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Resumo

Compreender a distribuicdo espacial das particulas de aerossol é essencial para a avalia¢do de
sua influéncia no sistema climatico. A poeira do Saara Como um componente fundamental do
sistema global de aerossois requer uma analise integrada da sua estrutura espacial. O principal
objetivo desta pesquisa foi estudar a estrutura da poeira do Saara sobre a cidade de Mindelo,
em Cabo Verde, e durante o seu transporte para areas remotas do Atlantico tropical e das
Américas utilizando o recentemente desenvolvido LIVAS (Lldar climatology of Vertical
Aerosol Structure for space-based lidar simulation studies), um banco de dados 6ptico global
3-D de aerossois baseado em produtos do satélite CALIPSO. A dependéncia dos produtos do
LIVAS em relagdo ao raio utilizado para agregar os perfis CALIPSO também foi avaliada.
Uma comparacdo preliminar nas escalas diaria e mensal entre os perfis de retroespalhamento
e coeficiente de extingdo do LIVAS e do PollyXT, um sistema lidar de superficie operado em
Mindelo, indicou uma boa concordéncia. A aplicacdo das propriedades Opticas colunares e
verticais do LIVAS para caracterizar a variabilidade sazonal da poeira do Saara sobre o
Mindelo mostrou que a maior parte do transporte ocorre de Junho a Setembro e tem seu
maximo entre 2 e 5 km de altitude. Durante a temporada de inverno, de Dezembro a Janeiro, a
carga de aerossois na troposfera livre é drasticamente reduzida, e a maior parte da poeira é
transportada dentro da camada limite marinha (MBL). A contribuicdo da poeira para o perfil
de retroespalhamento durante o verdo variou de ~90% na troposfera livre (de 2 a 6 km) a menos
de 25% na MBL. No inverno, a contribuicdo na troposfera livre é reduzida para menos de 50%.
No que diz respeito a dependéncia do raio de agregacdo, a principal dependéncia encontrada
foi a de Dust Optical Depth (DOD) mensal, com raios menores (<200 km) produzindo valores
climatoldgicos mais baixos quando comparados com raios maiores. A aplicacdo do LIVAS
para descrever o transporte sazonal da poeira do Saara para areas remotas do Atlantico tropical
e das Américas indicou padrdes consistentes com os estudos anteriores. O transporte de poeira,
identificadas pelo perfil de extingédo, & maior no verao e primavera boreal e menor no outono.
O deslocamento para norte da poeira é maior durante o verdo, atingindo a latitude de 25°N.
Este deslocamento é modulado pela migragdo sazonal da zona de convergéncia intertropical
(ITCZ), e favorece o transporte de poeira para a América Central e o Caribe. O inverno é a
estacdo em que chega a menor quantidade de poeira no Atlantico tropical oeste e Ameéricas, o
que pode ser explicado pelo transporte de baixo nivel de poeira e uma remocdo eficiente de
poeira ao longo de seu caminho. Neste periodo o principal receptor continental da poeira € a

América do Sul.



Palavras-chave: Pluma de poeira do Saara, Cabo Verde, Profundidade Optica de Poeira,
LIVAS, Coeficiente de Extincdo, PollyXT.



Abstract

Understanding the spatial distribution of aerosol particles is essential to evaluating their
influence on the climate system. Saharan dust plume as a fundamental component of the global
aerosol system requires a comprehensive analysis of its spatial structure. The main objective
of this research was to study the Saharan dust plume structure over Mindelo City, in Cabo
Verde, and during its transport towards remote areas of tropical Atlantic and Americas using
the recently developed Lldar climatology of Vertical Aerosol Structure for space-based lidar
simulation studies (LIVAS), a 3-D multi-wavelength global aerosol optical database based on
CALIPSO satellite products. LIVAS products’ dependence on the radius used to aggregate
CALIPSO profiles was also evaluated. A preliminary comparison of daily and monthly scales
of the backscatter and extinction coefficient profiles between LIVAS and PollyXT, a ground-
based lidar system operated at Mindelo City, indicated a good agreement. The application of
LIVAS columnar and vertical optical properties products to characterize the seasonal
variability of Saharan dust transport over Mindelo shows that most of the dust transported
occurs from June to September and has a maximum of 2 to 5 km. During the winter season,
from December to January, aerosol loading in the free troposphere is dramatically reduced, and
most of the dust is transported within the (MBL,) in a layer up to ~2.5 km. Dust mean
contribution to the backscatter profile during summer varied from ~90% in the free troposphere
to less than 25% in the MBL. In the winter, the contribution in the free troposphere is reduced
to less than 50%. Regarding the dependence on the aggregation radius, the main dependence
found was for monthly (DOD), with smaller radii (<200 km) producing lower climatological
values when compared with larger radii. The LIVAS application, which describes the seasonal
transport of Saharan dust to remote western areas of the tropical Atlantic and Americas, also
depicted patterns that are consistent with previous studies. The magnitudes of dust transport,
as identified by the extinction coefficient profile are highest in boreal summer and spring and
lowest in autumn. The northward shifts of the dust plume are further during the summer,
reaching the latitude of 25°N. This displacement is mainly modulated by the seasonal migration
of the (ITCZ), and it leads to the transport of dust toward Central America and the Caribbean.
Winter is the season that the lowest amount of dust arrives in the remote western tropical
Atlantic and South America, which can be explained by the low-level transport of dust and the

efficient removal of dust along its way.

Keywords: Saharan dust plume, Cabo Verde, Dust Optical Depth, LIVAS, Extinction

coefficient, PollyXT.
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1. Introduction

The Sahara desert in North Africa is the world’s largest dust source and contributes to over
50% of global dust emissions (Kok et al., 2021). Saharan dust particles are uplifted by strong
surface winds and then transported downwind for long distances, reaching the Atlantic Ocean,
the Caribbean, America, and Europe ( Prospero et al., 1981, Ben-Ami et al., 2012;). The
Saharan dust emission varies daily, seasonal, annual, and even decadal time scales, largely
modulated by local wind speed, land surface cover, and soil moisture (Kok et al., 2021; Ryder
et al., 2018). The Saharan dust plume has large consequences for air quality in downwind
settlements (Kishcha et al., 2005). Given its direct influence on radiative budget due to
scattering, absorption, and emission of solar and terrestrial radiation (Balkanski et al., 2007),
as well as in cloud formation, radiative properties, and lifetime (DeMott et al., 2003; Koren et
al., 2010). Saharan dust has been regarded as a critical system to understanding the climate
process within the Tropical Atlantic domain and beyond, including the American continent.
However, the Saharan dust plume influence strongly depends on its spatial structure and
loading, aspects highly prone to the seasonal cycle and interannual variability of atmospheric
processes. Regarding its vertical distribution, for example, dust particles will have a stronger
impact on shortwave radiation absorption when they are located above bright clouds (Wainker
etal., 2013). Moreover, dust’s atmospheric lifetime is much longer in the free troposphere than
in the planetary boundary layer, and, upon entering the free troposphere, dust particles can be
transported across vast areas, altering the geographic pattern of their impacts (Prospero &
Lamb et al., 2003).

Additionally, mineral dust contains iron, phosphorus, and other nutrients, and could affect
ocean biogeochemistry and fertilize tropical forests upon downwind deposition (Rizzolo et al.,
2017). Therefore, there is great interest in understanding factors controlling the Saharan dust
emission, transport, and deposition towards the Tropical Atlantic Ocean and beyond,
especially to the Americas, and the impact they might have on the environment, ecosystem,
and climate. To this end, accurate monitoring and representation in climate models of the
horizontal and vertical structure (3-D) of the Saharan dust plumes transported toward America
is of great importance. However, many aspects affect Saharan plumes' 3-D structure when

leaving North Africa and crossing the Tropical Atlantic.

Dust particles are removed from the atmosphere by both dry and wet deposition (Stuut et al.,

2005; Knippertz & Stuut et al., 2014). Wet deposition of dust potentially increases the



bioavailability of nutrients carried with the dust particles (Meskhidze et al., 2005), which can
lead to an increased fertilization effect of dust deposition in the oceans (Ridame et al., 2014).
Dust outbreak events are usually associated with easterly waves, which emerge from the coast
of Africa. These waves have a complex dynamic Structure, producing complex dust
distribution patterns (Karyampudi and Carlson et al., 1988).

Concentrations aloft are usually several times greater than in the marine boundary layer
(depending on the season), another important feature related to the 3-D structure of dust
transport that has implications for its climate impacts. Seasonally, the transport structure is
strongly tied to the displacement of the Inter-Tropical convergence Zone, (Moran-Zuloaga et
al., 2018).

Due to the southernmost position of the ITCZ during the boreal winter, dust particles are then
frequently transported toward the South American continent (Di et al., 2015). Meanwhile, the
northward shift of the ITCZ during the boreal summer limits the transport to the Caribbean,
Central, and North America (Prospero et al., 1972). In addition to the influence of seasonal
oscillation of ITCZ, the export structure of North African dust towards the Atlantic and
Americas also highly varies on daily and inter-annual scales. For the daily scale, the dust plume
structure is largely affected by the meteorological condition (e.g. precipitation), while climate
variability modes, for example, ElI Nifio-Southern Oscillation (ENSO) and North Atlantic
Oscillation (NAO), have been linked to the inter-annual variability in dust transport from North
Africa (Barkley et al., 2022). Consequently, the evaluation of the simulation of the Saharan
plume structure and its temporal multi-scale variability in the climate models can provide
insights about the model performance that go beyond the plume structure. However, a

comprehensive monitoring framework of Saharan dust transport is of fundamental importance.

A comprehensive understanding of the Saharan dust plume structure when transported towards
the Tropical Atlantic and Americas requires a dataset that can fulfill both multi-temporal and
3-D spatial scale characterization. For a long time, 2-D climatological structure based on
passive remote sensing has been the main source of information regarding Saharan dust
transport toward the Atlantic, which lacked the vertical perspective. In recent decades, with the
new developments in the active remote sensing of aerosols from satellites, 3-D global aerosols
have emerged ( Omar et al., 2009, Amiridis et al., 2014; Marinou et al., 2017). These new
products provide a unique opportunity to improve our knowledge of the seasonal cycle and
interannual structure of dust plumes being transported from North Africa to remote regions of

the Tropical Atlantic and Americas, as well as to improve our comprehension of its interaction
2



with other climate elements and processes (Mamouri & Ansmann, et al., 2016). This was the
main motivation for the current research. The LIDAR climatology of Vertical Aerosol
Structure for space-based LIDAR simulation studies (LIVAS) based on CALIPSO (Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observations) observations at 532 nm and 1064
nm are among the recently developed 3-D aerosol dataset (Amiridis et al., 2015; Marinou et
al., 2017). As they evolve, continuous evaluation and analysis of the aerosol products of
datasets such as LIVAS, under distinct atmosphere scenarios is crucial to establish their role as
an observational reference, able to be used to understand the aerosol dynamics and to validate
climate models ( Marinou et al., 2017; Georgoulias et al., 2018). Undoubtedly, the Saharan
dust transport structure towards the Atlantic provides a unique dust aerosol scenario to evaluate

LIVAS. Therefore, we selected it as the focus of the present study.

