributed 

to an influence of particles of anthropogenic origin, which are more probable to be at the top of 

MBL. Given that pollution aerosols do not depolarize the light, thus, they evaluated that the 

value used for the depolarization ratio fits well for the separation of dust and non-dust particles 

in general, which would be similar to the present study. For their specific scenario, they found 

the aerosol-type-dependent lidar ratio assumption as the main reason for the observed difference 

between the method and the reference extinction profile. In the present study, as can be seen in 

the eVe lidar ratio profile around the levels between 700 and 900 m, a lidar ratio between 30 

and 40 sr would be adequate for this particular layer. According to the values found in the 

literature, this lidar ratio interval represents a transition from marine to smoke or pollution 

aerosol types (Fig.3). The back trajectory for this case study suggests that air mass arriving at 

Mindelo at 1000 m was travelling from an ocean region close to Western Sahara, therefore, out 

of the typical biomass burning areas in the southern portion of Sahara.  

 

4.3.1.2. The second case: 13 September 2021 

The analysis of the backscatter and the depolarization ratio profiles revealed a mixed 

atmospheric condition from the MBL up to the free troposphere for this particular case (section 

4.2.2). The comparison between Raman and the EIEx extinction profiles also shows a good 

correlation for the combination of dust and marine particles for all atmospheric layers analyzed. 

However, it is observable that above 1.7 km, the combination of dust and pollution is also 

consistent with the eVe profile. Two mechanisms may explain this observation. First, the 

presence of anthropogenic particles (as discussed in the previous section), and second, the 

similarity of particle depolarization ratio of both types of aerosols (marine and pollution) at a 

certain atmospheric condition. Indeed, according to some laboratory investigation, Sakai et al. 

(2010) showed that pollution and marine particle depolarized light at the same range of values 

of 0.01 ± 0.001, especially under adequate humidity conditions. For this case, over Mindelo, 
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there was a deeper layer characterized by high levels of relative humidity (Fig.17) as a result of 

air masses travelling from the moist regions southward of Cabo Verde. Nevertheless, this 

consistency between the profiles of eVe and the EIEx results for dust and pollution combination 

in higher levels is not discerned in the estimated lidar ratio profiles. Despite the noisy profile 

from eVe in higher layers, the EIEx results for dust and marine combination present better 

agreement implying that the atmosphere is dominated by a rather heterogeneous mix of dust and 

marine with a principal value of 33±3 sr. These values are following those obtained by Kaduk. 

(2017), which was around 34 ± 12 sr. 

 

 

Figure 24: Comparison of the eVe Raman-derived profiles (black) with the EIEx profiles of backscatter 

coefficients, lidar ratio and extinction coefficient (red, blue and green) for the 13 September 2021 considering 

different aerosol mixtures (dust/marine dust/pollution). 

 

4.3.1.3 The third case: 24 September 2021 

In this case, the atmospheric conditions regarding aerosol types and vertical structure 

are quite different. The particles types chosen for profile discrimination are dust, marine 

(assuming the same literature-based lidar and depolarization ratios as in the first two cases), and 

volcanic sulfate, for which was assumed a lidar ratio of 70 ± 10 sr and 0.015 ± 0.005 for the 

depolarization ratio (Groß et al., 2012). The analysis of the extinction profiles from the assumed 

mixtures (dust/marine and dust/sulfate) shows a close agreement between the eVe profile in the 
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free troposphere, particularly for the layer from 1.5 km to 4 km. The dust-sulfate mixture and 

the dust-marine combination both overlap with the eVe profile at these altitudes. This is mainly 

due to the strong presence of dust in the upper aerosol layer, as can be seen in the backscattering 

resolved profiles. Meanwhile, unlike the previous cases, the marine/dust extinction profile is far 

from that of the eVe product in the marine boundary layer environment. The volcanic 

sulfate/dust mixture proposed to resolve the profile of the aerosol types via EIEX presented a 

good agreement with eVe, which is consistent with the transportation of aerosols from the 

Canarias towards Cabo Verde within the MBL.  

 

 

 

Figure 25: Comparison of the eVe Raman-derived profiles (black) with the EIEx profiles of backscatter 

coefficients, lidar ratio and extinction coefficient (red, blue and orange) for the 24 September 2021 considering 

different aerosol mixtures (dust/marine and dust/sulfate). 

