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Chapter 1

Introduction

Atmospheric aerosol is important in atmospheric research as aerosol particles affect the Earth’s
climate in a crucial way due to their radiative effects and their interaction with clouds. Aerosol
particles can scatter, absorb or reflect solar and terrestrial radiation (direct radiative effect; Mc-
Cormick & Ludwig, 1967; Liu et al., 2014), influence the large-scale motions by heating due to
the absorption of radiation (semi-direct radiative effect; Liu et al., 2014) or modify the cloud
formation as cloud condensation nuclei (CCN) or ice nucleating particles (INP, indirect radiative
effect; Liu et al., 2014).

In this context, mineral dust plays a key role as it is the most abundant component of at-
mospheric aerosol and dust particles are known to be effective INPs (Choobari et al., 2014).
While the radiative effects are well known for pure aerosol types, describing the radiative effects
of aerosol mixtures is challenging and still needs great efforts in research (Tegen et al., 1997;
Satheesh & Krishna Moorthy, 2005).

For this purpose, a proper aerosol classification is fundamental. Therefore, the aerosol lidar
is the most appropriate instrument to perform vertically-resolved measurements of aerosol. Us-
ing multiple wavelengths as well as the Raman and polarization techniques as it is valid for the
PollyXT devices (Althausen et al., 2009; Engelmann et al., 2016), offers best capabilities for the
characterization of the optical properties of aerosol particles. Furthermore, with POLIPHON
(Tesche et al., 2009; Ansmann et al., 2019) and DeLiAn (Floutsi et al., 2023), well established
methods and data bases for the separation and classification of different aerosol types are avail-
able. Several automatized typing algorithms like the lidar target classification (Baars et al.,
2017), the Neural network Aerosol Typing Algorithm based on Lidar data (NATALI; Nico-
lae et al., 2018) and the European Aerosol Research Lidar Network (EARLINET) Mahalanobis
distance-based typing algorithm (EMD; Papagiannopoulos et al., 2018) contribute to a better
understanding of the global occurrence of aerosol types. To cover a wide spatial range with ob-
servations, several PollyXT lidars are operated in the network of automated Raman-polarization
lidars (PollyNET; Baars et al., 2016) monitoring the atmosphere all around the world. Due to
the importance of mineral dust and the Saharan desert as the largest dust source worldwide,
measurement sites in that region are of particular interest.

Therefore, the Cabo Verde islands, located around 640 km west of the coast of West Africa,
have established themselves as an appropriate location to study Saharan dust as well as mix-
tures with other aerosol types, e.g., marine aerosol and biomass burning aerosol at the beginning
of their transport towards South and Central America (Tesche et al., 2011a,b; Tesche, 2011).
Even volcanic sulfate could be observed over Cabo Verde in September 2021, originating from
the eruption of Cumbre Vieja at La Palma, Canary Islands, Spain (Gebauer et al., 2024). Al-
though it is already known from previous campaigns like the Saharan Mineral dust experiment
2 (SAMUM–2; Ansmann et al., 2011a; Tesche et al., 2011a,b) that significant differences in
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the aerosol conditions over Cabo Verde occur between boreal summer and winter, the European
seasons (DJF, MAM, JJA and SON) do not represent the seasons at Cabo Verde in a satisfying
way. As learnt from SAMUM–2, the seasons at Cabo Verde are better characterized by a dust
season (mainly pure Saharan dust) and a mixing season (often mixtures of Saharan dust with
biomass burning aerosol). Thus, one main focus of this thesis is to define more precisely the con-
crete time frame which covers the dust season and the mixing season. Furthermore, this thesis
aims to characterize the aerosol occurrence over Cabo Verde in terms of geometrical extension
and optical properties for these two main seasons. Please note that in the following, the terms
northern hemispheric seasons refer to the European seasons while the terms dust season and
mixing season denote the main seasons relevant for Cabo Verde.

For the characterization of the seasons at Cabo Verde in terms of aerosol conditions, aerosol
lidar measurements were analyzed. More than 10 years after SAMUM–2, the multiwavelength-
Raman-polarization lidar system PollyXT was installed at Mindelo, Cabo Verde, in June 2021
within the framework of the Joint Aeolus-Tropical Atlantic campaign (JATAC; Fehr et al., 2023;
Marinou et al., 2023) and has been permanently operated since then. Thus, it is the first time
that the complete annual cycle of aerosol over Cabo Verde was observed by continuous aerosol
lidar measurements and analyzed based on automatically retrieved vertical profiles of aerosol
optical properties using the PollyNET processing chain (Baars et al., 2016; Yin & Baars, 2021).
For this thesis, a two-year data set of lidar measurements was considered, covering the period
from July 2021 to August 2023. For this period, one lidar profile per week was selected to be
included in the analysis of the aerosol conditions present on the nights from Friday to Saturday,
which coincides with the direct overpass of the Aeolus satellite over Mindelo (Fri around 19:30
UTC, i.e. 18:30 LT). Concentrating on these nights offers the opportunity to use the obtained
data set for the ongoing calibration and validation of the Aeolus satellite.

The frequent occurrence of clouds, especially at altitudes of less than 2 km, has turned out
to be a crucial issue for the measurement site at Mindelo. Thus, in this thesis, a central focus
was furthermore put on the improvement of the cloud screening implemented in the PollyNET

processing chain. In addition, a general overview of the presence of clouds at Mindelo is given.
This thesis is structured as follows: In Chap. 2, the basic information about atmospheric

aerosol and the lidar technique used for aerosol detection and classification is summarized with
a special focus on the aerosol types occurring at Mindelo, i.e., mineral dust, marine aerosol,
biomass burning aerosol and volcanic aerosol. In addition, an overview of previous campaigns
studying Saharan dust and aerosol mixtures in the region of Cabo Verde is given. In Chap. 3, the
methods used in this study are introduced and a short overview of the JATAC campaign is given,
because PollyXT was deployed at Mindelo in the framework of this campaign. In the same chap-
ter, several case studies are used to illustrate the methods applied in this thesis. Afterwards, the
results are presented in Chap. 4, including lidar-based statistics concerning the cloud occurrence
over Mindelo, a case study analysis of aerosol lidar measurements contrasting a typical case from
the dust regime with a measurement obtained during the mixing regime and, finally, a general
analysis of the annual cycle of aerosol over Mindelo out of which a concretization of the seasons
at Mindelo is derived. At the end, conclusions and an outlook are given in Chap. 5.
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Chapter 2

Literature review

2.1 Importance and general climate effects of different aerosol
types

2.1.1 Introduction into aerosol microphysical and optical properties

Aerosol particles are solid or liquid particles embedded in the atmosphere and originate from
natural or anthropogenic sources. Atmospheric aerosol occurs globally but its composition ex-
hibits a large regional and temporal variation (Tegen et al., 1997). According to John (2011)
and the Whitby model (Whitby, 1978), aerosol particles can be categorized in three different size
modes – the nuclei mode, the accumulation mode and the coarse mode. Generally, the particle
diameter d ranges from a few nanometers to 100µm. In particular, the nuclei mode includes
particles with diameters from 0.005–0.1µm. The accumulation mode is comprised of particles
with diameters between 0.1 and 2µm. The nuclei and the accumulation mode are combined to
a fine mode, which denotes particles with d < 2µm. The remaining size orders, i.e., d > 2µm,
are summarized as the coarse mode. Besides the different size ranges of which the size modes
consist, they differ concerning the formation processes of the aerosol particles.

In addition to particle size, aerosol particles can be described by fundamental aerosol optical
properties, which are the aerosol optical depth (AOD), the Ångström exponent and the single
scattering albedo (SSA) (Liu et al., 2014). The AOD is the vertically integrated extinction,
which is the sum of scattering and absorption. The Ångström exponent describes the wave-
length dependence of the AOD, indicating the particle size (a detailed description is to be found
in Sect. 2.3.1). The SSA is the ratio of the scattering to the extinction properties and quantifies
which process is dominating—scattering or absorption. It is 1.0 for non-absorbing and zero for
completely absorbing aerosol particles (Satheesh & Krishna Moorthy, 2005).

Aerosol particles play an important role in meteorological and global climate processes, as
they modulate the Earth’s radiative budget due to their direct and indirect radiative effects.
The direct radiative effect arises from scattering and absorption of solar and terrestrial radi-
ation, which causes cooling or warming, respectively (McCormick & Ludwig, 1967; Liu et al.,
2014). In total, the global aerosol leads to cooling (Liu et al., 2014), but the radiative effect is
different for different aerosol types and depends on the SSA of the respective particles (Satheesh
& Krishna Moorthy, 2005). Furthermore, the semi-direct effect describes the effect of heating
due to absorbing aerosol, which drives large-scale motion and reduces the liquid water. Both
processes have an impact on the properties of clouds and their radiative effects (Liu et al., 2014).
Instead, the indirect radiative effect (Liu et al., 2014) is characterized by aerosol particles acting
as CCN or INP. Thus, they affect cloud formation and the properties of the developing cloud,
which, in turn, has direct radiative effects. Two kinds of processes have to be taken into account.
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The first indirect effect (Twomy effect) implies that the availability of more CCN (compared to
a smaller number of CCN at the same amount of precipitable water) lead to the formation of
more and smaller droplets, which increases the cloud albedo. The second indirect effect means a
longer cloud lifetime due to the smaller droplets. Not all aerosol particles can serve as CCN (or
INP) as they have to exceed a critical size (radius > 1µm) and need to be hygroscopic (Satheesh
& Krishna Moorthy, 2005). The following sections summarize the direct radiative effects and
the importance as CCN and INP of selected aerosol types, which play a role in the Cabo Verde
region as introduced in Chap. 1.

2.1.2 Mineral dust

Mineral dust is globally of particular importance as it is the most abundant atmospheric aerosol
component with regard to dry mass and accounts for more than half of the total aerosol burden
(Choobari et al., 2014). Mineral dust causes higher AOD values than anthropogenic pollution. It
appears more frequently and in larger and more persistent plumes (Prospero et al., 2002). Besides
its impact on the climate, mineral dust particles are crucial for marine biological processes,
whereby they influence the carbon cycle, as well as for paleoclimate studies (Prospero et al.,
2002). Due to their non-spherical shape, they present specific challenges for climate models
(Di Biagio et al., 2020).

The global properties of mineral dust and its direct radiative effect are still a matter of debate.
The absorption of longwave radiation, which causes a warming effect during night and in the
lower atmosphere, and the backscattering and absorption of shortwave radiation have already
been known for a while. The dependence of these radiative effects on the particle size distribution
and the consideration of giant dust particles are both relatively new topics and they led to
changes in the established consensus. Novel findings have shown that for small dust particles,
the scattering of shortwave radiation and, thus, the cooling effect dominates. Large particles
absorbing both longwave and shortwave radiation are more absorptive than smaller particles and
cause a warming effect. However, the net cooling or warming effect is around zero (Choobari
et al., 2014; Di Biagio et al., 2020). Considering the size distribution, the regional dependence
of the direct radiative effect has to be taken into account as there are regional differences in the
size distribution of mineral dust Di Biagio et al. (2020). This regional perspective includes the
dependence on the surface albedo. Dust plumes occurring over surface types with a high albedo,
e.g., land surfaces, deserts or clouds have a warming effect as more radiation is reflected by the
ground and, in turn, absorbed by the dust particles. In contrast, a cooling effect is observed over
the ocean (Choobari et al., 2014).