Under the question, "How does LIVAS 3-D aerosol product depict the structure and seasonality
of Saharan dust transport toward tropical Atlantic and Americas?” this thesis searched to

achieve the objectives subsequently described.

1.1. Objectives of the work

The aim objective of this thesis is to determine the spatial and temporal features of Saharan
dust 3-D structure and transport towards Tropical Atlantic and Americas using the LIDAR
climatology of Vertical Aerosol Structure for space-based LIDAR simulation studies (LIVAS)

3-D multi-wavelength global aerosol optical properties database.

We defined the following specific objectives to achieve the main goal:

> Evaluation of LIVAS 3-D aerosol profiles over Mindelo, Cabo Verde, via comparison
with an independent Lidar system (PollyXT),
> Evaluate the seasonal cycle of all aerosols and dust profiles over Mindelo City,

> Characterization and description of the annual features and seasonal cycle of Saharan
dust 3-D structure and transport towards Tropical Atlantic and Americas.



2. Literature review

2.1.1. The importance of Saharan dust

North dust emission and transport historically have attracted the attention of the climate
scientific communities due to its importance regarding the global energy and hydrological
cycles, human health, marine and continental ecosystems. Aerosol systems, such as Saharan
dust, can affect climate directly by scattering and absorbing solar radiation and indirectly by
modifying radiative properties (Ramanathan et al., 2001), cloud microphysical effects such as
cloud condensation nuclei directly and indirectly (Wurzler et al., 2000) or ice nuclei (DeMott
et al., 2003). Moreover, the Saharan dust plume plays an important role in biogeochemical
processes across the world, especially in tropical Atlantica and America. Deposits on land
surfaces, therefore, contribute to soil development (Muhs et al., 2007) and as a source of
nutrients (e.g., Swap et al., 1992). Ocean supplies of iron (Jickells et al., 2005; Mahowald et
al., 2005), and phosphorus which are essential elements for phytoplankton growth and, hence,
for the oceanic and global carbon cycle (Mahowald et al., 2008). Under favorable weather
conditions, a large amount of mineral dust can be injected into the free troposphere, where
medium and long-range transport takes place (Ansmann et al., 2003), therefore, affecting

remote regions.

Saharan dust is associated with dry, warm air and anticyclonic circulation. (Prospero et al.,
1972). Some studies suggest that North African dust may have significant effects on clouds
and precipitation (Kaufman et al., 2005) and possibly on the formation/intensification of
tropical cyclones (Dunion & Velden et al., 2004; Kaufman et al., 2005).

2.1.2. Saharan dust emission and transport towards tropical Atlantic: Main aspects

The processes of generating and transporting dust are complex and still matters of ongoing
research since dust particles play a crucial role in geochemical and geophysical processes. To
these processes, one can also include the addition of nutrients to soils and oceans. The Saharan
dust transport is influenced by many factors African Easterly Jet, Saharan Air Layer, Saharan
Heat Low, West African Westerly Jet, African Westerly Jet, Tropical Easterly Jet, ITCZ,
Easterly waves, Azores Anticyclone, among others aspects such as multi-scale climate
variability modes as ENSO (Emily Bercos et al., 2020).

The meteorological conditions in the dust-source regions, which are highly variable, are the

primary determinant of dust emission. Saharan dust plumes can travel over long distances in
4



the atmosphere via three main pathways. The first pathway is across the Atlantic Ocean to
North America, the Caribbean, and South America (Prospero & Lamb et al., 2003). The second
pathway is towards the Mediterranean and Europe (Marinou et al., 2017; Moulin et al.,
1998). The third pathway is towards the eastern Mediterranean and the Middle East
(Israelevich et al., 2003).

North African dust transported over the tropical Atlantic is one of the main long-range
transport paths. Dust transport follows more southward trajectories driven by strong
northeasterly winds (Harmattan), bringing dust to most parts of Nigeria, the Gulf of Guinea
(Washington et al., 2006a), and as far as the Amazon Basin in South America (Kaufman et al.,
2005). In short, In-situ observations of African dust in Barbados date back to 1965. This
provides a long-term climatology of the route over the northern tropical Atlantic. (Prospero &
Carlson et al., 1980). During boreal summer, the preferred pathway is to the Caribbean, with

dust transported within an atmospheric layer up to 5-6 km height.

A mass of dusty air known as the Saharan Air Layer (SAL) forms over the Sahara Desert during
the late spring, summer, and early fall. The SAL moves westward across the tropical North
Atlantic covering the Island of Cabo Verde, which has been used as a reference site to
characterize Saharan dust plume properties at the beginning of its journey down the tropical
Atlantic. During hurricane season, the SAL plays an important role. Large amounts of dust
create a stable layer of dry, sinking air that can suppress hurricane development (Zipser et al.,
2009).

The dust emission and transport from North Africa are known to exhibit variability on diurnal

to decadal timescales. Concerning the annual cycle, in the dry season or winter dust transport
from the Sahara and Sahel follows a more southwards trajectory towards the Gulf of Guinea.
Surface wind speeds follow a clear annual cycle, with a maximum during the winter months
and a minimum between July and September. During the dry season, the dust layer is
transported in a southwest direction and is situated within the lowest 2 km of the troposphere
and frequently transported to Cabo Verde (Chiapello & Moulin et al., 2002; Schepanski et al.,
2009).

The inter-annual variability of dust emission of transport from North Africa is discussed in
connection with the controlling atmospheric dynamics (Evan & Mukhopadhyay et al., 2010).
The positioning and intensity of the ITCZ have been linked to this phenomenon (Doherty et
al., 2014). A low-pressure zone located around the equator where the northeast and southeast
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trade winds converge constrains precipitation and long-range dust transport to important
regions such as the Amazon basin. Due to higher solar radiation levels near the equator, The
ITCZ forces the air to rise to the upper troposphere. It then moves towards higher latitudes and
slowly descends, leading to large high-pressure areas in the subtropics. The latitudinal position

of the ITCZ varies seasonally following the insolation annual cycle.

The intra-seasonal variability of North African dust emissions within a season range on time
scales of several days. Dust outbreaks over the Atlantic are associated with warm phases of the
Saharan heat low (SHL). These warm phases favor the emission from dust sources in the
western Sahara and simultaneously intensify the mid-tropospheric African easterly jet (AEJ),
opening the route to the west (Wang et al., 2017). A synoptic-scale feature of the North African
circulation system known as African Easterly Waves (AEW) may play an important role in
dust mobilization during the boreal summer (Jones et al., 2003, 2004).

2.1.3. Dust remote sensing

Satellite-based remote sensing of the atmosphere has become one of the most important
techniques for the observation of the global atmospheric composition over the last few decades.
Satellites provide opportunities to observe the entire Earth. Historically, satellite-monitoring
systems based on passive remote sensing shaped the vertical structuration of dust plume
transport. The Lidar technique has proven to be a very useful tool in atmospheric profiling
research since it provides information on several atmospheric parameters with high vertical

spatial and temporal resolution.

The vertical structure of the Saharan dust transport westward is usually described using height-
latitude cross-sections of the westward dust transport across different meridians. Most of our
knowledge on the vertical structure of dust plumes results from aircraft and surface-based and
satellite-borne aerosol Lidar systems. While the former two are usually restricted to field
campaigns or locations relatively far away from Saharan dust sources, space-borne CALIPSO
now provides north-south cross-sections through Saharan dust plumes in cloud-free regions
and three-dimensional structures, transport patterns across the Atlantic Ocean, and their
accompanying meteorological properties. Lidar measurements are an appropriate tool to study
the optical properties of dust as only they allow one to identify suspended Saharan dust layers
even in cases when different aerosol types are present in the atmospheric column. One of the

key parameters for characterizing an aerosol type is the LIDAR ratio (i.e. the ratio between



extinction and backscatter coefficients), which can be determined with Raman LIDAR.
(Ansmann et al., 1990).

The Lidar ratio is required as input data for the quantitative determination of particle extinction
profiles in the case of standard ground and space backscatter LIDAR (e.g. CALIPSO (Winker
et al., 2007). Extinction is one of the key parameters for calculating radiation fluxes.
Determining the particle depolarization ratio from depolarization Lidars also requires the use
of the LIDAR ratio. (Biele et al., 2000). EARLINET (Pappalardo et al., 2014), operates
advanced LIDAR systems employing depolarization techniques that have been invaluable for
dust research. Moreover, the sophisticated methodologies developed in EARLINET make it
possible to characterize all types of aerosols, including dust. (Papayannis et al., 2008) although

the contribution of dust to the total aerosol load (Tesche et al., 2009).

2.2. Saharan dust seasonality

Glaser et al., (2015) results confirmed the previously observed preferential trajectories of
transatlantic dust. During boreal winter and spring, African dust is mainly transported below
800 hPa toward South America. Mauritania and Mali are the locations where the Saharan dust
main source is found in JJA. Bodélé Depression located in the southern edge of the Sahara
Desert in north-central Africa, is a major source of atmospheric dust and it’s becomes the main
area source in DJF when the dust is mainly transported to and deposited to the south and
southwest. Over the Atlantic, most of the dust is transported toward South America in DJF and

MAM, and the zonal transport to the Caribbean is prevalent in JJA and SON.

Marinou et al., (2017), studied dust transport from North Africa to Europe and found that
during spring the spatial distribution of dust shows a uniform pattern over the Sahara desert,
while during summer, the dust activity is mostly shifted to the western part of the desert.
Throughout the year, elevated dust plumes extending up to latitudes of 40°N were observed at
various heights between 2 and 6 km. The study was based on a dataset of CALIPSO dust
aerosol profiles over 9 years (2007-2015), and the results reveal for the first time the evolution
of dust in 3D and the seasonal patterns of dust on its transport routes from the Sahara to the

Mediterranean and continental Europe.

Schepanski et al.,(2012), results showed that the Bodele dust’s maximum contribution to Cape
Verde islands’ occurs in winter when this source area is the most active and dominant with
regard to activation frequency and dust emission. Saharan dust transport differs significantly

between summer and winter. During the winter season, near-surface layers over tropical
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latitudes above trade winds inversion have maximum dust concentration with maximum
westward transport at lower subtropical latitudes. The vertical distribution of dust zonally
exported clearly shows that meridional dust export is related to general circulation patterns that

are mainly controlled by Hadley circulation.