 
The comparison of the lidar ratio products shows a similar behavior, with the sulfate/dust 

combination performing better in the MBL. These mismatches could be due to layers of dust 

mixed with volcanic sulfate. It is important to mention that the selected lidar and depolarization 

ratio values from the literature for sulfate do not necessarily reflect the optical properties of pure 

sulfate. Indeed, Groß et al. (2012), in the process of volcanic aerosol detection during the 

Eyjafjallajökull eruption have found that the optical properties of pure volcanic sulphate are 

challenging to obtain. Especially in the marine conditions in which we currently operate, so 
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these values represent a mixture of sulphate and marine, although sulphate should still be 

predominant. Therefore, the average lidar ratio obtained from the Raman method within MBL 

is around 65-68 sr, which is slightly lower than the value of 70 sr assumed from the literature 

for this case but still within the range of uncertainty (± 10sr). 

   For the upper levels of the atmosphere, on average, the lidar ratio value from the Raman 

method is higher than that obtained by the EIEx method for any of the two mixtures. the EIEx 

method for any of the two mixtures, given the eruption at the time. Still, at these high levels, air 

mass was travelling from the Sahara region to Mindelo. Volcanic ash has the same optical 

properties as dust in terms of lidar ratio (63 ± 21 sr: (Lopes et al., 2019) and (Chouza et al.,2020)) 

but should be more depolarizing than dust (0.35 < Dp < 0.38, Ansmann et al., 2021; Groß et al., 

2012). However, it is not possible here to perform a separation of three aerosol species using 

only the depolarization ratio and the backscatter coefficient, as mentioned in the methodology 

(section3.4.3). 

 

4.3.2. Validation of EIEx with the PollyXT lidar retrievals 

In this section, a brief evaluation of the results from the application of the EIEx 

methodology on PollyXT data is presented. Unfortunately, due to the lack of data, the 

uncertainties related to the PollyXT measurement will not be included. However, those related 

to the particle properties and the EIEx application will be discussed. 

The application of EIEx based on the Raman products of PollyXT demonstrates a 

dependence of the optical properties according to the atmospheric layer. Figure 26 represents 

the quicklook of the volume depolarization ratio at 532 nm for the three cases chosen. For 10 

September, the measurements were performed from 20:00 to 20:59 UTC (Fig.26-(a)). During 

this time frame, cloud contamination at around 1.7 km of altitude is observed. The timeframe 

considered for the second case (13 September) is from 19:55 to 20:51 UTC, with significant 

cloud contamination at 1 km and 1.5 km levels (Fig.26-(b)). The last case, whose retrieval time 

extends from 20:00 to 20:59 UTC, presents a cloudless sky (Fig.26-(c)). The aerosol layers 

identified by the volume depolarization ratios are similar to those highlighted by the eVe 

measurements, so we will not focus on them in this section. Therefore, it is inevitable that both 

eVe and PollyXT observe the same atmosphere during these selected periods. 
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Figure 26: Aerosols volume depolarization ratio at 532 nm retrieved with PollyXT lidar system over Mindelo, 

Cabo Verde during ASKOS campaign, a) For 10 September 2021. (b) for 13 September 2021 and c) for 24 

September 2021. 

 
The results obtained from the application of the EIEx method on the pollyxt data to 

characterize the optical parameters of the particles reveal different scenarios. For the first case 

(10 September 2021), the extinction coefficient profiles (Fig.27-(a)) from the dust/marine and 

dust/pollution combinations show a good agreement with the PollyXT extinction profile in the 

higher free troposphere (above 1.5 km). Nevertheless, the dust/marine mixture performed better. 

However, the analysis within the MBL shows a difference between the PollyXT profile and the 

two extinction profiles obtained from the EIEx method, especially regarding the mixture of 

dust/pollution. The values found by the PollyXT retrieval in this part of the atmosphere are 

much lower than those obtained from the estimated EIEx products. The lidar ratio profiles 

showed a good agreement between the PollyXT profile and the dust-marine mixture profiles in 

the free troposphere, with values between 38 sr-50 sr in the aerosol layer. But a considerable 

decrease is observed in the MBL, with an average of 15 sr for PollyXT lidar ratio and 20 sr for 

the dust-marine profile. The results obtained above 1.5 km can be related to the presence of a 

relatively homogeneous layer of dust, despite the lidar ratio having lower values than those 

usually attributed to Saharan dust. 
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The second case included here, also shows a good agreement between the PollyXT and 

the dust-marine mixture profiles (Fig.26-(b)) for both optical properties, extinction profile and 

lidar ratio. The lidar ratio is typical for marine/dust mixtures between 28-32sr.  