Concerning the indirect radiative effect, mineral dust particles are important as they serve
as efficient INPs and can increase the mean effective particle size in cirrus clouds. Depending
on the size, some dust particles can even act as CCN. Small fresh dust particles are much more
hygroscopic than large ones, but aged dust is also hygroscopic (Choobari et al., 2014). A further
effect on clouds can be seen in the preferred absorption of radiation by dust particles which may
strengthen the formation of convective clouds leading to an increase in precipitation (Choobari
et al., 2014).

2.1.3 Biomass burning aerosol (smoke)

Biomass burning aerosol or smoke can originate from natural or anthropogenic fires. Their exact
chemical composition depends on the fuel and the burning process (Janhäll et al., 2010). Typical
components of biomass burning aerosol are nitrate, ammonium, sulfur, organic components and
black carbon (Adler et al., 2011). 40% of the global black carbon originates from biomass
burning aerosol (Adler et al., 2011). The size distribution typically observed for this aerosol type
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is dominated by the accumulation mode with a mode diameter of 100–150 nm (Janhäll et al.,
2010) and, thus, represents the smallest section of the fine mode (Alonso-Blanco et al., 2014).
However, a coarse mode and sometimes a nucleation mode can be observed as well (Janhäll
et al., 2010). The latter occurs often close to the emission source and has only little influence
on the aerosol optical properties and the CCN activity (Janhäll et al., 2010). Depending on
the size mode of the particles, their chemical composition varies. Coarse mode particles usually
contain dust, ash and carbon aggregates, while particles in the accumulation mode are mainly
composed by organic matter and a low amount of soot and inorganic components (Janhäll et al.,
2010). Due to aging of the smoke particles, the aerosol optical and chemical properties change.
Thus, the absorption properties decrease, while the particle size and organic mass concentration
increase (Adler et al., 2011).

Biomass burning aerosol absorbs shortwave radiation to a large extent and absorbs longwave
radiation completely (Satheesh & Krishna Moorthy, 2005). In contrast, there is only very little
scattering for these particles (Kaufman & Fraser, 1997). Thus, smoke has a strong warming effect
(Alonso-Blanco et al., 2014). In addition, smoke particles are effective CCN (Kaufman & Fraser,
1997). Besides its climatological effects, biomass burning aerosol is significantly important for
human health as the particles, which often bear toxic and carcinogenic substances, are very
small and, thus, can efficiently infiltrate into the alveolus (Adler et al., 2011). This aspect is
particularly important as wildfires can cause pollution events with PM10 concentrations up to
90µgm−3 even in rural areas (Alonso-Blanco et al., 2014). For comparison, the European daily
mean threshold for the PM10 concentration is 50µgm−3, which should not be exceeded on more
than 35 days per year (Alonso-Blanco et al., 2014).

2.1.4 Marine aerosol

Marine aerosol is an important aerosol type, too, as it has the highest natural aerosol production
rate (Satheesh & Krishna Moorthy, 2005). Marine aerosol comprises sea salt particles and
oceanic sulfur aerosols. The latter are fine particles, which are produced over the ocean and
grow to sizes with radii larger than 0.1µm (Satheesh & Krishna Moorthy, 2005). The direct
radiative effect of marine aerosol is characterized by no absorption of shortwave radiation and
only little absorption of longwave radiation. Thus, the radiative effect is overall negative. The
radiative forcing as well as the aerosol mass concentration and the chemical composition also
depend on the wind speed. An increase in the wind speed leads to an increase in the SSA, which
decreases the forcing at the surface, and to an increase in the AOD, which increases the forcing
at the surface (Satheesh & Krishna Moorthy, 2005). Both effects compensate each other. At the
top of the atmosphere, an increase in both, the SSA and the AOD, results in an increase of the
negative radiative forcing (Satheesh & Krishna Moorthy, 2005). However, the radiative forcing
at the top of the atmosphere can also decrease and even become positive, when the cloud cover
increases (Satheesh & Krishna Moorthy, 2005). Concerning the indirect radiative effect, it is
worth to mention that marine aerosol particles are hygroscopic and, thus, act as CCN (Satheesh
& Krishna Moorthy, 2005).

2.1.5 Volcanic ash and sulfate

Volcanic aerosol, which includes ash particles as well as sulfate, has large impact on the climate
especially in the stratosphere (Robock, 2000). Volcanic ash belongs to the coarse mode (Ansmann
et al., 2011b) and is, thus, likely to fall out close to the emission source (Sassen et al., 2007)
but, depending on the size distribution and the meteorological conditions, can be transported
over distances of more than 100 km as well (Langmann, 2013). Volcanic ash shows scattering
and a stronger absorption compared to mineral dust and mostly leads to a reduction of the
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surface albedo, of course depending on the color and chemical composition of the ash particles
(Langmann, 2013). Volcanic ash particles are also good INPs (Seifert et al., 2011).

In contrast to ash, volcanic sulfate particles belong to the fine mode (Ansmann et al., 2011b).
They are either formed from sulfur dioxide (SO2) (Robock, 2000; Martin et al., 2014; Pattantyus
et al., 2018), which has a short lifetime of 1–3 days in the troposphere (Navas-Guzmán et al.,
2013), or can be emitted directly during volcanic eruptions (Martin et al., 2014). Compared
to SO2, the sulfate aerosol has a longer lifetime of 1–3 weeks in the troposphere (Pappalardo
et al., 2004) and even several years in the stratosphere (Jäger, 2005; Deshler, 2008). In the
shortwave range, its SSA is up to unity, which means pure or at least strong backscattering.
Thus, the planetary albedo increases and the incoming radiation decreases causing a cooling
effect at the surface (Tegen et al., 1997; Robock, 2000; Satheesh & Krishna Moorthy, 2005). The
scattering efficiency increases even more with higher relative humidity and hygroscopic growth
of the sulfate particles (Miffre et al., 2012). Concerning longwave radiation, they are partly
absorbing and favor stratospheric heating (Robock, 2000). As they also act as CCN, they may
suppress the formation of ice particles (Tegen et al., 1997; Satheesh & Krishna Moorthy, 2005;
Ansmann et al., 2011b).

2.1.6 Aerosol mixtures

As seen in the previous sections, the different aerosol types show quite different behaviors con-
cerning their direct and indirect radiative effects and their interaction with clouds. Therefore,
it is all the more important to investigate the combination of different aerosol types as the
absorption and scattering properties of aerosol in mixtures are different compared with pure
aerosol types (Tegen et al., 1997; Satheesh & Krishna Moorthy, 2005). Different compositions
of different aerosol types lead to changes in the size distribution, i.e., coagulation increases the
average aerosol size, as well as in the particle shape, in the water solubility, in the hygroscopicity
and in the refractive index. Thus, the chemical activity of the aerosol mixtures, their residence
time in the atmosphere and their capability to act as CCN or INP are affected (Lesins et al.,
2002). For instance, coating dust particles with sulfate increases their hygroscopicity and leads
to chemical reactions. Also, if sulfate aerosol is absorbed by mineral dust particles, the number
of sulfate particles, i.e., the number concentration of CCN and, thus, the cloud droplet number
concentration are reduced (Tegen et al., 1997).

As it is difficult to describe the real mixing state of the aerosol mixture, two idealized assump-
tions exist. In an external mixture, the different aerosol components are physically separated,
while an internal mixture is a homogeneous material of all contributing components (Lesins et al.,
2002). Typically, the aerosol is internally mixed. Such mixtures might develop at the emission
source or due to coagulatiuon. However, it is difficult to represent internal mixtures in global
climate models so that aerosol mixtures are often parameterized as external mixtures (Lesins
et al., 2002).

Investigating the vertically-resolved optical properties and global distribution of aerosol par-
ticles and especially aerosol mixtures in the atmosphere is of crucial importance in understanding
aerosol-climate interactions. For this purpose, an aerosol lidar like the multiwavelength-Raman
polarization lidar PollyXT is the ideal device for profiling the atmospheric aerosol conditions in
high resolution. In the next sections, the basic lidar principle in general and the features of
PollyXT in particular will be described.
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2.2 PollyXT—Lidar theory

2.2.1 General lidar principle

The terms Polly and PollyXT denote a series of lidars built at the TROPOS–Leibniz-Institute
for Tropospheric Research, Leipzig, Germany (Althausen et al., 2009; Engelmann et al., 2016).
Generally, a lidar is an active remote sensing device emitting laser pulses at one or more wave-
lengths. In case of PollyXT, typically a Nd:YAG laser is used to produce laser pulses at 1064 nm
with a repetition rate of 20 Hz. Due to frequency doubling, light at 355 and 532 nm is generated
(Althausen et al., 2009). The laser pulses are emitted almost vertically into the atmosphere.
When they hit a target above the lidar (e.g., a measurement volume consisting of air molecules,
aerosol particles and/or cloud particles), they are partly backscattered by this measurement vol-
ume. Receiving optics and photomultiplyer tubes or photodiodes within the lidar are used to
detect the backscattered light (Wandinger, 2005). In case of PollyXT, the signals are received
with a vertical and temporal resolution of 7.5 m and 30 s, respectively (Engelmann et al., 2016).
Attenuation of the emitted and the backscattered light on its way through the atmosphere has
to be taken into account, as well as the incomplete overlap between the emitted laser beam and
the field of view of the receiving telescope in low altitudes above the lidar. The latter has the
consequence that no signal is received from these altitudes (Wandinger, 2005). To overcome this
overlap issue, two telescopes are installed in PollyXT—a Newtonian telescope with a 300 mm
primary mirror for far-field measurements and a 50mm refracting telescope for near-field mea-
surements. Thus, a complete overlap above 1 km and 120m, respectively, is enabled (Engelmann
et al., 2016).

As a runtime measurement is performed with the lidar, the received signal P is a function of
the range R between the lidar and the backscattering object and can be written in the simplest
form as

P (R) = K ·G(R) · β(R) · T (R) (2.1)

with K a system constant, G(R) and T (R) terms considering the measurement geometry and
the transmission/attenuation of the emitted and backscattered light, respectivly, and β(R) the
backscatter coefficient of the measurement volume. β(R) is the primary atmospheric component,
describing the strength of the light which is backscattered to the lidar. Furthermore, the trans-
mission term T (R) includes another atmospheric quantity, namely the extinction coefficient α.
Both, β and α, are composed of a molecular and a particle component (Wandinger, 2005). The
ratio of the extinction coefficient to the backscatter coefficient, called lidar ratio (LR), is, in case
of the particle lidar ratio, a characteristic measure for different aerosol types.