3. Materials and Methods

3.1. Study area

The study area covers a domain that extends from North Africa to the northern portion of South
America, including most of the Tropical Atlantic (Figure 1). North Africa is the biggest source
of dust in the world due to favorable climatic and geological conditions. With its enormous
extension, it emits about 800 Teragrams (Tg) of dust into the atmosphere annually, which
represents 70% of the global emission of this type of particle. (Huneeus et al., 2011; Prospero
& Mayol-Bracero et al., 2013).

Atmospheric dynamics over the region favor strong emission, as well as transport of dust to
the tropical Atlantic, making North Africa the largest exporter of dust to the tropical Atlantic
and the Americas. As the tropical Atlantic has a significant influence on global climate,
scientific data on this region is very important. Cabo Verde lies directly in the path of the
sandstorms that migrated westwards from the North African region to the Atlantic Ocean.
Therefore, the local population is exposed to serious health and other risks related to the dust
plumes. There is a need to strengthen atmospheric dust monitoring capacities in the region for
both climate and air quality studies. On the other hand, remote continental ecosystems such as
the Amazon rainforest in South America rely on Saharan dust transport to get their needed
nutrients. The continental regions of the Americas affected by transport vary according to
season (Figure 1). During boreal summer, transport mainly affects the southern portion of
North America and the Caribbean, and during boreal winter, the northern region of South
America becomes the main continental receptor of Saharan dust (Joseph M. Prospero et al.,
2014).

On their way to remote regions of tropical Atlantic and America, Sahara dust affects Cape
Verde Islands and other West Africa countries all year round, depending on their location and
wind regime. For this reason, Cabo Verde is a reference site to study the dust transport structure

just as it starts its displacement over the Tropical Atlantic.



@ Cabo Verde
[ Study area

Figure 1: The two major global dust transport systems in the world: (1) from the Sahara and Sahel of Africa to
the Americas and Europe; and (2) from the Takla Makan and Gobi deserts of China, across China, Korea, Japan,
and the northern Pacific to North America.The study area of the present study (red box) covers from North Africa
to the northern region of South America and the Tropical Atlantic. lllustration: Betsy Boynton. (Garrison et al.,
2003).

The influence of dust on the environment varies from region to region within the study area,
causing problems related to air quality in areas close to the source of dust emissions and for
ecosystem fertilization in remote areas. For instance, Saharan dust is very important as a source
of nutrients for the Amazon rainforest ecosystem, namely iron, and phosphorus. (Prospero et
al., 1996, Mahowald et al., 2005;). When it is suspended in the atmosphere, one of the main
climatic effects of Saharan dust particles is related to their potential or ability to alter the
balance of radiative energy in the atmosphere and at the surface by scattering, absorbing solar,
and terrestrial radiation (Kaufman et al., 2002). Consequently, studies in the region aimed at
advancing current knowledge of the optical properties of mineral dust and its effects on climate

are extremely important.
3.2. Data Analysis

3.2.1. LIVAS Aerosol Product

The LIVAS is a 3-dimensional aerosol and cloud product sponsored by the European Space
Agency (ESA) that provides information on the vertical structure of aerosol optical properties
on a global scale (Amiridis et al., 2015). It is based on CALIPSO (Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observations) Level 2 (L2) products, which include aerosol and
cloud backscatter and extinction coefficients at 532 nm and 1064 nm as well as the linear
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particle depolarization ratio at 532 nm) (Marinou et al., 2017). The CALIPSO mission is a
collaboration between NASA and Centre National d’Etudes Spatiales and was launched
together with the Cloud Sat satellite in April 2006. It is now flying in formation with the A-
train constellation of satellites (Stephens et al. 2002). CALIPSO is a LIDAR instrument that is
designed to acquire vertical profiles of the backscattered signal at 532 nm and a total
backscattered laser signal at 1064 nm from a near nadir-viewing geometry. To produce the
extinction profiles included in the Level 2 products, the CALIPSO algorithm separates free-
cloud atmospheric aerosol layers according to the aerosol subtype (i.e., dust, polluted dust,
clean continental, polluted continental, marine, and smoke) using information on surface type,
layer integrated attenuated backscatter, the depolarization ratio at 532 nm and aerosol height
(Marinou et al., 2017). The aerosol extinction profile is retrieved by assigning the lidar ratio
for each atmospheric altitude based on the inferred subtype at each layer. In the LIVAS aerosol
products, pure dust extinction is also available based on (Amiridis et al.,, 2013)
methodology. To obtain pure dust extinction profiles, (Amiridis et al., 2013) method decoupled
the dust backscatter coefficient from the total aerosol backscatter based on depolarization
measurement by assuming a typical particle depolarization ratio value for pure dust equal to
0.31 (Tesche et al., 2009). This value has been evaluated as a good representative of dust
depolarization ratio around the world and the variation observed in Saharan dust depolarization
ratio 0.25 to 0.35, (Ansmann et al., 2011), is expected to introduce negligible error in the pure
dust backscattering retrieval (Marinou et al., 2017).

Additionally, for LIVAS product, CALIPSO particle linear depolarization ratio profile is
recalculated to fix known bugs (Amiridis et al., 2013). To ensure LIVAS product accuracy, a
set of criteria originally from CALIPSO and new ones adopted are defined to identify the high-
quality aerosol scene, starting by ensuring that all cloud features are removed. Further details
on this can be found in (Marinou et al., 2017). From pure dust backscattering, the pure dust
extinction coefficient is computed by utilizing a lidar ratio of 55 sr, shown to be representative
of Saharan dust in distinct scenarios (over Europe, near the source, and during long-range
transport (Marinou et al., 2017). This value is different from that used by CALIPSO in its
conventional product, which is 40 sr (Omar et al., 2009). Finally, the spatial average of all
aerosol type and pure dust backscattering and extinction coefficient profiles as well as particle
linear depolarization ratio are aggregated to gridded product at 1° x 1° horizontal spatial
resolution and vertical resolution of 60 m from m -0.5 to 20.2 km and 180 m from 20.2 to 30.1

km. Height is referenced to above sea level (a.s.l.) altitudes. While the LIVAS conventional
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horizontal resolution was used to study long-range transport between North Africa and South
America, specifically for the LIVAS product evaluation over Mindelo city, in Cabo Verve, in
this study different aggregations based on the different radii (100 km, 200 km, 300 km, 400
km, and 500 km) taking Mindelo as the center were tested (Fig, 2). In order to produce Dust
aerosol Optical Depth (DOD), pure dust profiles are averaged for each grid, while all non-dust
aerosol extinction is assigned a value of 0 km™. The LIVAS Aerosol Optical Depth (AOD)
products have been validated against AERONET presenting consistent results (Amiridis et al.,
2013).

The National Observatory of Athens (NOA) provided the LIVAS dataset used in this study,
covering a period of 16 years from January 2006 to December 2021(daily). Besides its
relevance to the observational study of aerosol spatial and temporal variability and climate
effects, LIVAS aerosol climatology is a very useful dataset for studies integrating other satellite

products and for the evaluation of climate model performance (Georgoulias et al., 2018).

(6p - 6p,nd)(1 + 5p,d) (Eq: 1)

Pa=beG =5, 006,

Where:

Ba= is the Backscatter dust

B:= is the Backscatter total

8,,4= Is Dust particle linear depolarization ratio

dnq= 1 the linear depolarization of Non_dust

3.2.2. PollyXT LIDAR

The Leibniz Institute for Tropospheric Research (TROPOS) has been operating a PollyXT
Lidar system in Mindelo city, in the context of the Raman and polarization lidar network
PollyNET, profiling a set of aerosol optical properties namely backscattering and extinction

coefficients and volume depolarization ratio in the city atmosphere column (Baars et al., 2016).

PollyNET has been continuously improved with gained experience from EARLINET,
worldwide field campaigns, and institute collaborations within the last 10 years. PollyNET
lidar systems 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
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PollyXT Lidar is its consistent data structure and centralized data processing in line with the
CIMEL Sun photometer of AERONET (Baars et al., 2016)

From PollyXT an inversion algorithm, for instance, to deduce the lidar ratio, Angstrém
exponents, size distribution, and particle concentration, can derive backscatter and extinction
coefficients and volume depolarization ratio additional information about aerosols’ optical and
microphysical properties. Additionally, a polarization-sensitive channel has been set up to
determine the particle shape from a linear depolarization ratio, to distinguish dust and non-dust
particles in mixed aerosol layers (Baars et al., 2011).

PollyXT backscattering and extinction coefficient profiles are provided at the same wavelength
of LIVAS reference channel 532 nm. Inter-comparison between PollyXT and LIVAS profiles
over Mindelo is an excellent opportunity to evaluate the agreement between the two datasets
and to test PollyXT Lidar spatial representatives as the aggregation radius for the LIVAS
product is gradually increased from 100 km to 500 km. The PollyXT dataset collected for
September of 2021, during the ASKOS campaign in Cabo Verde, was made available by
TROPOQOS for this task.

3.2.3. AERONET dataset

The AERONET (AErosol RObotic NETwork) program is a federation of ground-based remote
sensing aerosol networks (Holben et al., 1998) established by NASA and PHOTONS
(PHOtométrie pour le Traitement Opérationnel de Normalisation Satellitaire; Univ. of Lille 1,
CNES, and CNRS-INSU). Based on CIMEL sun-photometers. It provides a worldwide long-
term, continuous database of aerosol optical, microphysical, and radiative properties for aerosol
research and characterization, validation of satellite retrievals, and synergism with other
databases. In Cabo Verde, there are two operational sun photometers from AERONET, one in
Sal Island (1994-2023) and another in Mindelo City (2021-2023) (Figure 2). In the past,
AERONET sun photometers were operated on Santiago Island in (2008), and Praia City
(2015), and in the eastern portion of Sdo Vicente Island (2012-2017) at the Cape Verde
Atmospheric Observatory (CVO). The network imposes standardization of instruments,
calibration, processing, and distribution, which is crucial to the application of its aerosol
products as a reference. AERONET sun photometers measure direct solar radiation at a 15-
minute resolution and sky radiation at a 1-hour resolution. The instrument takes direct solar
radiation measurements at eight different channels of 340, 380, 440, 500, 675, 870, 940, and

1020 nm (Holben et al., 1998). From this direct solar radiation and based on the Beer-Lambert-
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Bouguer law, which describes the attenuation of spectral direct solar radiation through the
Earth's atmosphere, the AERONET algorithm retrieves spectral AOD (Aerosol Optical Depth),
except for the channel 940 nm, which is dedicated for measuring columnar water vapor. 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 (Eck et al., 1991). 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.
Unless when it is unavailable, level 2.0 is the one considered in validation studies. The AOD
at the channel 500 nm was used in this study to evaluate LIVAS AOD climatology over
Mindelo City calculated by the integration of its extinction profile. AOD at 500 nm from the
AERONET sun photometer at Sal Island was also used in this work as a complement to
understand LIVAS spatial representativity as different radii are considered. The AERONET

dataset used in this study was obtained from its official site * (http://aeronet.gsfc.nasa.gov/).