Figure 27-(c) shows the last study case, 24 September, which indicates a good agreement 

between PollyXT profiles and the one from the dust-marine and dust-sulfate mixtures for both 

extinction coefficients and lidar ratio in the aerosol layer higher than (<1.5 km). The mean value 

of the lidar ratio provided by PollyXT is estimated to be 60±10 sr which is well within the range 

of values considered in the literature (Groß et al., 2011). However, we notice a mismatch of the 

profiles in the MBL. We also noted that the PollyXT profiles are located between the two 

profiles resulting from the application of the EIEx method (for extinction and lidar ratio). The 

products of the dust-marine mixture are lower than the PollyXT, while the dust-sulfate mixture 

shows higher values. 

 

 

(a) 
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Figure 27: Comparison of the PollyXT Raman-derived products (black) with the EIEx backscatter coefficients, 

extinction coefficient and lidar ratio profiles: (a) For the 10th September 2021, (b) for the 13th September and (c) 

for the 24th September 2021. 

 

For all three cases considered, between the PollyXT profiles and the EIEx method 

profiles, there is a good agreement for the free troposphere, even if the lidar ratio indicates lower 

values than those observed previously in the eVe case. Nevertheless, the validation of the 

(b) 

(c) 
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method is problematic in the MBL (<1.5 km), where we find several inconsistencies when 

comparing the profiles. This situation can be explained by different factors impacting the 

PollyXT data. The most influential aspect is the problem of overlap between the near and the 

far range. Indeed, the data used is derived from the far range, which is reliable at around 900 m, 

so products collected below 900 m should not be trusted as a reference for this type of 

investigation. Also, the possible contamination of the data by low clouds is not a negligible 

aspect. 
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5. Conclusion and recommendation 

Saharan dust plumes transported toward the Atlantic Ocean represent one of the most 

important aerosol systems on Earth. Cabo Verde islands are in a unique position to study dust 

aerosols, their interaction and mixture with marine and other aerosol types. Hence, this study 

searched to analyze the variability of column-integrated and lidars profiles of aerosol optical 

properties over São Vicente Island, Cabo Verde, during the first stage of ASKOS campaign, 

which occurred from July to September of 2021. Additionally, the eVe lidar system operation 

in the marine and dusty environment of Cabo Verde provides a singular opportunity to apply 

and evaluate the method ElEx (elastic extinction). Method recently developed, targeting the 

estimation of aerosols extinction coefficient profiles using only the information provided by the 

elastic and polarization channels of conventional lidar systems (Giannakaki et al., 2020).  

The analyzed column-integrated aerosol optical properties, namely Aerosol Optical 

Depth (AOD), Angstrom Exponent (AE), Lidar ratio (Lr) and particle Depolarization ratio (Dp) 

revealed distinct scenarios of aerosols over São Vicente, in terms of both loading and intrinsic 

properties, suggesting the presence of a variety of aerosols mixture states. AOD showed strong 

intrusions of dust plumes over the island during ASKOS, with AOD at 500 nm reaching values 

up to two, alternating with relatively clean marine scenarios when AOD at 500 nm was below 

0.2. Low values of AE (< 0.6) were observed most of the time during the campaign period, 

indicating a dominance of air mass enriched with coarse mode particles. However, from the end 

of September, there was a significant increase in AE, revealing a shift in the aerosol size 

distribution over Cabo Verde, suggesting an enhancement of fine mode contribution, which 

coincided with the lowering in the frequency of high dust aerosol loadings events over São 

Vicente. Depolarization ratio also varied significantly throughout the campaign, from values 

typical of pure marine and pollution (< 5%) to values consistent with pure dust (>15%).   

However, during the ASKOS experiment period, columnar depolarization ratio between 

15 and 30% were dominant, indicating a long presence of dust aerosols mixed with marine 

particles over São Vicente. These observations based on the AERONET sunphotometer 

retrievals were corroborated by the analysis of volume depolarization ratio (VLDR) and range-

corrected profiles from the eVe and PollyXT lidar systems, which provided the vertical structure 

of aerosols loading and optical properties and revealed distinct aerosol mixtures structures over 

São Vicente. From the lidars VLDR profiles, it was possible to identify well-mixed layers of 

dust being transported in the free troposphere, above a Marine Boundary Layer (MBL) 



 

56 
 

dominated by marine particles, but also scenarios with dust inside and above the MBL. 