2.2.2 The Klett and Raman method

As the particle backscatter coefficient is the component of interest, Eq. 2.1 has to be solved
accordingly. For this purpose, the Fernald-Klett method (Fernald, 1984; Klett, 1985; Ansmann
& Müller, 2005) can be applied. It uses only elastic backscattering, i.e., the received signal has
the same wavelength λ as the emitted one. Using the setup of PollyXT, signals are detected at
355, 532 and 1064 nm, respectively. Equation 2.2 shows the corresponding elastic lidar equation
with Cλ

sys, Oλ(R) and PBG; a system constant, the overlap function and a background signal,
respectively. The subscripts m and p denote the respective molecular and particle components
of β and α

P λ(R) =
Cλ
sysO

λ(R)

R2

[
βλ
p (R) + βλ

m(R)
]
exp

{
−2

∫ R

0

[
αλ
p(r) + αλ

m(r)
]
dr

}
+ PBG. (2.2)
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βm and αm are easily calculated from temperature and pressure vertical profiles. Thus, two
unknown quantities (βp and αp) are left with only one equation. As a consequence, a particle
lidar ratio has to be assumed to replace αp, i.e., a first guess of the particle type is made, which
is the weak point of this method as the solution strongly depends on the correct assumption
of LRp. Furthermore, assuming a vertically constant particle lidar ratio is not realistic since
different aerosol types are present at different altitudes and a proper vertically-resolved aerosol
characterization is aimed for.

Instead, the Raman method offers a more suitable solution (Ansmann et al., 1992; Ansmann
& Müller, 2005). In addition to elastic backscattering, inelastic scattering, i.e., a shift in the
wavelength of the received signal due to a change in the rotational-vibrational state of the scat-
tering molecules, is taken into account in this method (Wandinger, 2005). Thus, two signals are
received—the elastic signal as described in the Klett method and the inelastic signal at the corre-
sponding Raman wavelengths 387, 607 and 1058 nm. The signal received at a Raman wavelength
is described by the inelastic lidar equation (Eq. 2.3) with λRa as the Raman wavelength

P λRa(R) =
CλRa
sys OλRa(R)

R2
βλRa
m (R) exp

{
−
∫ R

0

[
αλ
p(r) + αλ

m(r) + αλRa
p (r) + αλRa

m (r)
]
dr

}
. (2.3)

As Eq. 2.3 illustrates, the atmospheric attenuation first affects the emitted wavelength and then
the Raman wavelength. Furthermore, the backscatter coefficient has only a molecular component
depending on the reference gas, e.g., nitrogen or oxygen. The molecular backscatter coefficient
can, in turn, be calculated from the molecular number density. The particle extinction coeffi-
cients, both at the emitted and the Raman wavelengths, can be related to each other via the
Ångström relation (Eq. 2.4)

αλ

αλRa

=

(
λRa

λ

)AE

. (2.4)

It means that the ratio of the extinction coefficient at two different wavelengths equals the inverse
ratio of the respective wavelengths to the power of the (extinction-related) Ångström exponent
AE. In the same way, this relation is valid for the backscatter coefficient (backscatter-related
Ångström exponent) and it can also be applied to the particle lidar ratio as well. Assuming
an Ångström exponent in advance is also a first guess of the existing aerosol type but does
not affect the solution as strongly as the estimation of the particle lidar ratio. After replacing
αλRa
p by using Eq. 2.4, having two equations (the elastic (Eq. 2.2) and the inelastic (Eq. 2.3) lidar

equation) for two unknown variables (βp and αp) allows us to solve for the particle backscatter
coefficient. Thereby, the Raman method offers the great advantage that the particle backscatter
and extinction coefficient can be calculated independently from each other and a direct and
vertically-resolved measurement of the particle lidar ratio is possible. In addition, the overlap
effect is canceled out at least for the particle backscatter coefficient. Unfortunately, this method
is limited to nighttime as the Raman signal is very weak and cannot be detected under daylight
conditions.

Regardless of the used method (Klett or Raman), the signal needs to be calibrated by using
the reference height concept (Ansmann & Müller, 2005). This height is required to be very clean
so that only molecular scattering and no particle scattering takes place, i.e., βp = 0.

2.2.3 Polarization

Another important capability of PollyXT is the usage of the polarization technique (Sassen, 2005).
It means that after the emission of linearly polarized light, a signal is detected in the cross-
polar channel (perpendicular to the emitted polarization plane) additionally to the total signal
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(all polarization planes). Only if the light is backscattered by depolarizing particles, i.e., non-
spherical particles, a signal in the cross-polar channel occurs. Often, the measurement volume
of the lidar contains both spherical and non-spherical particles, so that the backscattered light
is partly polarized and partly unpolarized. For a quantitative description of the depolarization
(Tesche et al., 2009), the (linear) volume depolarization ratio, shown in Eq. 2.5, can be calculated.
It comprises the ratio of the cross (⊥) to the co-polar/parallel (∥) backscatter coefficient, which
is composed of a molecular (subscript m) and a particle (subscript p) component. δv and δm
denote the volume and molecular depolarization ratio, respectively. The latter is defined as the
ratio of β⊥

m and β
∥
m

δv =
β⊥

β∥ =
β⊥
m + β⊥

p

β
∥
m + β

∥
p

=

βmδm
δm+1 +

βpδp
δp+1

βm

δm+1 +
βp

δp+1

(2.5)

with β = β⊥ + β∥, β∥ =
β

δ + 1
and β⊥ =

βδ

δ + 1
. (2.6)

Using the relations in Eq. 2.6, where δ is either the molecular or particle depolarization ratio,
Eq. 2.5 can be solved for the particle linear depolarization ratio δp (Eq. 2.7), in which βm and βp
are the total molecular and particle backscatter coefficient, respectively

δp =
βm(δv − δm) + δvβp(δm + 1)

βm(δm − δv) + βp(δm + 1)
. (2.7)

2.2.4 Lidar-derived optical properties

Following from Sect. 2.2.2 and Sect. 2.2.3, a set of five different lidar optical quantities can be
determined, which are fundamental properties for the detection of aerosol layers and a proper
aerosol type characterization. They are divided into two kinds of properties (Floutsi et al., 2023):
extensive properties, such as the particle backscatter and extinction coefficient, depend on the
aerosol concentration and indicate where aerosol layers occur in the atmosphere. They are a
measure of the amount of aerosol and the strength of the attenuation of the light. On the other
hand, intensive properties, such as the particle lidar ratio, the Ångström exponent and the par-
ticle linear depolarization ratio, depend only on the properties of single particles but not on the
aerosol concentration. An elaborate description of how they can assist to aerosol typing is given
in Sect. 2.3.1.

Most of the lidars of the type PollyXT allow measurements of the particle backscatter co-
efficient at 355, 532 and 1064 nm and of the particle extinction coefficient, the particle lidar
ratio and the particle linear depolarization ratio at 355 and 532 nm. Near-field measurements
are possible for the particle backscatter and extinction coefficient as well as the particle lidar
ratio at 355 and 532 nm (Engelmann et al., 2016). Newer systems are additionally equipped with
channels enabling far-field measurements of the particle extinction coefficient and the particle
linear depolarization ratio at 1064 nm (Haarig et al., 2016, 2022).

Although systematic errors (e.g., polarization effects in the receiver unit, dead-time effects
and overlap effects) are generally corrected, the remaining systematic (e.g., reference height and
value) and statistical uncertainties have to be considered for the particle backscatter coefficient
determined with the Raman method. These aforementioned uncertainties are represented by a
relative error of 15 %. In case of the particle extinction coefficient, only statistical uncertainties
are considered while the systematic error is neglected. For the calculation of this statistical
error, a linear fit of the derivative, including as many data points as the smoothing length, is
applied every 7.5m. The error of this linear fit is then used to derive the error of the extinction
coefficient (Althausen et al., 2009; Baars et al., 2012; Engelmann et al., 2016; Baars et al., 2016).
For the particle linear depolarization ratio, constant errors of 0.02 at 355 nm and 0.01 at 532 and
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1064 nm have been considered in previous studies (e.g., Gebauer et al., 2024) and are applied in
this thesis as well. Finally, the errors in the lidar ratio and the Ångström exponent are calculated
via the Gaussian error propagation.

2.2.5 PollyNET and the PollyNET processing chain

Several PollyXT lidars already have been operated at more than 20 different locations all around
the world in the framework of campaigns (mobile stations, onboard of research vessels) or on a
stationary long-term basis. Thus, a broad global coverage of observations has been provided,
capturing regions from the Arctic to the tropics and up to Antarctica, although the US and
Latin America are underrepresentated. All these observations are gathered in an international,
independent and voluntary network called PollyNET (Baars et al., 2016), which is a cooperation
of TROPOS and other institutes operating automated and continuously measuring PollyXT sys-
tems. The data are collected, processed and displayed in near-real time and are publicly available
via the PollyNET webpage (https://polly.tropos.de/).

The data processing is performed automatically with the PollyNET processing chain, which
is used to retrieve vertical profiles of the aerosol optical properties (Baars et al., 2016; Yin &
Baars, 2021). The current version at the starting point of working on this thesis was version 3.3
and was continuously updated to version 4.0, from which the data used in this thesis originates.
The new features of version 4.0 are an improved cloud screening invented within the framework
of this thesis (see Sect. 3.4) and the use of 24 h measurement periods instead of 6 h periods of
the raw data. In both versions, products like the 1-step POLIPHON output (see Sect. 2.3.3) or
the lidar target classification (see Sect. 2.3.4) are implemented. For the retrieval of the aerosol
optical properties described in Sect. 2.2.4, several steps are performed. At first, measurements
in inappropriate weather conditions, i.e., rain and fog, are not considered. In the following pre-
processing, background, range and overlap corrections are applied. The next crucial step is the
cloud screening. It is applied to the lidar signal in raw resolution, i.e., 30 s or to an increased
temporal resolution of up to 300 s, if the signal-to-noise ratio (SNR) is too low. For the cloud
screening, the signal gradient algorithm is used in the versions 3.3 and 4.0 of the PollyNET pro-
cessing chain (Yin & Baars, 2021; Cloud mask - documentation, 2024). This method uses the
fact that the lidar signal increases much more rapidly at a cloud base than at the base of a
lofted aerosol layer. Thus, the slope of the photon count rate is derived and the cloud base is
set to the height where this slope exceeds a certain threshold value. In the current version, this
threshold is set to 4 × 106MHzm. The corresponding time bin of this measurement is flagged
as cloudy. Afterwards, an iterative procedure searches for contiguous cloud-free time bins, over
which the lidar signal is averaged to derive the vertical profiles of the aerosol optical properties.
This averaging is applied to increase the SNR. The minimum and maximum duration of these
cloud-free periods is set to 15min and 1 h, respectively, in the current version of the PollyNET

processing chain. However, high-level clouds, i.e., cirrus clouds, are usually not detected by the
cloud screening.

Once sufficiently long cloud-free periods are found, the aerosol optical properties can be de-
rived. Therefore, a calibration using a reference height (Ansmann & Müller, 2005) is applied. In
the PollyNET processing chain, it is implemented as follows (Baars et al., 2016): different height
intervals with an extent of up to 2 km are tested. In this context, high altitudes are preferred,
where aerosol-free conditions are more likely to occur. The Rayleigh scattering within these
height intervals is calculated from temperature and pressure profiles. Furthermore, for height
intervals for which the total SNR exceeds a certain threshold value (wavelength dependent value
ranging between 1 and 2), the Rayleigh fit of the range and background corrected elastic backscat-
ter signal is computed, i.e., it is normalized with the molecular attenuated backscatter coefficient.
For aerosol-free conditions, the lidar signal is completely proportional to the molecular atten-
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uated backscatter coefficient. Otherwise, a significant deviation of both quantities is observed.
In this context, large wavelengths are more affected than small ones, often leading to difficulties
in the calibration for the lidar signal at 1064 nm compared with 355 and 532 nm. Finally, the
height interval with the best quality results of the Rayleigh fit is used as reference height and
the aerosol optical properties are derived. The vertical profiles are saved with a user-defined
vertical resolution, which is 99 bins, i.e., 742.5m for the far-field measurements and 51 bins, i.e.,
382.5 m for the near-field measurements in the version 4.0 of the PollyNET processing chain. For
this smoothing procedure, a moving average filter is applied, i.e., each data point at an arbitrary
height contains information from half of the smoothing length below this point to half of the
smoothing length above it (Yin & Baars, 2021).