3.2.4. MERRA-reanalysis

Aerosol Optical depth at 550 nm from NASA reanalysis system the Modern-Era Retrospective
analysis for Research and Applications, Version 2 (MERRA-2, (Randles et al., 2017) at hourly
time scale was used to characterize aerosol horizontal distribution for the study cases of

comparison between PollyXT and LIVAS over Mindelo City.

3.3. Methods
3.3.1. Aerosol profile over Mindelo city from LIVAS.

3.3.1.1 Intercomparison between Pollyxt and LIVAS

This comparison process goal was to evaluate the agreement between Pollyxt and LIVAS to
reproduce monthly variability of dust (mineral dust of North Africa) data and to describe the
level of agreement between them across Mindelo. Representation of Frequency per domain as
a function of CALIPSO radius over Cape Verde (study domain) presented in Fig. 2. It is evident
that the 100 km radius corresponds to the Mindelo site, while the 500 km radius covers the

entire Cabo Verde region.

L http://aeronet.gsfc.nasa.gov/
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3.3.2. Aerosol climatology over Mindelo based on LIVAS.

Using LIVAS products at different aggregation radii specifically developed for Mindelo City
was performed, as seasonal analysis of optical depth and backscattering of extinction
coefficient profiles for all aerosols and pure dust over Mindelo. Based on the traditional
grouping of months considering the boreal and austral summer and winter seasons: from
December to February (DJF), from March to May (MAM), from June to August (JJA), and
from September to November (SON) to investigate the transport of Saharan dust to tropical

Atlantic and South America.

3.3.3. Saharan dust transport

Dust aerosols significantly influence the global radiative budget by scattering and absorbing
longwave and shortwave radiation. This affects the vertical profile of temperature, atmospheric
stability, and precipitation. Therefore, knowledge of the vertical distribution of dust is
important, the analysis will be focused on the climatological seasonality and will be analyzed
using different cross-sections extending from North Africa to South America: one following
the core of horizontal distribution and vertical of the two others at each side of the core. Trends
and patterns that vary in the dust structure were assessed via the second specific objective,
which will target inter-annual variability. We will obtain seasonal anomaly (deviation from the
seasonal climatology) and use it as a reference to evaluate the transport behavior across the
different years.
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Figure 2: Distribution of the different radius and orbit (B) derived by CALIPSO over Cape Verde.
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Statistical analysis is a widely used method in climatology that involves calculating the mean,
median, anomalies, etc. Applied for both specific objectives, to characterize the seasonal
climatology of the 3-D structure of Saharan dust and its inter-annual variability. We will use
Matlab software to perform the above statistical analyses and graphical studies.
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4. Results

The results of the present study are divided into 3 sections. In the first one, LIVAS and
PollyXT lidar system backscattering and extinction profiles over Mindelo city are compared
for September 2021 in Fig, 3-8, when the ASKOS campaign (Marinou et al., 2023) took place.
The influence of the LIVAS aggregation radius is also evaluated. In the second section, the
LIVAS long-term dataset (2006-2021) is applied to characterize the climatology of all aerosol
and pure dust optical depths, backscatter, and extinction coefficient profiles over Mindelo.
Finally, LIVAS long-term 3-D product is used to characterize the seasonal dust transport
towards tropical Atlantic and Americas. In this last section, climatological vertical structures
of dust reaching the tropical Atlantic and South America are analyzed during the transport of

the Saharan dust plume.

4.1. Comparison between LIVAS and POLLY over Mindelo

This section compares LIVAS, considering different aggregation radii, and PollyXT aerosol
vertical profile over Mindelo during September 2021. The analysis and results are based on the
backscatter and extinction coefficients at 532 nm. Table 1 presents the list of days in September
of 2021 with collocated aerosol profiles from PollyXT and from LIVAS products. For both
products, availability is directly related to the presence of cloud-free conditions and certain
quality assurance criteria. Specifically for LIVAS, CALIPSO distance from Mindelo is also an
aspect that controls availability. As CALIPSO overpassing distance from Mindelo increases,
profile availability shifts to the larger radii. The radius 500 km, consequently, is expected to

enclose the highest number of profiles.

From the list presented in Table 1, only for 4 days (5, 9, 18, 22, and 26 of September), there is
data for all aggregation radii. From this, two study cases were selected to illustrate and discuss
the vertical structures of aerosol over Mindelo as seen by PollyXT and LIVAS considering
distinct radii: September 5™ and 22", 2021.
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Table 1: List of days in September 2021 with collocated profiles between LIVAS and PollyXT detailing
CALIPSO distance from Mindelo, LIVAS number of profiles QA and total, and Pollyxt number of cloud-free

profiles. The availability of LIVAS profiles as a function of aggregation radii is also displayed.

Year Month Day Calipso Livas- Livas- Polly- 100 200 300 400 500
distance  Number Number Number km km km km km
from of of of

Mindelo profiles profiles cloud-

(km) QA Total free
profiles

2021 9 5 5 167 196 7 X X X X X
2021 9 6 331 85 147 1 X X
2021 9 8 369 83 132 3 X X
2021 9 9 44 182 195 8 X X X X X
2021 9 10 235 97 173 10 X X X
2021 9 12 419 53 106 4 X
2021 9 13 140 72 188 10 X X X X
2021 9 14 186 39 182 12 X

2021 9 15 465 19 72 2 X
2021 9 17 185 96 182 9 X X X X
2021 9 18 90 70 192 11 X X X X X
2021 9 21 285 96 161 20 X X X
2021 9 22 42 160 195 11 X X X X X
2021 9 23 320 122 150 4 X X
2021 9 25 333 138 147 12 X X X
2021 9 26 54 167 194 10 X X X X
2021 9 27 272 124 164 9 X X X X
2021 9 29 428 80 101 5 X
2021 9 30 102 43 192 4 X X X

4.1.1. The first case: September 51, 2021

Figure 3 presents the spatial distribution of AOD at 550 nm from Merra-2 reanalysis for
September 5™ for the closest time to CALIPSO overpassing. The aim is to show the spatial
structure of aerosols across the distinct radius during this day. Therefore, the graph illustrates
the 5 radii centered at Mindelo considered to aggregate LIVAS aerosol optical properties
profiles. The PollyXT location in Mindelo at OCSM and AERONET sun photometer
installation at Sal Island. The AOD field exhibits structures that indicate Saharan dust being
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transported toward the Atlantic. Among the radius, the highest loading of aerosols are found
within the 500 km radius, while less aerosol is present as one moves from 400 km to 100 km
radius. Therefore, this structure indicates a highly non-uniform distribution of Saharan dust
over the study domain, with most of the dust traveling northward of Cabo Verde.

= =100km
= =200 km
= =300 km
400 km
= =500 km
@ AERONET - 5al
—@—05(M-Mindelo

AOD at 550 nm
1] 0.1 0.2 03 0.4 a5 0.6 07 08 0.9 1

Figure 3: Spatial distribution of horizontal dust transport of AOD at 550 nm towards Cape Verde using Merra
reanalysis data, LIVAS, Pollyxt, and Sal AERONET on 5 September 2021.

Figure 4 compares LIVAS and PollyXT backscatter and extinction coefficient profiles for
selected radii (100, 300, and 500 km) and PollyXT particle depolarization ratio. On that day,
LIVAS presented an AODssonm around 0.58 for all radii, consistent with AERONET sun-
photometer retrievals, which registered a daily mean AOD 500 nm of 0.59. In general, a good
agreement between PollyXT and LIVAS profiles for this day for all radii. The LIVAS
backscattering profile reveals an increase from 0.002 km™ srt up to 0.004 km™ sr! between
the layer from 1.0 to 5.0 km, indicating a presence of an aerosols layer travelling above Cabo
Verde, with its core centered between 4 and 5 km. The LIVAS and PollyXT profiles also
indicate a substantial increase in the extinction coefficient up 0.15 km™ between 4 and 5 km.
This increase is similar for all radii. The particle depolarization ratio from PollyXT varied in
this layer between 0.25 and 0.30, which is consistent with dust-type aerosols (Baars et al., 2016;
Marinou et al., 2017). In addition, a lower agreement between LIVAS and PollyXT mean
profiles is seen between 4.0 and 5.0 km for all radii. However, the lowest agreement at the
mentioned layer occurred for the smaller radius of 100 km. A similar feature is clearer seen for

the layer between 1 and 2 km, with a greater agreement for the larger radii. At lower levels (<
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1 km), there is a peak up to 0.006 km™ srt at 0.5 km in Livas mean profile, and then a sharp

decrease to 0.002 km sr! for the lower height. For a particular layer, the one around 0.5 km

presented the larger variability (for each specific radius) and the larger variation between the

radii. From 100 km to 500 km backscattering coefficients increased from 0.006 km™ srto

values above 0.008 km™ sr! and the extinction coefficient from 0.15 km™to values above

0.20 km™. The larger variability in backscattering extinction coefficients for lower levels

between the radii and the smaller variability for the layer in higher levels (in LIVAS and Polly)

suggest that some of this Saharan plume advancing over Cabo Verde region on September 5™

was travelling close to lower levels (Figure 3). Below 0.8 km Polly backscattering and

extinction profiles are affected by the overlap issue (Baars et al., 2016), therefore no

information is given below 0.8 km for Polly.
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Figure 4: Comparison between LIVAS and PollyXT mean aerosol optical properties profiles for the 5 September
2021 over Mindelo city: (a) backscatter coefficients, (b) extinction coefficient. Polly particle depolarization ratio
is also presented. LIVAS profiles are obtained for different aggregation radii (100, 300, and 500 km) centered at
Mindelo city.
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4.1.2. The second case: 22 September 2021

Figure 5 illustrates the spatial distribution of AOD at 550 nm over Cabo Verde close to the
CALIPSO overpassing according to the Merra-2 on September 22", 2021. Cabo Verde was
also under the influence of a Saharan dust plume; the eastern half of the country was under a
strong influence of the plume while the second western half was experiencing lower levels of
aerosol loading. On September 19, the Cumbre Vieja volcano in Las Palma started an eruption
that spread large plumes of ash into the atmosphere over North Africa Atlantic coast, which
certainly contributed to the regional aerosol mixture (Idrissa, 2022). From east to west of the
country, AOD at 550 varied between 0.5 and 0.3. AERONET daily mean at 500 nm was 0.55
and the LIVAS spatial average varied from 0.42 to 0.44 among the radii. Different from the
previous case study, CALIPSO overpassing time was not so close to PollyXT closest time to

the satellite overpassing, a difference of 4 hours was identified.