Additionally, profiles scenarios indicating non-dust components mixed with marine aerosols 

were spotted over São Vicente during the ASKOS experiment. A particular case was the one 

related to the presence of volcanic aerosols plume from the Cumbre Vieja volcano eruption in 

La Palma, Canary.  

Several of these described aerosol mixed scenarios provided the requirements to apply 

and evaluate the ElEx methods, from which 3 cases (10th, 13th and 24th of September 2021) were 

selected to perform this goal. Further analysis of the origin of air masses over Mindelo for the 

three selected cases, based on backward trajectories arriving at São Vicente at different altitudes 

and regional maps of AOD, helped to identify the type of aerosols defining the vertical structure 

and mixture over the island. For instance, for the 10th September case, the identification of the 

aerosol layers between 3 and 4 km over São Vicente as Saharan dust in the lidar profiles of Dp 

was corroborated by the AOD regional distribution from MERRA-2 and air masses trajectories 

arriving over the island. The back trajectories analysis revealed that in general, air masses 

flowing over São Vicente in the free troposphere during the campaign came from the Saharan 

regions and those circulating at low altitudes within MBL, mostly were from the Atlantic Ocean, 

mainly from areas northeast of Cabo Verde. This explained the presence of volcanic particles 

from the eruption of the Cumbre Vieja volcano of Las Palma, Canary, recorded in the MBL 

over São Vicente during the experiment. 

  Based on the assumptions supported by the previous analysis, with the application of the 

ElEx using eVe and PollyXT retrievals as inputs, we were able to evaluate the combination of 

aerosol type backscattering profiles and depolarization ratio to explain the aerosol mixture states 

observed over São Vicente for the selected case studies.   While for the 10th September case, a 

well-defined structure consisting of dominance of dust above the MBL and marine particles in 

the MBL was identified, 13th of September presented a more complex vertical state of mixture, 

with a relevant contribution of dust and non-dust components across all layers. The 13th of 

September case required a distinct and more challenging combination of different pure aerosol 

species to explain the aerosol profiles over São Vicente. The last case study, 24th of September, 

also represented a complex scenario of aerosol vertical distribution over São Vicente and a 

challenge for the application of ElEx, mainly due to the presence of an unusual aerosol type, 

which was volcanic aerosols, combined with dust and marine particles. This led to a complicated 

aerosol mixture, especially inside and on MBL top, where the volcanic plume was transported 
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toward Cabo Verde. Nevertheless, for all the three cases, lidar ratio and extinction coefficient 

profiles were derived from the EIEx. 

The validation of both lidar ratio and extinction coefficient profiles derived from the 

EIEx against the eVe and PollyXT Raman retrievals showed that the method, in general 

provides valuable and consistent results. This conclusion indicated that the assumptions 

regarding the aerosol’s types over Mindelo and the assumed pure aerosols lidar ratio and 

depolarization ratio, including their respective uncertainty, proved to be reasonable. The support 

for this conclusion is the general consistency observed between the extinction coefficient 

profiles estimated using the EIEx method and the reference retrievals based on both Raman 

lidar: eVe and PollyXT. Especially in the layers not affected by the overlap issue and those with 

larger aerosol loading.  

However, limitations also have to be mentioned, especially when the method has to deal 

with two or several aerosols’ species either with a high (dust, ash) or with low depolarization 

ratio (marine, pollution). Also, across the transition layer between MBL and free troposphere, 

the EIEx extinction coefficients presented important deviations compared with the eVe profile. 

These are some reasons why more investigation on the ElEx application needs to be done. 

Extending the ElEx application to longer term measurements could make it possible to identify 

seasonal differences in the aerosol mixture conditions in the region around São Vicente. And 

provide a more conclusive evaluation on the method performance, in periods where a mixture 

of dust and smoke might be expected. In this sense, extending the ElEx evaluation including 

comparison to the AERONET sun photometer retrievals is also recommended. 

Regarding the further application of the ElEx results, the aerosol mass concentration 

profiles could be derived, which are important to evaluate aerosol sources contributions to the 

air pollution issue and also to evaluate climate model prediction of aerosol mass profiles.  
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