2.3 Lidar-based aerosol characterization

2.3.1 DeLiAn—data collection of intensive lidar-derived optical properties

To achieve a proper identification of different aerosol types by using lidar measurements, the
intensive optical properties (the particle lidar ratio, the particle linear depolarization ratio and
the extinction and backscatter-related Ångström exponents) play a fundamental role. As briefly
mentioned in Sect. 2.2.4, they represent a measure for the microphysical properties of single par-
ticles. In Sect. 2.2.3, the particle linear depolarization ratio was already introduced to be a proxy
of the particle shape with large values being caused by non-spherical particles. Instead, spherical
particles lead to low values of the particle linear depolarization ratio. Furthermore, the particle
lidar ratio represents a typical quantity for different aerosol types. There are correlations with the
particle size, shape and absorption properties (Floutsi et al., 2023). It is usually inversely related
to the particle size and directly related to the absorption efficiency. Non-spherical particles usu-
ally cause higher values of the particle lidar ratio than spherical particles of the same size range.
As a third intensive optical property, the extinction and backscatter-related Ångström exponents
(cf. Sect. 2.2.2) describe the spectral dependence of the particle extinction and backscatter coef-
ficient, respectively. Ångström exponents are an indicator for the size and absorption properties
of the particles and, similarly to the particle lidar ratio, inversely related to the particle size.
Small values of the Ångström exponent of about 0.5–1.0 are typical for large particles, such as
marine aerosol and desert dust, whereas small particles, such as urban pollution and biomass
burning aerosol/smoke with radii < 500 nm, cause values higher than 1.5 (Hofer et al., 2020b).

While the individual intensive optical quantities allow drawing conclusions about certain
microphysical properties of the analyzed particles, a proper aerosol characterization requires the
combination of these quantities. This fact is emphasized with regard to aerosol types causing the
same particle linear depolarization ratio but having different values of the particle lidar ratio.
Thus, both types cannot be distinguished by measuring the depolarization alone but additional
measurements of the particle lidar ratio are required. Thereby, especially the combination of
the particle lidar ratio and the particle linear depolarization ratio provides the strongest ba-
sis for a correct separation of different aerosol types (Burton et al., 2012; Floutsi et al., 2023).
However, the development of aerosol typing schemes requires a basis of lidar measurements of
the intensive properties. An overview of particle lidar ratio and Ångström exponent values for
different aerosol types from global lidar measurements within a ten-year period was already pro-
vided by Müller et al. (2007). In this summary, the aerosol types marine aerosol, desert dust,
urban haze/industrial aerosol, urban pollution mixed with Arctic haze, aged North American
urban haze and forest fire smoke after long range transport and South and South East Asian
aerosol were considered. An extended database of intensive optical properties can be found in
the publication of Floutsi et al. (2023). This data collection called DeLiAn includes the particle
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(a) (b)

Figure 2.1: Lidar ratio in dependence of the particle linear depolarization ratio at (a) 355 and
(b) 532 nm for different aerosol types collected in the DeLiAn data set (Floutsi et al., 2023).

Table 2.1: DeLiAn mean values of the lidar ratio and particle linear depolarization ratio (Depol)
at 355 and 532 nm as well as the backscatter-related Ångström exponent (subscript b) between
355 and 532 nm and between 532 and 1064 nm and the extinction-related Ångström exponent
(subscript e) for the aerosol types and aerosol mixtures relevant at Mindelo (Floutsi et al., 2023).

Aerosol type Lidar ratio [sr] Depol Ångström exponent
Wavelength 355 532 355 532 e355/532 b355/532 b532/1064

Saharan dust 53.5±7.7 53.1±7.9 24.4±2.5 28±1.3 0.1±0.2 0.03±0.08 0.5±0.1
Smoke 68.2±7.4 71.8±11.1 2.7±1.3 2.9±0.6 1.3±0.3 1.4±0.1 1.2±0.1
Dust-smoke 72.1±7.7 56.3±6.5 15.7±2 18.9±1.4 1.4±0.2 0.5±0.1 1±0.05
Pollution 51.1±8.7 47.4±7.4 1.1±0.3 2.8±1 1.8±1.4 1.2±0.7 0.9±0.5
Dust-pollution 48.5±9.2 46.4±8 15.7±1.7 17.7±2.5 0.7±0.4 0.3±0.1 0.9±0.1
Clean marine 22.4±5.6 21.9±13.4 1.3±0.3 1.4±0.3 0.7±1.3 0.8±0.1 0.5±0.1
Dried marine 28±6.6 26.9±10.6 7.5±1.7 8.3±1.1 1.1±1.3 0.6±0.04 -0.07±0.07
Dust-marine 39.4±5.6 32±7.8 14±1.5 14.7±1.1 0.5±0.5 0.3±0.1 0.6±0.1
Volcanic ash 51±7.5 48±7.5 36±2.3 – 0.8±0.6 0.6±0.4 1±0.4

lidar ratio, the particle linear depolarization ratio and the Ångström exponent at 355 and 532 nm
based on globally-distributed multiwavelength Raman-polarization lidar observations. The con-
sideration of different field campaigns, different locations and many years of observations ensures
a large spatial and temporal coverage. Furthermore, DeLiAn includes a set of various aerosol
types and it also takes into account new types, such as Central Asian dust, dried marine aerosol
and stratospheric smoke. It is an important feature of the data set as Müller et al. (2007) already
pointed out the variation of the particle lidar ratio of desert dust particles with their size range,
their shape (also related to the size range) and the chemical composition. Thus, the optical
properties of desert dust have to be considered based on the source of the dust. These global dif-
ferences are found again in DeLiAn comparing the properties of Saharan dust and Central Asian
dust, whereat the latter shows up with lower values (35–45 sr). On the other hand, clean marine
aerosol does not show a source-dependent variability, while dried marine aerosol, occurring at
a relative humidity below 45 %, has to be considered separately. Since it develops a cubic-like
shape, the values of the particle linear depolarization ratio are higher. The complete DeLiAn
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data collection considering the particle lidar ratio and the particle linear depolarization ratio is
illustrated in Fig. 2.1. Table 2.1 summarizes the respective mean values of the intensive optical
properties for the selected aerosol types which play a role in the Cabo Verde region.

2.3.2 The separation of smoke and dust

While the combination of different intensive optical properties enables a proper aerosol charac-
terization, a pure separation of aerosol into a dust and a non-dust component can be achieved
by using the particle linear depolarization ratio only. The corresponding method is described
in Tesche et al. (2009). Assuming a mixture of two different aerosol types with one compo-
nent strongly depolarizing (in this case desert dust) and the other almost non-depolarizing light
(Tesche et al., 2011b), the particle linear depolarization ratio is used to split the total particle
backscatter coefficient into a dust backscatter coefficient (βd) and a non-dust backscatter coef-
ficient (βnd). Similarly to the division of the volume depolarization ratio into a molecular and
a particle component, as described in Sect. 2.2.3, the particle linear depolarization ratio can be
split into a dust (subscript d) and a non-dust (subscript nd) component. The relations shown in
Eq. 2.6 are applied again and the non-dust backscatter coefficient is replaced by βnd = βp − βd
with βp the total particle backscatter coefficient. Thus, Eq. 2.8 is derived and can be solved for
the dust backscatter coefficient βd:

δp =
β⊥
nd + β⊥

d

β
∥
nd + β

∥
d

=

βndδnd
δnd+1 + βdδd

δd+1

βnd
δnd+1 + βd

δd+1

(2.8)

βd = βp
(δp − δnd)(δd + 1)

(δd − δnd)(δp + 1)
. (2.9)

While δp is calculated from the measured βp, δd and δnd, the particle linear depolarization ratio
of the dust and non-dust components have to be assumed. Previous lidar measurements in
regions, where pure dust and non-dust aerosol occurs, assist the estimation of δd and δnd, as
well as a pure dust particle lidar ratio. The latter is in turn used to calculate the pure dust
extinction coefficient from βd. Furthermore, the non-dust backscatter coefficient is obtained by
substracting βd from βp. This separation method is applied to one wavelength first. Using the
Ångström relation, the respective quantities at the remaining wavelengths are calculated. The
procedure described in this section is also called 1-step POLIPHON method, while the complete
POLIPHON method or 2-step POLIPHON, including the CCN and INP derivations, is explained
in the following section.

2.3.3 POLIPHON

Going one step further, even microphysical properties of the aerosol particles can be derived from
the measured optical properties. For this purpose, the polarization-lidar photometer networking
algorithm (POLIPHON; Mamouri & Ansmann, 2017; Ansmann et al., 2019) was implemented.
It is used to calculate the particle number, surface and volume concentration of the observed
aerosol particles. At the end, vertical profiles of the particle mass and the CCN and INP concen-
tration can be obtained. POLIPHON can be applied for the dust and non-dust components, as
derived in Sect. 2.3.2, each. Furthermore, POLIPHON requires the synergy of a multiwavelength
Raman-polarization lidar as PollyXT and the long-term data base of the AERONET (Aerosol
Robotic Network). While the former is essential for measuring the optical properties and the
separation of the dust and non-dust components, the latter relates the optical properties to the
cloud-relevant properties with the help of conversion factors.

The first step in the POLIPHON algorithm is the separation of the dust and non-dust
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backscatter and extinction coefficients into fine mode (radii < 500 nm) and coarse mode (radii
> 500 nm). Further calculations are applied to the dust and non-dust and fine and coarse mode
profiles, each. From the extinction coefficient, the particle number, surface and volume concen-
tration are calculated. The latter can be converted into the mass concentration. The particle
number concentration is again derived for different size ranges, namely particles with radii >
100 nm and > 250 nm. While the smaller size mode is used for calculating the CCN concentra-
tion, the larger size mode and the surface number concentration for particles with radii > 100 nm
are integrated into the calculation of the INP concentration.

2.3.4 Target categorization

A target categorization, which uses only lidar measurements, has been established (Baars et al.,
2017). With this method, aerosol and cloud particles can be classified according to their phys-
ical properites, i.e., their shape and size, while an attribution to their source is neglected. The
latter typing mechanism would require to include further instruments besides the lidar. Within
the lidar-only target classification, 11 categories are considered, which are clean atmosphere,
non-typed particles of low concentration, small spherical particles, large spherical particles, non-
spherical particles and a mixture of spherical and non-spherical particles for aerosol particles as
well as non-typed clouds, liquid water clouds, likely liquid water clouds, ice clouds, likely ice
clouds in case of cloud particles.