45w 40" W 35" w 30" W 25w 20" w 157 W 107w 5 W 0 5 E 10°E 15" E 20" E

24" N

— —100km

— = 200km
12°N — =300km
‘ 400km
= =500km
©— AERONET - Sal
—@— 05CM - Mindelo

AOD at 550 nm
0 0.1 0.2 03 0.4 05

Figure 5: Spatial distribution of horizontal dust transport of AOD at 550 nm towards Cape Verde using Merra
reanalysis data, LIVAS, Pollyxt, and Sal AERONET on 22 September 2021.

Figure 6, presents the comparison between LIVAS and PollyXT profiles. The extinction and
backscatter profiles reveal a more stratified atmosphere in terms of aerosol layers. Two-aerosol
maximum loading can be defined based on LIVAS, one centered at 2.5 km, which is dominated
by dust aerosol type, as indicated by PollyXT particle depolarization ratio, and another centered
at 0.6 km, which can be a mixture of marine and some dust. There are some mismatches, but
a good agreement between LIVAS profiles and PollyXT profiles can be evaluated, but still not

high as of September 5". For all radii, LIVAS consistently registered a lower extinction
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coefficient throughout the free troposphere when compared to PollyXT, even when considering
the Polly profile that is the closest in time to CALIPSO overpassing. At lower levels (< 1. km),
a higher aerosol loading was present on that day, twice that observed on September 5th, but
opposite to the September 5th extinction coefficient at lower-level aerosol maximum decreased
as the aggregation radii increased. On that day, PollyXT identified a higher variability in
backscattering and extinction coefficients in upper levels (2.0 to 5.0 km). The Polly
backscattering profile showed a variation up to 0.004 km™ srt between 3.0 and 3.5 km. For the
same layer, the extinction coefficient of PollyXT up to 0.2 km™
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Figure 6: Comparison of the LIVAS at (100 km, 300 km, and 500 km) and Pollyxt profiles of (a) backscatter
coefficients, (b) extinction coefficient, and (c) vol.depolarization.ratio for the 22 September 2021, considering

(pure dust).

Figures 7 and 8 present the mean backscatter and extinction coefficient profiles for September
2021 over Mindelo as evaluated by LIVAS (for different radii) and PollyXT. For Figure 7 the
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mean values are obtained by considering only profiles that Polly is collocated with LIVAS,
and Figure 8 consists of an average considering all profiles of each product. Unarguably for
both cases, and for all radii, there is an excellent agreement between Polly and LIVAS
profiles at a monthly scale. Nevertheless, the greater the radius the better the agreement, which
can be attributed to statistical improvement from the LIVAS side as the number of CALIPSO
overpassing increases. Despite its specific location, at Mindelo city, this also shows Polly

spatial representativity at the monthly scale, which is vital for regional climatological studies.
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Figure 7: Mean backscatter (top) and extinction(bottom) coefficient profiles of LIVAS (as function of radius) and

PollyXT for September 2021 over Mindelo city considering collocated profiles (for the same day).

25



0 Mean Sep2021- Radius= 100 km 80 Radius= 300 km Radius= 400 km
T T T - T T T T T T

T
—— Pally mean{All profiles}
5k il 1 st - st 4 st 4 sh -

Radius= 200 km Radius= 500 km
T T T T T T

7.0 70 . 70} R 70 . 20} B
65 65 65 65 65
60 60 4 e} 4 60 4 6o B

Height(km)
Height(km)
Height(km)
Height(km)

L I I I 1 I I I 1 1 I I L !
0.000 0.002 0.004 0.006 0.008 0.010 0.000 0.002 0.004 0.006 ©.008 0.010 0.000 0.002 0.004 0.006 0.008 0.010 0.000 0.002 0.004 0.006 0.008 0.010 0.000 0.002 0.004 0.006 0.008 0.010

Backsc. coef. at 532 nm{km st ') Backsc. coef. at 532 nmikm st ') Backsc. coef. at 532 nm(km st ') Backsc. coef. at 532 nm(km sr 1) Backsc. coef, at 532 nm(km 'sr '}
Mean Sep2021 - Radius= 100 km Radius= 200 km Radius= 300 km Radius=400 km Radius= 500 km
80 Sl s B e 80— gop— 1 80 g1 .
—— Polly mean{All prof J:s:l
75 et 75 75 75 75
70 7.0 70 70 } 70
6.5 6.5 6.5 6.5 6.5
6.0 6.0 6.0 6.0 6.0
55 5.5
5.0 50
45 45
=4 -4 -4 £ 240
E £ = S z |
35 H 35 H .
|
30 30
25 25|
20 20 |-
15 15
1.0 \ 10|
05 s 05 |-
1 1 1 1 1 1 1 1
000 010 020 030 040 050 000 010 020 030 040 050 000 010 020 030 040 050 000 010 020 030 040 050 000 010 020 030 040 050
Extinction coef. at 532 nm{km™') Extinction coef. at 532 amfkm ™'} Extinction coef. at 532 nm{km ") Extinction coef. at 532 nm{km™') Extinction coef. at 532 nm(km '}

Figure 8: Mean backscatter (top) and extinction (bottom) coefficient profiles of LIVAS at all radius and Pollyxt
profiles considering all days of September 2021(for PollyXT).

4.2. All aerosols and dust climatology over Mindelo.

This section performed a climatological characterization of seasonal variability of all aerosols
and pure dust profile and optical depth over the eastern tropical Atlantic based on LIVAS long-
term data centered at Mindelo city, Cape Verde. The climatology will be based on period spans
from 2006-2021. The analysis and results obtained are based on the following LIVAS-provided
optical properties: Aerosol Optical Depth (AOD), Dust Optical Depth (DOD), backscatter, and
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extinction coefficient profiles all at 532 nm. This investigation explores their typical monthly

and seasonal variability and the interannual variation of AOD and DOD from 2006 to 2021.

Figure 9 presents LIVAS profiles monthly frequency as a function of radius, centered on
Mindelo, and year. As the radius increases from 100 km to 500 km, the frequency of profiles
per month substantially increases. For the smallest radii (100 km), the maximum number of
the profiles obtained was 6. For 500 km, the number increases to 25 profiles particularly
the radius 500 km, presenting a notably higher number of profiles. The increased in radius
leads to coverage of larger CALIPSO overpassing, meaning that LIVAS will have more
profiles. This can impact the representativity of LIVAS monthly means, especially to smaller
radii (100 and 200 km) that have a small number of profiles per month. Certain months and
years have zero profiles for all radius. Specifically, there are zero profiles for January to June
2006, February 2016, September 2019, and January to February 2021, indicating a lack of

measurements during these periods.
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Figure 9: LIVAS profiles frequency as a function of radius centered on Mindelo city, month and year from 2006
to 2021.

4.2.1. All aerosol and dust Optical Depth annual cycle.

Figure 10 shows simultaneously the annual cycle and inter-annual variability of AOD, based
on monthly mean, from 2006 to 2021 per radius centered at Mindelo. The AOD over all radii
domains starts to increase around May (~0.4), peaks during June (~ 0.6), and July, and then

starts to decrease until October (~0.3), when values lower than those observed in May are
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registered. This feature is consistently represented by all aggregation radii and it is supported
by the results of the AERONET long-term site in Cabo Verde located at Sal Island. However,
as the radius increases from 100 km to 500 km AOD values get diluted, mainly during aerosol
season peak (June, July, August), high values (AODx...> ~0.8) become less frequent, but so
become clean conditions (AOD.... < ~0.3). A possible explanation for this behavior is that with
a smaller redius (100 km), not all Saharan dust plumes traveling toward the Atlantic would be
captured by the smaller radius domain. Therefore, producing at times, a clean scenario and
other times moderate or highly polluted conditions when vigorous plumes cross the smaller
redius. However, as the radius increases it is very likely an increase in frequency of dust plumes
leaving North Africa being sampled within this radius, which would produce a different pattern
of monthly AOD distribution, more diluted but higher than typical background in dust absence.
Nevertheless, CALIPSO overpassing frequency as a function of radius might play a role on the
AOD observed features. This analysis of the monthly mean of also AOD shows that there is
less aerosols over Cape Verde from January to April, with AOD..... varying roughly from 0.2
to 0.3. The largest variability is observed from May to October, with a peak in June between
0.6 to 0.7, and a decrease from November to December. Regarding the interannual variability,
minimum AOD values were observed during the years 2011 and 2015, while an example of

high AOD years 2012 and 2018 can be highlighted.
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Figure 10: LIVAS annual cycle and inter-annual variability of AOD532 nm over different radius centered at

Mindelo city, Cabo Verde, from 2006 to 2021. On the right-bottom corner is presented the climatological annual
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cycle of AOD532nm as obtained from LIVAS using the different radius and AERONET long-term dataset from

the Sal Island sunphotometer.

Figure 11 shows the annual cycle and inter-annual variability of Dust Optical Depth (DOD)
over Mindelo from 2006 to 2021 per month and per radius. Climatological monthly mean cycle
of DOD is also presented for the different radii. DOD seasonal patterns resemble AOD features,
which shows that the seasonality of AOD over the analyzed region is mainly driven by dust
transport. Most of the dust over Mindelo is observed from May to October, as is the case of
AOD. The monthly mean of DOD shows that for all radius there is high transport during this
period. As for the AOD, there is a prominent peak of DOD in June between 0.3 to 0.4 nm, at
least for the radii of 500 km, 400 km, and 300 km, and between 0.2 to 0.3 nm for a radius of
200 km. The radius of 100 km displays the lowest DOD, with a peak around 0.2. At the radius
of 100 km, there are few monthly high DOD scenarios in 2008, 2012, 2013, and 2019. As
the radius increases, from 200 km to 500 km, there is enhancement in DOD mainly during

June, July and August.
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Figure 11: LIVAS annual cycle and inter-annual variability of DOD532 nm over different radius centered at
Mindelo city, Cabo Verde, from 2006 to 2021. On the right-bottom corner is presented the climatological annual
cycle of DOD532nm as obtained from LIVAS using the different radius

4.2.2. All aerosols and Dust backscatter and extinction profiles.

Figure 12 shows the mean annual cycle of the aerosol backscatter and extinction coefficient

profiles at 532 nm for the distinct radii centered on Mindelo, considering the period from 2006
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to 2021. The main vertical feature of aerosol profile over the studied domain, which is present
in all radii, is the strong seasonality in aerosol loading in the free troposphere just above the
Marine Boundary Layer (MBL, ~ above 1 km). For all radius, in the free troposphere, there are
fewer aerosols from January to May and a higher amount from June to November a peak in
September to October between 2.5 and 3.5 km where aerosols are transported above the
boundary layer. As can be confirmed in Figure 22, this feature is a direct response to the
Saharan dust transport seasonality. There is a significant amount of aerosols in the MBL round

year.
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Figure 12: Mean annual cycle of the all aerosols backscatter (top) and extinction (bottom) coefficient profiles at

532 nm per radius centered at Mindelo as derived from LIVAS aerosol products from 2006 to 2021.