The typing mechanism is applied to 24 h measurements with a temporal resolution of 30 s
(Yin & Baars, 2021) and uses the quasi-particle backscatter coefficients (representing the best es-
timates for the particle backscatter coefficients) at 532 and 1064 nm, the quasi-particle Ångström
exponent between both, the volume depolarization ratio at 532 nm and the corresponding quasi-
particle linear depolarization ratio. In this algorithm, the quasi-particle backscatter coefficient is
used because it is the best estimate for the particle backscatter coefficient. In this approach, the
attenuation caused by particles is neglected in the lidar equation (cf. αλ

p = 0 in Eq. 2.1). The
result is then multiplied by a constant lidar ratio of 55 sr in version 1 of the target categorization,
similarly to the Klett method (cf. Sect. 2.2.2), to obtain the quasi-particle extinction coefficient.
In a newer version (version 2), additionally, the Raman signal is considered to derive the quasi-
particle extinction coefficient via the Ångström relation. However, there are differences between
both versions, which are the missing target categorization in the overlap region for version 1.
Furthermore, version 2 is less affected by the attenuation due to aerosol and provides a higher
stability of the calibration constant. In contrast, the SNR is lower during daytime than it is
for version 1. No matter which version is applied, in the following procedure, the quasi-particle
extinction coefficient is inserted into the lidar equation, which can be solved for the quasi-particle
backscatter coefficient. From the latter, the intensive properties are calculated.

The first step of the typing procedure is to detect non-ice clouds. Due to the strong atten-
uation of the lidar signal by liquid water and mixed phase clouds, only the cloud base and the
hydrometeors a few meters above can be detected. Thus, no particle classification is possible
above a liquid water or non-typed cloud. For the identification of these clouds, the Cloudnet
target categorization (Hogan & O’Connor, 2004; Illingworth et al., 2007) is applied detecting
clouds where the quasi-particle backscatter coefficient at 1064 nm exceeds 2× 10−5m−1 sr−1 and
a signal decrease by a factor of ten is observed in the 250m above the maximum backscatter
signal. At first, the clouds are flagged as non-typed. They are further typed into likely liquid
droplets when the quasi-particle linear depolarization ratio is smaller than 0.05 and into liquid
droplets when additionally the quasi-Ångström exponent is below 0.5. After the identification
of these optically thick clouds, the quasi-particle backscatter coefficient at 1064 nm is used to
detect clean atmosphere (values below 1 × 10−8m−1 sr−1 and a SNR > 0.5 at 355 nm in raw
resolution of 30 s, otherwise no typing is available) or to induce the further typing procedure
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(values > 1 × 10−8m−1 sr−1). If the quasi-particle backscatter coefficient at 1064 nm is smaller
than 2 × 10−7m−1 sr−1, the pixels are flagged as non-typed particles, which can be aerosol or
cloud particles. Otherwise, large non-spherical particles are classified for a quasi-particle linear
depolarization ratio > 0.2. They are flagged as small spherical particles for a quasi-particle linear
depolarization ratio < 0.07 and a quasi-Ångström exponent ≥ 0.75 and as large spherical par-
ticles for the same range of the quasi-particle linear depolarization ratio but a quasi-Ångström
exponent < 0.75. If the quasi-particle linear depolarization ratio is between 0.07 and 0.2, a
mixture of spherical and non-spherical particles is detected. Finally, ice crystals are identified
independently from this procedure so that previously typed pixels might be overwritten. While
the same threshold of the quasi-particle backscatter coefficient at 1064 nm is used for the detec-
tion of ice crystals as it is for the typing of aerosol particles, it additionally considers the volume
depolarization ratio at 532 nm. If the latter is larger than 0.3, the pixels are flagged as likely ice
crystals. If, additionally, the quasi particle linear depolarization ratio is larger than 0.35, they
are classified as ice crystals. However, ice clouds sometimes may be not classified or typed as
non-typed aerosol or clouds because of a low SNR of the depolarization measurements but an
existing backscatter signal at 1064 nm.

Based on the target classification, a product including information about the cloud occur-
rence is derived within the PollyNET processing chain. In this context, the height of the cloud
base and the cloud top, the phase and its probability and the number of cloud layers are derived
(Yin & Baars, 2021).

2.4 Saharan dust and its transport in the region of Cabo Verde

2.4.1 Typical meteorological conditions over the African continent and Cabo
Verde

The North African region and the Cabo Verde islands are mainly influenced by the inner tropical
convergence zone (ITCZ) and its movement over the year as well as the strength and location
of the subtropical anticyclone (Azores high) over the eastern Atlantic and North Africa. The
subtropical anticyclone controls the Harmattan winds (dry northeasterly winds over the Sahara
and Sahel region during winter and spring), which have a major impact on the annual variability
of dust activity, main dust sources and dust transport beyond the African continent resulting
in a strong seasonal cycle (Prospero et al., 2002; Knippertz et al., 2011; Tesche et al., 2011a).
For the Saharan desert, there are two main dust seasons with intense dust storms, one from
December to February and the other from May to August (Knippertz et al., 2011; Rodríguez
& López-Darias, 2021). Mineral dust is predominantly transported towards the west to the
Caribbean, the mid-latitude western North Atlantic and the southeastern part of the US due
to the subtropical jet and easterly waves but also to Europe and the Middle East. The peak
of this dust transport occurs in northern hemispheric summer. Also in northern hemispheric
winter, there is a dust transport towards South America. During this time of the year, the dust
activity in North Africa is largest in the low latitudes and shifts to higher latitudes during the
year, driven by the northward movement of the ITCZ. A minimum in the dust transport can be
observed in fall (Prospero et al., 2002; Tesche et al., 2011a).

Besides Saharan dust, the African continent is an important source for biomass burning
aerosol (BBA, smoke) mainly originating from agricultural activity following a seasonal cycle as
well. During winter (Fig. 2.2, left plot), the fire activity is greatest close to the equator in the
southern west Africa, while it shifts more to the south during summer (Fig. 2.2, right plot). Thus
during this season, the burning regions and the dust sources are clearly separated by the more
in the north located ITCZ. Instead, during winter, when the ITCZ is shifted more to the south,
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Figure 2.2: Northern hemispheric (a) winter and (b) summer conditions of the location of the
inner tropical convergence zone (ITCZ) and the wildfire areas on the African continent as repre-
sentative for the SAMUM–2 campaign (Tesche et al., 2011a).

the BBA and the dust get mixed over low-latitude West Africa and the Gulf of Guinea, mainly
driven by deep convection, and a dust-smoke-mix is transported towards the west (Knippertz
et al., 2011; Tesche et al., 2011a).

To study the westward transport of pure dust as well as mixtures of dust and smoke, an
optimal study area can be found with the Cabo Verde islands (marked with red circles in Fig. 2.2)
located 900 km west of the West African coast directly in the outflow zone of the dust transport
(Gong et al., 2020). Included in the Sahel climate belt at the edge of the main convective intensity
of the ITCZ, they are characterized by an arid and semi-arid climate with a high variability in
precipitation and few rain events with great intensity in the rainy season from August to October
under the influence of the ITCZ (Martins et al., 2018). In the dry season, Cabo Verde is under
anticyclonic influence. Furthermore, constant northeasterly trade winds are prevailing in that
region and often stratocumulus clouds occur, especially in the planetary boundary layer (PBL;
Martins et al., 2018; Gong et al., 2020; Rodríguez & López-Darias, 2021).

2.4.2 Overview of previous measurement campaigns over West Africa and
Cabo Verde

The Saharan region has been an area of scientific interest for quite a long time. A large number
of campaigns have already been carried out in West Africa and at Cabo Verde to study the
spatial distribution and the optical and microphysical properties of Saharan dust and to use the
findings for the validation of numerical models. Aircraft and ground-based in-situ measurements
took place in the framework of the Saharan Dust Experiment (SHADE; Formenti et al., 2003)
over the Cabo Verde region in September 2000, the Dust Outflow and Deposition to the Ocean
project (DODO; McConnell et al., 2008) at Dakar, Senegal, in February and August 2006, the
Geostationary Earth Radiation Budget Intercomparison of Longwave and shortwave radiation
(GERBILS; Haywood et al., 2011) over the southwestern Sahara and the coastal stretches of the
Atlantic in June 2007 and the Fennec campaign (Ryder et al., 2013; Rocha-Lima et al., 2018) at
Mauritania and Mali in June 2011. Furthermore, with the African Monsoon Multidisciplinary
Analysis (AMMA; Lebel et al., 2010), a large interdisciplinary study on the West African mon-
soon was conducted including different spatial scales and ground-based and airborne in-situ and
remote sensing instruments as well as radiosoundings. At three different stations in Senegal,
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Mali and Niger, measurements of PM10 and observations with AERONET sun photometers and
a micro-lidar were performed from 2005 to 2007 with a special focus on the period January–
February 2006. As a part of AMMA, NASA AMMA (NAMMA; Chen et al., 2011) included
aircraft in-situ observations of Saharan dust layers over the Cabo Verde region.

While the DODO campaign already contrasted observations of a summer and a winter month
and a micro-pulsed lidar has been used in the context of AMMA, the Saharan Mineral Dust Ex-
periment (SAMUM; Ansmann et al., 2011a) represents a major step forward in terms of lidar
observations and a seasonal point of view. This field experiment was conducted in two parts.
Pure Saharan dust near the source region was investigated at Southern Morocco in May and June
2006 during SAMUM–1 (Freudenthaler et al., 2009). Far-transported dust as well as mixtures of
dust with marine, urban and biomass burning aerosol where studied at Praia, on the island San-
tiago at Cabo Verde, during SAMUM–2a (15 January–15 February 2008) and SAMUM–2b (15
May–15 June 2008; Groß et al., 2011; Tesche et al., 2011a,b). During this part of the campaign,
the impact of aging and mixing processes on the microphysical, optical and radiative properties
of Saharan dust as well as contrasting the summer and winter period was of special interest.
Besides ground-based in-situ measurements, sun photometer observations, radiosoundings and
ground-based radiation measurements, it was the first time that an aerosol multiwavelength-
Raman polarization lidar was used to study Saharan dust in that region. Furthermore, wind
measurements with a Doppler lidar and aircraft observations with a High Spectral Resolution
Lidar (HSRL) were performed.

In addition to studying the westward transport of Saharan dust at its beginning, the Saharan
Aerosol long-range transport and aerosol-cloud-interaction experiment (SALTRACE; Weinzierl
et al., 2017) aimed to investigate the impact of aging of the dust particles on the radiative effect
and cloud microphysical processes. For this purpose, the complete transport from West Africa to
the Caribbean was captured focusing on dust removal aspects and the annual variability of the
dust flow into the Caribbean. Again, a multiwavelength-Raman polarization lidar was operated
at Barbados in June and July 2013 (Groß et al., 2015). Previously, a research vessel equipped
with this lidar crossed the Atlantic, tracking the pathway of the dust transport in April and May
2013, which covers the final phase of the burning season at southern West Africa (Rittmeister
et al., 2017). In addition, the shipping route provided ideal conditions for pure marine obser-
vations. Further instruments, such as a sun photometer and ground-based and airborne in-situ
measurements were included. Research flights were performed both, at Cabo Verde and in the
Caribbean (Weinzierl et al., 2017).

Ground-based in-situ measurements of aerosol at Cabo Verde and in particular at Mindelo on
the island São Vicente were performed from 13 September to 13 October 2017 in the context of
the project ’Marine biological production, organic aerosol particles and marine clouds: a Process
chain’ (Gong et al., 2020, MarParCloud). PM10 was measured at a sea level station (10m a.s.l.)
and at a mountain station (744m a.s.l.) on the island São Vicente and during a vehicle campaign
on the island Santo Antão and at Mindelo, São Vicente, from 1 to 7 October 2019 (Rodríguez &
López-Darias, 2021). For the latter campaign, measurement devices for PM10, PM2.5 and PM1
were installed on the roof of a slow moving vehicle providing high resolution measurements of
transects (movement at ground level), vertical profiles (movement from sea level to 1500 m a.s.l.
within only few horizontal kilometers) and stationary measurements near specific sources. The
low number of other vehicles passing the measurement vehicle ensured the representativeness of
the measurements for the ambient air. However, it should be noted that both campaigns covered
only a period during fall.
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2.4.3 Aerosol conditions over Cabo Verde

Thanks to the aforementioned campaigns, some information about the aerosol conditions over
Cabo Verde has been provided. Yet, it is well known that the major aerosol types occurring
in that region are especially Saharan dust, but also marine aerosol and BBA from the African
continent. PM10 at São Vicente island is with 70 % dominated by Saharan dust and marine
aerosol of which a background aerosol load is always present (Gong et al., 2020) but being only
a minor contributor to the AOD (Knippertz et al., 2011). The AOD is mainly controlled by dust
and smoke. The latter occurs during wintertime (Tesche et al., 2011a,b).

However, for their observation period in October 2019, Rodríguez & López-Darias (2021)
found a significant variability of the concentration of PM10 and the particle size, represented
by the PMx ratios, with regard to the location of the measurements on the islands São Vicente
and Santo Antão and the meteorological conditions. High PMx concentrations were recorded for
Saharan dust events, while local sources had only low scale impact on the PMx concentrations.
The characteristic PM1/PM2.5 ratios were linked to vehicle exhaust, biomass burning and local
dust. Furthermore, the vertical profiles of PMx and the depth of the marine PBL strongly varied
depending on the air flow above the marine PBL. The latter was constantly influenced by the
trade winds. The largest extents of the PBL with layer top heights up to 1400 m were observed
when the air above originated from the North Atlantic. In this case, PMx quickly decreased with
height. Under African easterly inflow, the PBL reached up to 500 m. Above hydrophilic aerosols
were imbedded in relatively humid air. In contrast, under influence of the SAL, the PBL was
restricted to 70 m and complex aerosol structures were observed even within the SAL, where
dry layers with high dust load alternated with more humid layers having a lower aerosol load.
Concerning the vertical aerosol stratification, from Gong et al. (2020), we learn that during the
absence of clouds the PBL was well mixed in fall 2017 so that the aerosol conditions at sea level
are representative for the mountain level as well.

While the described observations only cover a single season, namely northern hemispheric
fall, and are restricted to the lowermost 2 km of the troposphere, the results of SAMUM–2 allow
a comparison between summer and winter aerosol conditions by vertical profiles of lidar optical
properties and sun photometer measurements (Ansmann et al., 2011a; Tesche et al., 2011a,b;
Tesche, 2011). The latter was used to derive the AOD at 500 nm, which showed only little
seasonal variation. During summer it was with on average 0.4±0.02 slightly larger than dur-
ing winter, when a mean value of 0.35±0.18 was observed. Similar findings were seen for the
aerosol layer top height with a slightly smaller mean value of 3.5±1.2 km during winter compared
with 4.4±0.7 km during summer. Anyhow, there was some variability concerning the maximum
aerosol layer top height. While during summer, most aerosol layers reached up to 5 or 6 km,
during winter, aerosol layers up to 6 km as well as shallower layers only reaching up to 1 or 3 km
were found. The differences concerning the layer extent were much more pronounced with regard
to the dominating aerosol type of these layers. Thus, pure dust layers were quite shallow in win-
ter (average depth of 1.0±0.1 km) and much broader in summer (average depth of 4.1±0.7 km).
However, the main seasonal differences were observed with regard to the aerosol types which are
present over Cabo Verde. As well visualized in Fig. 2.3, the layering during summer was quite
simple. In all cases, a geometrically thick layer of pure dust occurred above a shallow marine
PBL. In contrast, during wintertime, a much more complex aerosol stratification was observed
including many different scenarios like optically and geometrically thick layers of dust-smoke
mixtures above thin layers of pure dust sometimes with a marine PBL below. In addition, there
were also cases without any pure dust but only dust-smoke mixtures above the marine PBL.
Pure dust conditions, with or without a marine PBL, and completely clean marine cases were
observed as well.

As could be seen in this chapter, Saharan dust and the aerosol conditions over Cabo Verde
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Figure 2.3: In a time series (day of the year 2008 on the x-axis) for the SAMUM-2a winter
(top) and SAMUM-2b summer (bottom) campaign the observed aerosol layers are illustrated,
including their vertical extent and aerosol type (Tesche, 2011).

have been subjects to numerous studies till now, as the observed aerosol types have various di-
rect and indirect effects on the global radiation budget. At Cabo Verde, a strong influence of
Saharan dust was reported in multiple studies and large seasonal differences between northern
hemispheric summer and winter were revealed, representing a dust season and a mixing season.
Powerful techniques to detect and characterize highly-resolved vertical profiles of aerosol particles
exist. How the existing knowledge from literature and previous campaigns and the available mea-
surement techniques and typing algorithms can be used to answer the current research question
will be shown in the next chapters.
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Chapter 3

Instrumentation and methodology

3.1 The Joint Aeolus Tropical Atlantic Campaign (JATAC) and
ASKOS

This thesis is based on the Joint Aeolus Tropical Atlantic Campaign (JATAC; Fehr et al., 2023;
Borne et al., 2024) and its ground-based part ASKOS (Marinou et al., 2023). ASKOS took place
around Mindelo, Cabo Verde, between 2021 and 2022 with three intense phases in September
2021, June 2022 and September 2022. The ASKOS campaign included a collaboration of several
institutions (e.g., the National Observatory of Athens (NOA), the Leibniz Institute for Tropo-
spheric Research (TROPOS), the Cyprus Institute (CyI) and the Romanian National Institute
for Research and Development for Optoelectronics (INOE) with the main goal of collecting syn-
ergistic measurements for a quality-assured reference data set for the calibration and validation
activities of ESA’s satellite Aeolus (Straume-Lindner et al., 2021). During this campaign, Aeolus
was passing directly over Mindelo each Friday evening at around 19:30 UTC. In the framework of
JATAC’s ground-based part ASKOS, called after a Greek legend, a complete aerosol and cloud
remote sensing facility of the Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS,
2024; Laj et al., 2024) has been set up and continuously operated at Mindelo from June 2021
until today. It includes the multiwavelength-Raman-polarization lidar PollyXT (cf. Sect. 2.2), a
CIMEL Sun Sky Lunar photometer of type CE318-T, which is part of the Aerosol Robotic Net-
work (AERONET; Holben et al., 1998), a scanning Doppler wind lidar (Pearson et al., 2009),
a microwave radiometer and the 94 GHz cloud radar FRM4Radar of ESA. During the intense
phases, additional instrumentation was used, e.g., the eVe lidar of ESA (Paschou et al., 2022),
the polarization lidar WALL-E (Tsekeri et al., 2021), airborne in-situ measurements (Yus Díez
et al., 2023), UAV (Kezoudi et al., 2023), radiosondes (Marinou et al., 2023; Borne et al., 2024)
and radiation measurements. The data are meanwhile available at ESA’s Atmospheric Valida-
tion Data Centre (Amiridis et al., 2023). The relevant instruments for this thesis are described
in the next section.

3.2 Measurement site and instrumentation

The measurement site of ASKOS has been set up at the Ocean Science Center Mindelo (OSCM,
16.878°N, 24.995°W, 10m a.s.l.), which is located on the west coast of the island São Vicente
belonging to the Cabo Verde Islands. Anthropogenic influence is relatively low. Cabo Verde is
located downwind the Saharan desert and in the trade wind zone with the predominant wind
direction being northeast in the lower altitudes. During the night, cumulus convection usually
occurs in the PBL above Mindelo. As Mindelo is located in the tropics, there is only low annual
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variation of the time of sunset (20:15 UTC at northern hemispheric mid summer, 19:34 UTC at
equinox, 19:11 UTC at northern hemispheric mid winter) and the time of sunrise (07:07, 07:29
and 08:04 UTC, respectively). During the 11–13 h-lasting nights, the application of the Raman
method is possible.

For this study, mainly the PollyXT lidar (Engelmann et al., 2016; Baars et al., 2016; Gebauer
et al., 2024) was used, which has a few improvements compared with the previous PollyXT

systems. Instead of using the typical flashlamp pumped Nd:YAG laser having a repetition rate
of 20–30 Hz, the system deployed at Mindelo is equipped with a diode pumped Nd:YAG laser,
which has a higher repetition rate of 100Hz. This feature allows to derive vertical profiles of the
aerosol optical properties from signals averaged over short time periods down to 15 min. Due
to the frequent cloud occurrence at Mindelo with often short cloud-free periods, this capability
is particularly important for this measurement site. The receiver unit of the lidar consists of
15 channels. Thus, far-field measurements of the elastic backscatter coefficient at 355, 532 and
1064 nm, the inelastic backscatter coefficient at 387, 607 and 1058 nm, the cross-polar signal at
355, 532 and 1064 nm and the inelastic signal from water vapor at 407 nm are possible. Near-
field measurements are available at 355, 532, 387 and 607 nm. Furthermore, a dual-field-of-view
polarization channel (Jimenez et al., 2020a) can be used for the determination of microphysical
liquid-water properties to study aerosol-cloud-interactions (Jimenez et al., 2020b). With the
described setup, vertical profiles of the particle backscatter and extinction coefficients, the lidar
ratio and the particle linear depolarization ratio each at 355, 532 and 1064 nm can be derived as
well as the backscatter-related and extinction-related Ångström exponent between the different
wavelengths. A new feature of the PollyXT at Mindelo is the possibility to retrieve the backscatter
and extinction coefficients and the lidar ratio at 1064 nm via the rotational Raman technique
(Haarig et al., 2016) in addition to the well known standard of the vibrational-rotational Raman
methods applied at 355 and 532 nm. As the signals detected on this channel require a specific
calibration (Haarig et al., 2022), they are not yet implemented in the PollyNET processing chain
and were not used in this study.

Furthermore, measurements of the AERONET sun photometer (Holben et al., 1998) operated
at the OSCM were taken for comparison with the lidar measurements. With the sun photometer,
the AOD at 340, 380, 440, 500, 675, 870, 1020 and 1640 nm, respectively, can be derived. In
addition, some more optical properties are available, which are the columnar Ångström exponent
between six wavelength pairs, the volume size distribution, the refractive index, the single-
scattering albedo, the absorption AOD, the extinction AOD, the asymmetry factor and the
phase function.