Figure 13 shows the annual cycle mean of the backscatter and extinction coefficient profiles
specifically for pure dust. For all radii, dust transport over Cape Verde is particularly intense

at layers between 2 km and 4 km from June to December.

Within MBL, is it possible to also identify a seasonality in aerosol loading. Less aerosols close
to the surface from March y to June. There are peaks in dust abundance close to the surface
during the winter (DJF), indicating the predominance of low-level transport of Saharan dust.
Apart from these periods, pure dust is reduced, suggesting other aerosol types also drive

particle abundance seasonality close to the surface.

The analysis of all the radii of 100 km, 200 km, 300 km, 400 km, and 500 km revealed a similar
pattern, which indicates consistent seasonal characterization of all aerosols and dust

distribution by the radii assumptions.
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Figure 13: Mean annual cycle of the pure dust backscatter (top) and extinction (bottom) coefficient profiles at

532 nm per radius centered at Mindelo as derived from LIVAS aerosol products from 2006 to 2021.

Figure 14 presents the seasonal climatology of vertical distribution of all aerosols and pure dust
over Cabo Verde, respectively, derived by LIVAS. The results are presented in terms of mean,

median and standard deviations.

As seen previously, the main aspect of the aerosol structure over the study region is the strong
seasonality in the free troposphere, with summer and winter standing on opposite sides. During
the summer season, there is a significant increase in aerosols in the layers above Marine
boundary Layer, peaking between 2 and 4 km. This is explained by the Saharan dust transport
(Figure 27). The close values between mean and median at these altitudes indicate that dusty
air masses are frequent. From autumn, there is a decrease in aerosols, with the free troposphere
reaching a minimum during boreal winter, when Saharan dust transport at higher levels is
reduced. During winter, most of the aerosols are confined to the MBL, dust transport plays a
role, as can be seen in the pure dust profile in winter, but it would explain just a fraction of the
aerosols present in the MBL. All radii consistently represent these behaviors; however, for 100
km a larger variability (standard deviation) and difference between mean and median are seen.
This can be explained by the reduced number of LIVAS profiles obtained for this radius when

compared with 300 and 500 km.
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Figure 14: Seasonal variation of all aerosol extinction coefficient profiles at 532 nm as a function of radius
centered at Mindelo as derived from LIVAS aerosol products from 2006 to 2021. Top panel (100 km), Middle
panel(300 km), bottom panel (500 km).

The pure dust profiles show that in (Fig. 15 100 km, 300 km, and 500 km) there is transport of
Saharan dust throughout the seasons over Cabo Verde, most of the time (summer, spring and
autumn) these dust plumes are traveling aloft. Only during the winter that the transport is
mostly confined to the MBL. However, even during summer, spring and autumn, dust also

occurred at levels close to the surface.
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Figure 15: Seasonal variation of dust extinction coefficient profiles at 532 nm as a function of radius centered at
Mindelo as derived from LIVAS aerosol products from 2006 to 2021. Top panel (100 km), Middle panel (300
km), bottom panel (500 km).

Figure 16 presents the seasonal variation of the dust fraction as regard to the backscatter and
extinction coefficient profiles for the different radii. It describes the relative contribution of
dust to the aerosol’s extinction of solar radiation in the visible spectrum (532 nm). The dust
fraction increases significantly with altitude, for all radii, in the summer. In the free
troposphere, between 1.5 and 6.0 km, dust responds by almost 100% of the extinction during
summer. Similar behavior is seen for spring and autumn, but above 5 km dust, contribution
starts to decrease. During the winter, dust contribution decreases gradually from ~100%, just
above the MBL, to less than 50% above 4 km. Within the MBL dust contribution decreases
gradually as it gets closer to the surface to a value below than 25%. As expected, the larger
contribution at the surface is seen during the boreal winter. In general, these features within
MBL are consistent among the radii. The main difference is observed at the radius of 100 km
which estimates a larger contribution of dust when compared to the other radii.
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Figure 16: Seasonal variation of dust relative fraction as regard to the backscatter(top) and extinction(bottom)
coefficient profiles at 532 nm and as a function of radius centered at Mindelo derived from LIVAS aerosol
products from 2006 to 2021.

4.3. Saharan dust transport to the tropical Atlantic: Annual and Seasonal mean

structure

This section provides a characterization of the annual and seasonal mean horizontal and vertical
structure of all aerosols and pure dust transport to the Tropical Atlantic and the Americas as
described by LIVAS long-term climatology. Figure 17 presents the annual mean horizontal
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structure of all aerosols and pure dust as described by AOD at 532 nm. The pure dust field
reveals LIVAS ability to isolate dust from the other aerosol types. Over North Africa, DOD
reaches overspread values as high as 0.4 for the annual mean. The pattern of dust
transport towards the tropical Atlantic and Americas is shown in Fig. 17.

The annual DOD indicates high transport closer to the North African coast in the Eastern
Tropical Atlantic domain (DOD532nm ~ 0.3), and a gradual decrease as the plume reaches the
Americas (DOD532nm ~ at 0.1).

Results are also presented as transects of latitude-altitude of extinction coefficient profile at 3
specific longitudes (24.5° 40.5° and 60.5°) for both all aerosols and pure dust, and also for the
transect of dust fraction in Fig. 18. This reference's longitudes are respectively, taken observing
Mindelo city, a point elsewhere in the middle of the Atlantic and Manaus, the Amazonia state
capital. The vertical structure of the averaged coefficient for all aerosols along Mindelo
longitude reveals an aerosol layer extending from north to south in the MBL and another layer
above extending up to 5 km and with a core between 2 and 3 km and restricted to the latitudes
between 10°N and 20°N. Isolating the pure dust extinction coefficient and determining its
contribution to the extinction (dust fraction), the results show that the aerosol layer aloft is
dominated by dust (almost 100%) while dust relative contribution in the MBL is significantly
lower (<50%). Nevertheless, the dust annual average of the extinction coefficient over
Mindelo longitude is higher at lower levels than in the free troposphere. The further away
references longitudes show that the dust is always ubiquitous all the way until the Americas,
however is drastically reduced. Nevertheless, dust fraction keeps explaining most of the
aerosols' extinction effects above MBL (~100 %). In terms of value, extinction coefficient of
pure dust varied from a high value 0.08 km-1 close to the surface at Mindelo longitude to less
than 0.03 km™ in the north part of South America and at Manaus longitude reference.
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Figure 17: Annual climatology of Aerosol Optical Depth (AOD) and Dust Optical Depth (DOD) at 532 nm based
on LIVAS aerosol product for the period between 2007 and 2020. The circles markers on the maps indicate the

city of Mindelo (red), taken as the reference of the OSCM coordinates, the Sal Island (cyan), and Manaus city

(yellow), the capital of Amazonia states as a reference for South America.
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Figure 18: Extinction coefficient and dust fraction profiles as latitudes transects at references longitude: this
allows us to see the vertical transport structure at different longitude (close to Mindelo, Cape Verde, in the middle
of the Atlantic and close to Mindelo, Cape Verde, in the middle of the Atlantic and close to Manaus longitude,

Amazonia)

Figure 19 shows the mean horizontal structure of all aerosols and pure dust transport toward
the tropical Atlantic during the spring season. High AOD values (up to 0.8) are seen from
central to western of Sahara. The plume core is traveling south of Cabo Verde toward the
northern part of South America. It is worth mentioning LIVAS product effectiveness to remove
Africa biomass burning aerosol from the pure dust product. DOD also shows high values

across the Sahara domain (up to 0.7). South of over Cabo Verde, dust plume optical depth
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decreases to values between 0.4 and 0.5, until reaching South America the plume presents DOD

lower than 0.3.

The latitude-altitude transect results (Fig. 20) show the vertical and latitudinal distribution of
dust extinction coefficient for all aerosols and pure dust alongside dust fraction along the
reference longitudes during spring. For all aerosols, one can see high dust extinction values
close to the surface (0.1 km™) for all reference longitudes. However, the Saharan plume leaving
North Africa is clearly depicted over Mindelo reference longitude. From the pure dust transect
it is possible to see that the plume, at its lower boundary, is restricted to a latitude between 5°
and 15° while at higher levels, it extends until 25°. As it moves eastward, the plume is
significantly diluted and confined to 5° and 15° in its vertical extension. The pure dust
extinction coefficient profile along Mindelo longitude reference indicates the highest values
are observed at high altitudes between 2 and 5 km the dust fraction responds up to 100% of the

extinction coefficient, in the MBL it responds to less than 30%.
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Figure 19: Boreal spring (March - April - May) climatology of Aerosol Optical Depth (AOD) and Dust Optical
Depth (DOD) at 532 nm based on LIVAS aerosol product for the period between 2007 and 2020. The circles
markers on the maps indicate the city of Mindelo (red), taken as the reference of the OSCM coordinates, the Sal

island (cyan) and Manaus city(yellow), the capital of Amazonia states as a reference for South América.
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Figure 20: Boreal spring (March - April - May) mean of the latitude-height transect of extinction coefficient (for
all aerosols and pure dust) and dust fraction (as a relative contribution to the total extinction coefficient) for three
longitudes of reference: Mindelo city (24.5°), Cabo Verde, as a reference to the structure when Saharan dust leave
North Africa, elsewhere in the middle of the Atlantic (40.5°) and Manaus city (60.5°), the capital of Amazonia

states, in the northern region of South America.

Figure 21 shows that during the summer period, Saharan dust is transported to the tropical
Atlantic travelling at the center and north of Cabo Verde. It moves predominantly to the central
and north region of America. This northward displacement in the plume is forced by the ITCZ
northward movement, which leaves regions further south of Cabo Verde relatively free of the
plume effect. Over the Sahara, high AOD values (up to 0.8) are seen displaced to its north
portion when compared to the spring season. DOD varies from ~ 0.7 across the northern part
of the saharan desert to around 0.3 in the middle of the tropical Atlantic and less than 0.2 in

Caribbean and Central America.