3.3 Description of the data set

The basis for this study is a two-year data set of continuous lidar measurements obtained during
the JATAC campaign at Mindelo. The data set captures the time period from 1 July 2021 to 31
August 2023. As the lidar has been installed at Mindelo in June 2021 and measurements were
available only for a few days at the end of this month, July 2021 was chosen as starting point
for the data set, because it was the first complete month having measurements. The endpoint
of this data set was chosen accordingly to capture two complete years of measurements. August
2023 was included additonally as there was a large data gap for August in the year before. Out
of this period, a sub data set was created. All nights from Friday 18 UTC to Saturday 6 UTC
were considered to guarantee representative and independent measurements. The nighttime
measurements allowed for a consistent derivation of vertically-resolved aerosol optical properties
profiles with the Raman method (cf. Sect. 2.2.2). From now on, this sub data set will be referred
to as Fri/Sat nights. The measurement time during the Fri/Sat nights was preferred as it included
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the time of the direct overpass of the Aeolus satellite over Mindelo. The detailed analysis of the
data of these measurement periods done for this study provides also a mature basis for future
Aeolus-PollyXT-intercomparison activities. In total, the described two-year period includes 113
nights. Despite all efforts to guarantee continuous measurements, measurement gaps due to
failure of PollyXT or maintenance on the lidar system occurred. Hence, on 24 of the 113 nights
no data is available. These data gaps are mostly distributed homogeneously among the two-year
period except one longer period from 15 July to 2 September 2022. Thus, data from 89 nights
could be used for the processing.

3.4 Processing of vertical profiles—cloud screening

Vertical profiles of the aerosol optical properties (particle backscatter and extinction coeffi-
cients, lidar ratio, particle linear depolarization ratio and backscatter-related and extinction-
related Ångström exponents) were derived automatically using the PollyNET processing chain
(cf. Sect. 2.2.5). In this study, a special focus was given to the improvement of the cloud detec-
tion implemented in the processing chain, which is particularly important at Mindelo as small
convective clouds are frequently occurring in the PBL especially during the night. Per default,
the gradient method is applied in the current version (3.3) of the PollyNET processing chain using
a threshold value of 4 × 106MHzm. As this threshold did not lead to satisfying results yet, it
was decreased from 1 × 105MHzm to 0.5 × 105MHzm in steps of 0.1 × 105MHzm for 19 test
nights (17 Sep, 8 Oct, 12 Nov, 26 Nov 2021; 4 Feb, 27 May, 3 Jun, 1 Jul, 21 Oct, 16 Dec 2022;
24 Mar, 21 Apr, 2 Jun, 9 Jun, 16 Jun, 22 Jul, 28 Jul, 11 Aug, 25 Aug 2023). Decreasing the
threshold value is equivalent with a stricter cloud screening and often leads to shorter periods of
temporal averaging to derive the profiles, which might cause difficulties for a correct calibration
and stable results. Optimally, the signal should be averaged over 1 h, but this study has shown
that averaging periods of around 0.5 h are sufficient as well thanks to the powerful diode pumped
Nd:YAG laser used in the system operated at Mindelo. However, the averaging period should not
be shorter than 15 min. To find an appropriate threshold is challenging and there is no perfect
solution for all analyzed nights. For now, a value of 0.7 × 105MHzm was found as the best
solution for the analyzed Fri/Sat nights and especially for the 19 test nights. However, it is a
compromise between nights, when this threshold leads to a too strict cloud screening and other
nights, when the derived profiles are still cloud-contaminated. In a next step, the current cloud
screening has to be tested for all measurements at Mindelo beyond the Fri/Sat nights between
July 2021 and August 2023 and for other locations in PollyNET.

An example case which illustrates the sensitivity of the retrieval of vertical profiles on the
choice of the threshold value is presented in Fig. 3.1. The figure shows a typical situation of the
atmosphere above Mindelo as observed during most of the analyzed nights. Both upper panels
(plots a and b) show the temporal development of the vertically-resolved calibrated attenuated
backscatter coefficient at 1064 nm on 27 May 2022, 18–24 UTC. The logarithmic color scale in-
dicates the backscatter strength. During that time, the PBL reached up to 700–800 m height.
Above, a lofted aerosol layer can be identified up to a height of around 4 km. At the top of the
PBL, small clouds are visible. They are represented by a very strong backscatter signal (red
colors) and complete attenuation (no signal) directly above the cloud base, e.g., around 20 UTC
or 22–23 UTC. In panel c, which shows the corresponding target classification according to Baars
et al. (2017), water and non-typed clouds were detected for these times.

The investigation of the different threshold values was based on a visual inspection, i.e., the
time-height-plot of the calibrated attenuated backscatter coefficient was used to check the derived
profiles for cloud-contamination. Profiles usually were retrieved for 1 h time periods starting on
full hour. As illustrated by the temporal development of the calibrated attenuated backscat-
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Figure 3.1: Case study for 27 May 2022, 18–24 UTC, concerning the adjustment of the cloud
screening in the PollyNET processing chain showing in (a) and (b) the height resolved temporal
development of the calibrated attenuated backscatter coefficient at 1064 nm and in (c) the lidar
target classification. The black rectangles indicate the time periods for which vertical profiles
of the aerosol optical properties were derived automatically using a cloud screening threshold of
1× 105MHzm in (a) and of 0.7× 105MHzm in (b) and (c).

ter coefficient in Fig. 3.1, the described 1 h periods are not cloud-free. The results of a stricter
cloud screening with a threshold value of 1 × 105MHzm and the finally implemented value of
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Figure 3.2: Overview of available measurements and lidar profiles at Fri/Sat nights between
July 2021–August 2023 (marked by the vertical black lines), including information about the
cloud-contamination of the derived profiles.

0.7 × 105MHzm are represented by the black rectangles Figs. 3.1a and b/c, respectively. They
indicate over which time periods the raw signal was averaged to obtain vertical profiles of the
aerosol optical properties. For the threshold of 1×105MHzm, one can clearly see that the derived
profiles are strongly contaminated by clouds. This is valid especially for the profiles averaged
from 20:02–20:45, 20:46–21:45 and 22:10–22:28 UTC. The reduction of the threshold value led
to shorter averaging periods and fewer profiles were retrieved. Although longer cloudy periods
were identified by the cloud screening, short-term clouds or the marginal periods of longer-lasting
cloud occurrence are still included in the retrieved profiles, as indicated with Fig. 3.1c.

A major limitation of this gradient method is that the choice of the threshold value fol-
lows a visual inspection using the time-height-plots of the attenuated backscatter coefficients
(at different wavelengths, far-field and near-field) but needs a more robust definition of clouds.
Furthermore, it neglects cirrus clouds. Thus, the gradient method should be replaced with a
more appropriate algorithm, e.g., using the target classification. However, the latter entails its
own challenges, which need to be evaluated using the new cloud radar.

3.5 Quality control and availability of the retrieved aerosol ver-
tical profiles

As a result of the cloud screening, the data set of 89 nights was reduced to 74 nights, as on the
other nights, the algorithm did not detect any cloud-free periods that were long enough to fulfill
the requirements for a stable calibration. Furthermore, one profile per night was selected to be
used for the statistical analysis of the aerosol conditions in the atmosphere above Mindelo. The
decision to consider only one profile per night was made to guarantee quality-assured profiles.
The profiles were manually carefully checked and any badly calibrated profiles (mainly single
aerosol optical properties at single wavelengths) were removed from the data set.

Figure 3.2 provides an overview of the availability of measurements and vertical profiles
for the Fri/Sat nights in the period from July 2021 to August 2023. The blue markers in the
lowermost row indicate the nights for which no profiles could be derived by the algorithm due
to the strict cloud screening. The temporal distribution of the selected profiles is summarized in
the uppermost row. The red and orange colors indicate profiles which had to be discarded due
to complete cloud-contamination or from which several aerosol optical properties were discarded
due to miscalibration, respectively.

For checking the cloud-contamination of the derived lidar profiles, the cloud information
product obtained from the target classification v2 (cf. Sect. 2.3.4) was used. Amongst others, it
provides the cloud base height, the cloud phase probability and the number of detected cloud
layers. The lidar profiles were considered as cloud-contaminated (gray dots in Fig. 3.2) when at
least one value for the cloud base height appeared within the corresponding averaging period,
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Figure 3.3: For Fri/Sat nights between July 2021–August 2023: number of available profiles of
the particle backscatter (Bsc) and extinction (Ext) coefficients, the lidar ratio (LR), the particle
linear depolarization ratio (Depol) and the backscatter-related (Bsc-rel) and extinction-related
(Ext-rel) Ångström exponents at the corresponding wavelength. The black line indicates the
total number (nr) of measurement nights, for which profiles are derived.

which was valid for around half of the profiles. In this context, the cloud-contamination was
categorized based on three options: a completely failed cloud screening (dark brown dots), edge
effects (pink dots), i.e., very few cloudy time bins within the first and last 10 min of the averaging
period, high-level clouds above 8 km, which are not considered by the algorithm (khaki dots) and
a mix of the latter two categories (light brown dots). These profiles were reviewed with special
attention. High-level clouds and edge effects turned out to be negligible. Completely failed cloud
screening means a permanent contamination with low-level clouds below 2 km altitude according
to the target categorization v2. In most of these cases, the profiles were used anyway, if the clouds
were not visible in the time-height-plot of the attenuated backscatter coefficient. Otherwise, only
the PBL was neglected. Thus, 73 nights (dark green and orange dots) were included into the
data set used for the statistical analysis.

However, there is a large discrepancy between the availability of aerosol optical properties at
different wavelengths as presented in Fig. 3.3. These differences arise from the fact that several
profiles were not derived by the PollyNET processing chain or had to be discarded. As the lidar
ratio, the particle linear depolarization ratio and the Ångström exponent are calculated from the
particle backscatter and extinction coefficients, their availability depends on the availability of
the latter ones. Generally, the particle extinction coefficient and the extinction-related Ångström
exponent exist in almost all cases. This fact is valid for the far-field as well as for the near-
field profiles. For the particle backscatter coefficient, far-field profiles are slightly more often
available than near-field profiles. Another noticeable point is that a (useful) particle backscatter
coefficient exists more often at 532 nm (73–86 % of all cases) than at 355 nm (51–54% of all
cases). In contrast, there are only very few cases, for which the particle backscatter coefficient
at 1064 nm was derived (22% of all cases). The latter point is not surprising as the calibration
of the 1064 nm channel is typically more challenging than for 355 or 532 nm as explained in
Sect. 2.2.5. However, these results emphasize that there are still open issues concerning the
calibration, i.e., the automatic finding and selection of a reference height window for the optical
profiles in the PollyNET processing chain, which have to be tackled in the future. Furthermore,
the presented overview shows that the number of measurements is sufficiently large to guarantee
statistical significance for the following analysis of the annual cycle of aerosol concerning the
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particle extinction coefficient at 355 and 532 nm as well as the particle backscatter coefficient at
532 nm but not for the particle backscatter coefficient and the particle linear depolarization ratio
at 1064 nm.

3.6 Methods for the characterization of aerosol layers

3.6.1 Overview

As a basis for the statistical analysis of the aerosol optical properties, aerosol layers had to be
defined. For this purpose, a visual inspection is commonly used (e.g., Hofer et al., 2020b; Heese
et al., 2022). Although automatic retrievals for the detection of the PBL top height (Baars
et al., 2008) or the aerosol layer top height (see Sect. 3.6.4; Hofer et al., 2020a) exist, it is still
challenging to find an overall appropriate automatic algorithm, which is able to detect the lower
and upper boundaries of (multiple) lofted aerosol layers. The algorithm of Hofer et al. (2020a)
can be used only for the detection of the boundary of the uppermost layer and is, thus, not
convenient for cases for which more than one lofted aerosol layer exists. Furthermore, it cannot
detect the lower boundaries of the lofted aerosol layers. Therefore, the visual inspection, which
is explained in Sect. 3.6.2, was considered to be the best approach for this study to obtain an
optimal data set including as much profiles of the different aerosol optical properties as possible,
while the automatized detection of the aerosol layer top height according to Hofer et al. (2020a)
was used additonally for checking the consistency with the manually-defined aerosol layer top
heights as presented in Sect. 3.6.4.