The extinction coefficient transects (Fig. 22) show the Saharan plume leaving North Africa
with its core around 3 km and in its most northward position between latitudes 10° and
25°. Extinction coefficients are high (up to 0.1 km™, all aerosols) close to the surface for all
transects. The layer of aerosol south of the Equator (-5° to -15°) related to biomass burning in
South America presents its depth from the surface up to 3 km. As the dust plume moves toward
America its intensity decreases as the remotion and deposition take place. Nevertheless, it is
possible to find dust in all layers, from MBL to the free troposphere, in the remote region of
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Central America. However, as the extinction coefficient profile shows, most of the pure dust

is transported in upper layers at high altitudes (2-5 km)
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Figure 21: Boreal summer (June - July - August) climatology of Aerosol Optical Depth (AOD) and Dust Optical
Depth (DOD) at 532 nm based on LIVAS aerosol product for the period between 2007 and 2020. The circles
markers on the maps indicate the city of Mindelo (red), taken as the reference of the OSCM coordinates, the Sal

island (cyan) and Manaus city(yellow), the capital of Amazonia states as a reference for South América.
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Figure 22: Boreal summer (June - July - August) mean of the latitude-height transect of extinction coefficient
(for all aerosols and pure dust) and dust fraction (as a relative contribution to the total extinction coefficient) for
three longitudes of reference: Mindelo city (24.5°), Cabo Verde, as a reference to the structure when Saharan dust
leave North Africa, elsewhere in the middle of the Atlantic (40.5° and Manaus city(60.5°), the capital of

Amazonia states, in the northern region of South America.

During the autumn season (SON Fig.23), horizontal dust transport patterns show that most of

the dust is advected toward the Sahel region and the Gulf of Guinea coastal countries. This
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season presents the lowest amount of dust across the source region (DOD < 0.4). However, for
all aerosols high AOD values (AOD > 0.6) are identified in the southern portion of West Africa,
which is likely to be related to biomass burning aerosols. The high AOD levels also seen in the
northeast portion of South America, recognized as mainly related to biomass burning types
(Rosario et al., 2013), which are well excluded in LIVAS pure dust products.

As it is possible to see, the dust plume is typically transported to the tropical Atlantic and
Americas via the southern part of Cabo Verde. DOD across the southern portion of West Africa
indicates values as high as 0.4 decreases to values around 0.2 over the tropical Atlantic and

less than 0.1 off the coast of South America.

The extinction coefficient transects (Fig. 24), which indicates the longitudinal transport of dust
during autumn from the north of Africa to the tropical Atlantic and Americas, also show the
lower amount of dust being transported when compared with the previous analyzed seasons.
Another different aspect is that the highest pure dust of extinction coefficient values (0.1 km"
1) is observed at the surface for the Mindelo reference longitude, indicating a transport closer
to the surface during autumn. With these two aspects, a lower amount of dust leaving North
Africa and travelling close to the surface, less aerosol is arriving in the western portion of the
tropical Atlantic (Extinction coefficient values < 0.03 km™). Although dust still contributes to
almost 100% of aerosols in the free troposphere, the dust particles at high levels are in much

lower quantity during this time.

Moreover, the dust fractions found across Mindelo’s reference longitude in the upper levels are
smaller than for the summer and spring seasons, varied from 60 to100% between 2 and 5 km),
and reaching values lower than 60% from the middle Atlantic to the north coast of South

America.
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Figure 23: Boreal autumn (September - October - November) climatology of Aerosol Optical Depth (AOD) and
Dust Optical Depth (DOD) at 532 nm based on LIVAS aerosol product for the period between 2007 and 2020.
The circles markers on the maps indicate the city of Mindelo(red), taken as the reference of the OSCM
coordinates, the Sal island (cyan) and Manaus city(yellow), the capital of Amazonia states as a reference for
South América.
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Figure 24: Boreal autumn (September - October - November) mean of the latitude-height transect of extinction
coefficient (for all aerosols and pure dust) and dust fraction (as relative contribution to the total extinction
coefficient) for three longitude of reference: Mindelo city (24.5°), Cabo Verde, as reference to the structure when
Saharan dust leave North Africa, elsewhere in the middle of the Atlantic (40.5°) and Manaus city (60.5°), the
capital of Amazonia states, in the northern region of South America.

Figure 25 shows the winter season climatology of AOD and DOD. All aerosols and pure dust
plumes' spatial distribution resemble autumn patterns in many aspects, except for the amount

of aerosols and dust that are much higher (AOD > 0.7 and DOD > 0.5). As for autumn, different
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from the previous season, most of the dust is concentrated in the southern part of North
Africa. Therefore, dust transport to the tropical Atlantic occurs typically south of Cabo Verde
and moves mainly to the north of South America. The highest values of DOD across North
Africa are observed out of the Saharan domain, mostly in the Guinea Gulf countries, which can
reveal LIVAS difficulty in achieving full separation of dust from other aerosols, mainly
biomass burning types, since Gulf of Guinea countries are strong sources of dust
particles. During the dry or winter season, DOD typical values vary from 0.4 to 0.6 over Africa
to 0.30 -0.4 in the middle of the tropical Atlantic and decrease to 0.1 - 0.2 over the South
American coast. The latitude-altitude transect of the mean extinction coefficient for pure dust
and all aerosols, and dust fraction profiles is presented in Figure 26. The extinction coefficients
for all aerosols indicate that higher values are observed near the source (Mindelo reference
longitude) and at low altitudes. This season dust transport occurs predominantly within MBL,
which is an important issue for air quality in Cabo Verde and other countries close to the
Sahara. Dust plumes leave North Africa within a broader range of latitude, from less than 5° to
almost 25°, but the range is significantly narrowed in the middle of the Atlantic. In the layers
from the surface to the free troposphere (up to 3 km), between latitudes of 5° and 10° a
significant amount of aerosol is transported to the middle Atlantic and South America. Dust
explains just a fraction of it, less than 70% close to Africa and less than 50% over the middle
of the Atlantic. Known from previous studies (Rizzolo et al, 2017), during the winter aerosols
traveling to South America is a mixture dominated by dust particles and biomass burning

aerosols.
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Figure 25: Boreal winter (December - January - February) climatology of Aerosol Optical Depth (AOD) and
Dust Optical Depth (DOD) at 532 nm based on LIVAS aerosol product for the period between 2007 and 2020.
The circle markers on the maps indicate the city of Mindelo(red), taken as the reference of the OSCM
coordinates, the Sal island (cyan) and Manaus city(yellow), the capital of Amazonia states as a reference for
South América.
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Figure 26: Boreal winter (December - January - February) mean of the latitude-height transect of extinction
coefficient (for all aerosols and pure dust), and dust fraction (as a relative contribution to the total extinction
coefficient) for three longitudes of reference: Mindelo city (24.5°), Cabo Verde, as a reference to the structure
when Saharan dust leave North Africa, elsewhere in the middle of the Atlantic (40.5°) and Manaus city (60.5°),

the capital of Amazonia states, in the northern region of South America.
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5. Discussion

The present study focused on the evaluation and application of the LIVAS (LIdar climatology
of Vertical Aerosol Structure for space-based lidar simulation studies) aerosol product, a 3-D
global aerosol optical database (Amiridis et al., 2013), to characterize the typical structure of
Saharan dust transport over Mindelo City, Cabo Verde and towards remote regions of tropical
Atlantic and Americas. Aerosols and dust optical depths (AOD and DOD), alongside profiles
of backscattering and extinction coefficients from LIVAS, have been used to perform these
tasks. A ground-based LIDAR system (PollyXT, (Baars et al., 2016) operating in Mindelo at
OSCM, in Cabo Verde, provided independent backscattering and extinction coefficients
profiles to be compared with LIVAS, while independent AOD were taken from AERONET
sun photometers operation in Mindelo and Sal island. The current LIVAS global database is
based on further processing of CALIPSO Level 2 Cloud and Aerosol Profile Products and its
subsequent aggregation on a resolution of 1°x 1°. In this study, it explored the influence of
different aggregation radii (100, 200, 300, 400, 500 km).

The intercomparison of the profiles of backscatter and extinction from PollyXT and LIVAS
over Mindelo city was initially done for a set of case studies presenting distinct dust transport
structures. A good agreement was found in individual case scenarios between backscatter and
extinction coefficient measurements with Pollyxt and LIVAS for all, of the tested aggregation
radius. A recognized overlap issue for the PollyXT lidar system prevents further comparison
between the two products within the Marine Atmospheric Boundary Layer. The comparison
results at the monthly scale were even better, revealing an excellent agreement between
PollyXT and LIVAS monthly average profiles at all levels, but mainly in the free troposphere,
where dust transport is dominant for the period of the comparison. For the smaller aggregation
radius (100 and 200 km), non-negligible discrepancies were found at certain levels, which were
reduced in the larger radius. This result pointed out that the monthly scale that considered
expansion in the aggregation radius, from 100 km to 500 km, did not significantly affect the
comparison between LIVAS and Polly. Nevertheless, the increase in the aggregation radius
improved LIVAS temporal statistics since, for a specific month the number of profiles for a
100 km radius is substantially lower than for 300 and 500 km. Another relevant aspect is of
the PollyXT lidar system, its good agreement with LIVAS at a radius as large as 500 km
revealing that at a monthly scale, PollyXT presents an extended regional representativity
(Mielonen et al., 2000).
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Also found good agreement between CALIPSO and PollyXT backscatter and extinction
profiles over India and South African cities. The maximum distances between the CALIPSO
overpasses and the reference sites in their study range from 50 km to about 100 km. The main
reason for the difference that they found was the distance between the CALIPSO track and the

measurement sites since the distance enables differences in air masses and cloudiness.

After the comparison between LIVAS and Polly, LIVAS products (AOD, DOD, and extinction
and backscatter profiles) were used to characterize the annual cycle and the vertical structure
of aerosols and pure dust over Mindelo. From January to April, there are fewer aerosols over
Mindelo City and over Cabo Verde in general. On average, LIVAS AOD varies from values
below 0.2 to 0.3. The largest AOD means and variability is found from May to October, with
a peak in June and July between 0.5 to 0.7, and then a decrease to values around 0.2 from
November to December is observed. These monthly mean variabilities are consistent with
AERONET long-term station in Cabo Verde, at Sal Island, and with results from previous
studies. Holben et al. (2001) found AOD at 500 nm to vary from 0.26 in April to approximately
0.7 in June. For lower aerosol periods (January to April) LIVAS tends to present lower
monthly mean AOD when compared with AERONET. (Omar et al., 2013) also show that
CALIPSO AOD tends to be lower than AERONET AOD at low optical depths. Among
potential sources of error associated with environmental conditions, they pointed out cloud
contamination and scene inhomogeneity. Pure dust optical depth (DOD) shows a similar mean
annual cycle, increasing during the summer and decreasing during winter. Values varied from
~0.1 (January) to ~0.35 (June) for the larger radius (500 km), which shows the highest DOD

values among the radii.

These results corroborate previous analysis that dust is the main driver of AOD seasonality in
Cabo Verde. The seasonal variability in the vertical distribution of dust can be broadly
understood in the context of the ITCZ and West Africa Monsoon seasonal dynamic. During
the onset of monsoon MAM in the region, ITCZ moves progressively northward.
Consequently, dust particles are averted in higher layers compared to the months of DJF.
However, during the JJA season, WAM is fully developed over land, and dust particles are
lifted into upper levels of the atmosphere. While in SON, dust concentration in the upper layers
of the atmosphere is reduced due to the retreat of the ITD from the region. Therefore, the
convergence of harmattan and monsoon surface winds along the ITD frontal zone contributes

to dust particle lift in the upper layers of the atmosphere during the summer (Tulet et al., 2008).

48



Regarding the radius dependence, we did not see significant differences for AOD climatology.
However, for DOD there is a clear dependence with smaller radii presenting lower mean DOD.
In addition, important differences were observed among the radii for monthly interannual
variability, mainly for the 100 km. From year to year (2006 to 2021), the seasonal cycle, in
both AOD and DOD, is less structured for the smallest radii (100, 200 km). Two aspects can
contribute to this: a) for the smallest radii (100 and 200 km) statistics, are less robust since the
profile number per month is much lower; b) and smaller radius sample limited domain,

therefore its odds of capturing a higher number of dust transport events is lower.

It is worth emphasizing that the seasonal cycles of AOD and DOD are opposite to the
seasonality of aerosol concentrations at the surface level in Cabo Verde. According to (Gama
et al., 2015), aerosol particles mean monthly concentration at the surface have peaks during
the winter season in Cabo Verde, while AOD and DOD peak in summer. During the peak of
DOD and AOD, between June and September, most of the particles are transported aloft of the

MBL in the free troposphere, with lower influence at the surface levels.

The seasonal variability of the backscatter and extinction coefficient profiles shows that most
of the dust transported over Mindelo has its maximum between 2 to 5 km and occurs from June
to September. Meanwhile, during the winter season, from December to January, aerosol
loading in the free troposphere is dramatically reduced. During this period most of the dust is
transported within the marine layer in the shallowest layer, up to 1.5 - 3 km (Barreto et al.,
2022), and aerosols are concentrated in the MLB. These results are also consistent with (Gama
et al., 2015), which show that during the winter season, the transport of Saharan dust occurs at
near-surface layers, while in the summer, the dust layer is extended to higher levels (up to 5km)
over Cape Verde. The dust sources in the Sahel are mostly active during winter and spring,
while those located in northern subtropical Saharan latitudes are more active during spring and
summer (Prospero et al., 2020). All aggregation radii presented similar mean vertical structures
of aerosols and dust over Mindelo, except for the magnitude of the extinction and backscatter
at certain levels. For instance, from August to October, there is a peak in extinction for all
aerosols at the surface for a radius of 100 km, which gets diluted as the radius increases.

It is evident that at this level, aerosols are a mixing of dust with other aerosol types since pure
dust alone does not explain this peak at the surface. The mean contribution of dust to the
backscatter and extinction of aerosol varies along the altitude and from season to season.

Summer presented the highest contribution in the free troposphere, explaining almost 100% of
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the extinction and backscatter, followed by spring and autumn. For these three seasons dust
relative contribution is quite stable from 1.5 km to 5.0 km. For the MBL dust contribution
decreases to lower than 25%. For the winter dust contribution has a distinct behavior, it
decreases from values above 50% at 1.5 km to values lower than 25% above 5 km. Meanwhile,
in the MBL, dust fraction decreases from 50% at around 1 km to a value lower than 25% close
to the surface (Gama et al., 2015) found a yearly contribution of 42% of dust from North
African deserts for PM10 levels observed in Cape Verde.

Finally, the annual and seasonal cycle of horizontal distribution of aerosols and pure dust
(AOD, DOD) and their vertical structure (based on the extinction coefficient profile) were used
to characterize the typical transport of Saharan dust to tropical Atlantic and Americas. The dust
transport structure displays important meridional displacement and magnitude from season to
season. Most of the dust is transported during spring and summer. However, while during the
spring season the transport is confined to areas close to the equator (5° to 15°), during the
summer the dust transport is displaced northward from 10° to 25°, as response to the ITCZ
northward movement (Yu et al., 2019). During this season, most of the dust is transported to
the Caribbean, Central America and south of North America ( Prospero, 1972; Omar et al.,
2013). The transport takes place mostly between the altitude of 2 and 4 km. The autumn season
is when the lowest amount of dust is transported toward the Americas, most of it transported
in the MBL. That is also the case for winter when the dust layer is transported toward the South
America direction and is situated within the lowest 2 km of the troposphere. These results are
consistent with the previous studies (Chiapello & Moulin et al., 2002; Schepanski et al., 2009).
Winter is the season that presents the highest decay in the amount of aerosol between the
eastern tropical Atlantic and the western portion, with results consistent with (Yu et al., 2019)

results.
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6. Conclusions

This thesis sought to study dust aerosol transport from North Africa, over the Eastern tropical
Atlantic (Cabo Verde) and towards remote regions of the Americas using the recently
developed product LIVAS, a 3-D multi-wavelength aerosol/cloud database based on CALIPSO
(Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) and EARLINET(Amiridis
et al., 2015). The LIVAS database provides averaged profiles of aerosol optical properties
for wavelengths of 355, 532, 1064, 1570, and 2050 nm and of cloud optical properties at
532 nm. It is a valuable database for aerosol meteorological and climatological observational
studies and model evaluation. Therefore, an exhaustive evaluation and application of the
LIVAS products is imperative.

Cabo Verde islands are in a unique position to study Saharan dust plumes as they leave the
continent, their interaction with other atmospheric processes, and their mixture with marine
and other aerosol types. Additionally, due to a set of advanced ground-based instrumentations
being operated at Mindelo city, in Sdo Vicente Island, Cabo Verde has been a hotspot site for
remote sensing and models aerosol products evaluation. The first step of this work was to
perform a comparison, for a set of study cases, between LIVAS aerosols extinction and
backscatter coefficient profiles and a PollyXT Lidar System that has been operated at Mindelo
city. Despite the distance between CALIPSO overpass and PollyXT location and the regional
atmosphere inhomogeneity, the results show that LIVAS and Pollyxt, have a good agreement
in describing distinct scenarios of aerosol and dust transport over Cabo Verde, regardless the
aggregation radius adopted (100, 200, 300, 400, 500 km) to applied to CALIPSO profiles in
order to set LIVAS product resolutions. The comparison at monthly scale, taken average of
September 2021 as a reference, revealed an even better agreement between LIVAS and
PollyXT profiles, specially for the free troposphere, where dust is the dominant aerosol. This
result LIVAS product quality in describing Saharan dust structure in the eastern tropical

Atlantic and to evaluate PollyXT product spatial representativity.

The annual cycle and inter-annual analysis of AOD over Mindelo based on LIVAS revealed
that AOD over the radii center at the city occurs from May to October, consistent with previous
studies and with AERONET climatology. Similar results were found for DOD, showing that
dust is the main driver of aerosols columnar optical properties seasonality over the Cabo Verde
region. The seasonality pattern was better defined for larger radii (300, 400, 500 km) than for

smaller radii (100 and 200 km). A larger sampling domain and higher number of profiles for
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radii 300, 400, and 500 km against reduced domain and profile numbers could explain the
difference between the seasonal cycle features of AOD and DOD among the radii. Despite this
difference, climatological seasonal cycles for AOD do feature significant differences among
the radii. This was not the case for DOD, which presented a dependence with radius, with a
larger radius (300, 400, 500 km) characterized by larger AOD when compared with 200 and
100 km radii. For the mean seasonal cycle of vertical profile of backscatter and extinction
coefficients over Cabo Verde, LIVAS produced the well-established structure for the seasonal
transport of Saharan dust, characterized by low-level transport of dust during the boreal winter
and a prevalence of transport during the summer in the free troposphere with a peak between
2 and 5 km. For summer, dust aerosols respond to almost 90% of the aerosol backscatter from
2 to 6 km, while in MBL the relative contribution decreases to less than 25%. During the winter,
dust contribution to backscatter in most of the free troposphere is lower than 50%, according
to LIVAS. The relative contribution of dust to extinction and backscatter did not present a

relevant dependency on radius.

LIVAS application to describe the seasonal transport of Saharan dust to remote western areas
of tropical Atlantic and Americas also depicted the patterns consistent with the previous studies
on Saharan dust transatlantic transport. The magnitudes of dust transport, as identified by the
extinction coefficient profile, are highest in boreal summer and spring and lowest in autumn.
The meridional northward shifts of the dust plume is larger during the summer, reaching the
latitude of 25° This summer further displacement are mainly modulated by the seasonal
migration of the intertropical convergence zone (ITCZ), and it leads to strong transport of dust

toward Central America and the Caribbean.

Winter is the season that the lowest amount of dust is arriving in the remote western Atlantic.
This can be explained by the low-latitude transport of dust and probably an efficiency loss of
dust particles along the way due to the ITCZ interception. Additionally, winter season is when
most Saharan dust transport is towards South America, and more specifically toward the

Amazon basin, a feature captured by the LIVAS dataset.

LIVAS 3D aerosol optical properties provide a relevant database for aerosol study from
regional to global scales and from meteorological perspective to climatological analysis. We
were able to characterize the seasonal cycle of aerosol vertical structure over a specific place,
Mindelo City, Cabo Verde, and across a vast area of the tropical Atlantic. LIVAS spatial mean
optical properties seem to have a certain dependency on the aggregation radius, at least for

monthly time scale, and especially for the columnar optical properties. A smaller aggregation
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radius (< 200 km) limits the number of profiles and, therefore, may affect the statistics. This
can be relevant to studies that focused on the interannual variability of dust transport, an aspect
that was not comprehensively analyzed in this study. Another aspect that was not further
explored is the effect of inhomogeneity of the atmosphere in the comparison between LIVAS

and PollyXT. These can be pointed out some of the limitations of the present study.
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7. Recommendations

> More research is needed to understand the difference between PollyXT and LIVAS
around Mindelo and better explore the role of atmosphere inhomogeneity, CALIPSO
overpass distance and possible cloud contamination.

» This study focused mainly on the climatological structure of aerosols and dust articles
over Cabo Verde and during their transport towards remote areas of the Atlantic.
Therefore, there is a need to explore and evaluate LIVAS aerosol products ability to
describe the interannual variability of aerosol and dust structure across the Atlantic

tropical basin.
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