To use a completely automatic procedure was not convenient for this study also because of the
issue that the output of the PollyNET processing chain did not provide a homogeneous data set,
whereat often several aerosol optical properties were not derived at all possible wavelengths (cf.
Fig. 3.3). For instance, the algorithm of Hofer et al. (2020a) is based on the particle backscatter
coefficient at 532 nm. When the particle backscatter coefficient is not available at this wavelength
or at any wavelength no aerosol layer top height can be derived. Thus, for the further calculations
of, e.g., layer mean aerosol optical properties, only the manually-defined layer top heights were
considered because the aim was not to discard too many cases because of the missing particle
backscatter coefficient. Furthermore, a mixing of two different methods for the detection of the
layer boundaries should be avoided for reasons of consistency.

3.6.2 Definition of the aerosol layers by visual inspection

The procedure of the visual inspection to obtain the boundaries of aerosol layers is described in
the following example for the profiles derived on 1 October 2021, 19:56–20:56 UTC. Figure 3.4a
shows vertical profiles of the particle backscatter and extinction coefficients, the lidar ratio, the
Ångström exponent and the particle linear depolarization ratio as it is the typical output of the
PollyNET processing chain and had to be used for the further post-processing. The standard-
ized vertical smoothing is 742.5 m for the far-field and 382.5 m for the near-field measurements.
In this case, all aerosol optical properties are available at all wavelengths except the particle
backscatter coefficient and the particle linear depolarization ratio at 1064 nm. As there is a lot of
noise, especially in the lidar ratio, the extinction-related Ångström exponent and the near-field
measurements, a first step was to cut the profiles above the heights, where the noise starts and,
in case of the extinction-related properties, below the heights of complete overlap. The latter are
around 800 m for the far-field and around 400 m for the near-field measurements. In addition,
the lowermost 100 m of the backscatter-related properties and the particle linear depolarization
ratio were cut to exclude ultra-near-range effects.

Figure 3.4b shows the resulting profiles, from which at first the PBL top height was derived
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(a) (b)

(c) (d)

Figure 3.4: Case study for 1 October 2021, 19:65–20:56 UTC: Vertical profiles of the lidar-derived
aerosol optical properties (from the left to the right in each subplot: particle backscatter and
extinction coefficients, lidar ratio, backscatter- and extinction-related Ångström exponents and
particle linear depolarization ratio) (a) as obtained from the PollyNET processing chain, (b) after
cutting of noise and overlap effects and (c) and (d) for the defined PBL and lofted aerosol layer,
respectively. Note that the height scale is different in each plot.

using the near-field profiles of the particle backscatter coefficient. Generally, the PBL detection
is challenging and strongly depends on the definition of the PBL (Stull, 2012; Belegante et al.,
2014). Due to the vertical smoothing of the existing output from the PollyNET processing chain,
no sharp boundary between the PBL and the free troposphere is visible but an expanded tran-
sition zone reaching from the maximum of the backscatter coefficient at around 500m height to
the next point of inflection at around 1200 m height. The PBL top was estimated to be in the
middle of this transition zone with preference to its lower half. In this example, it was set to
800 m. Generally, a vertical accuracy of 100 m could be ensured within this visual inspection,
i.e., the uncertainty of the derived heights is ±50 m.

For the detection of the upper and lower boundary of the lofted aerosol layer, the far-field
profiles of mainly the particle backscatter coefficient were used in combination with the particle
linear depolarization ratio. Furthermore, the backscatter-related Ångström exponent could be
an indicator for the layer boundaries as it should remain nearly constant within a homogeneous
aerosol layer, similarly to the particle linear depolarization ratio. For the shown example, an
agreement of the local maximum and minimum of the particle linear depolarization ratio and the
backscatter-related Ångström exponent, respectively, and the point of inflection in the profile of
the particle backscatter coefficient suggested the lower boundary of the lofted aerosol layer to
be at around 1500 m. While the particle backscatter coefficient indicated an upper boundary at
around 4000m, the particle linear depolarization ratio dropped to almost zero at 4400m height.
A similar behavior was often seen in the analyzed cases and a more restrictive aerosol layer top
height detection based on the backscatter coefficient rather than on the depolarization ratio was
preferred because of the goal to characterize the intensive optical properties representative for
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each layer. Furthermore, remaining noise in the profiles of the lidar ratio and the Ångström
exponent was cut. In addition, large gradients in the profiles of the intensive properties were
excluded. Therefore, the different aerosol optical properties sometimes were cut at different al-
titudes with the aim of including as much data as possible and avoiding the production of a
systematic bias. If indicated by noticeable vertical differences in the aerosol optical properties,
the lofted aerosol layer was split into multiple sublayers. The resulting profiles for the PBL
and the lofted aerosol layer shown in Figs. 3.4c and d, respectively, were used for the further
calculations, which are explained in Sect. 3.6.3.

A major challenge in this visual inspection of the aerosol layer boundaries was the handling
of noise and the decision which parts of the vertical profiles to include in the calculation of layer
mean values. Furthermore, in this study, especially low PBL heights (<800 m) in combination
with the overlap issue have raised the question of how representative it is to average over a
layer of 100–200m thickness when only noise exists above. Generally, an agreement of the layer
mean values obtained from the far-field and from the near-field profiles was considered as an
indicator for representativeness in these cases. However, the visual inspection of the boundaries
of the aerosol layers needs to be automatized and requires more robust methods as it is too
time consuming and includes a rather subjective component. The use of tools based on artificial
intelligence will be for sure subject of future research in this field.

3.6.3 Calculation of layer-resolved aerosol optical and microphysical proper-
ties

For the further calculations of the layer-resolved aerosol optical properties, near-field measure-
ments were used for the PBL, while the far-field measurements were used for the lofted aerosol
layers. However, for the PBL, far-field measurements had to be used as well, namely in case of
the particle backscatter coefficient at 1064 nm, the corresponding backscatter-related Ångström
exponent and the particle linear depolarization ratio at all three wavelengths because no near-
field measurements are available for these properties. In the following, layer mean values were
calculated for the intensive optical properties, while for the extensive optical properties a vertical
integration was applied resulting in an integrated particle backscatter coefficient and the AOD.
For this purpose, the particle backscatter and extinction coefficients were interpolated to the
ground in the PBL, i.e., the lowermost values shown in Fig. 3.4c were assumed to be constant
down to the ground. This assumption can be made as the PBL provides well-mixed aerosol
conditions (Michailidis et al., 2023). Another important point had to be considered for the PBL,
which is the different smoothing of the near-field and far-field measurements. This inconsistency
may lead to a slight overestimation of the far-field integrated particle backscatter coefficient and
the AOD as the corresponding profiles start to decrease at higher altitudes than for the near-field
profiles. Similarly, the transition zone in the profile of the particle linear depolarization ratio
starts at higher altitudes than it would have been observed for a lower vertical smoothing. Both
described effects are worth to be mentioned and should be improved for future studies but can
be neglected for this study as the far-field intensive optical properties usually were cut at an
altitude below which they should be nearly constant anyway.

In addition to the analysis of the aerosol optical properties shown in Fig. 3.4, the integrated
dust and non-dust particle backscatter coefficients as well as the dust fraction were calculated
using the 1-step POLIPHON output of the PollyNET processing chain. For the dust fraction,
deriving the vertical profile of the dust fraction first and determining its layer mean values af-
terwards was considered to be the more precise method rather than dividing the integrated dust
backscatter by the integrated total particle backscatter coefficient, which led to slightly different
results. Concerning the uncertainty of the layer mean and integrated optical properties, it is
worth to mention that for the intensive optical properties and the dust fraction the layer mean
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Figure 3.5: Deviation of the manually-defined layer top height from the automatically retrieved
one obtained from the Fri/Sat cases. The error bars represent the sum of the uncertainty of the
automatically-retrieved and manually-defined aerosol layer top heights.

values of the errors described in Sect. 2.2.4 or derived via the Gaussian error propagation, re-
spectively, were calculated. For the integrated optical properties, the given errors were used and
the Gaussian error propagation was applied to the formula which was used for the integration.
In case of the particle backscatter coefficient, the resulting error is equivalent to a relative error
of 15 % of the integrated property.

3.6.4 Automatized detection of the aerosol layer top height

In the algorithm of Hofer et al. (2020a), the layer top of the uppermost aerosol layer is set at the
height where the far-field particle backscatter coefficient at 532 nm falls below a certain threshold,
i.e., 0.1Mm−1sr−1 for the first time. For the estimation of the uncertainty of the derived height,
the algorithm was applied to a slightly varied threshold of the particle backscatter coefficient
(±15%, which is in agreement with the uncertainty of the particle backscatter coefficient) and
the differences between these heights and the previously derived layer top height were calculated.

As both methods, the visual inspection and the algorithm of Hofer et al. (2020a), strongly
differ in their working principle, differences in the results are expected. However, the results of
the algorithm of Hofer et al. (2020a) generally agree with the results of the visual inspection
as illustrated in Fig. 3.5 showing the automatically retrieved layer top height minus the value
from the visual inspection. The agreement is better from April to December but the automatic
algorithm often slightly overestimates the layer top height with around 200m. In contrast, the
differences between both methods are larger from January to March. The large underestimation
of the layer top height of around 2 km can be explained by the generally low signal in higher
altitudes during northern hemispheric winter due to the comparably small aerosol load in the
lofted layer or between the PBL and the lofted layer. Thus, the signal often had decreased
below the threshold some few hundred meters above the PBL before it increased again due
to the presence of a lofted aerosol layer, which was neglected by the algorithm of Hofer et al.
(2020a). Instead, in the visual inspection, the lofted layer was considered, which led to large
differences in the determined layer top heights. Another reason for the underestimation of the
layer top height by the automatic retrieval was the presence of Cirrus clouds, which sometimes
caused the miscalibration of the particle backscatter coefficient. In these cases, a systematic shift
to negative values was observed for the backscatter coefficient. As a consequence, it dropped
below the threshold already at low altitudes. Cases with miscalibrated profiles were discarded
for the further analysis but are still included in this comparison emphasizing the necessity of
cross checking the automatical retrievals and the output of the PollyNET processing chain. In
the cases, when the layer top height was overestimated (e.g., 18 Mar 2022, 10 Feb 2023), the
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backscatter coefficient showed comparably large values slightly above the threshold value up to
altitudes of around 10 km, maybe due to miscalibration (cirrus cloud on 10 Feb 2022) or noise.
Furthermore, the large error bars of a range up to 4 km range arise from the effects described
before. For instance, on 9 December 2022, the PBL top was detected as layer top height by
the algorithm of Hofer et al. (2020a) although a lofted layer was present. In analogy, on 2 June
2023, the algorithm detected a lofted layer, which could not be identified by visual inspection.
Furthermore, a larger difference between the automatically-derived and manually-defined layer
top height occurred when only the PBL was present because of the different working principle
of both methods. While in the algorithm of Hofer et al. (2020a), the layer top height is set to
heights where the particle backscatter coefficient has already reached low values, i.e., below the
threshold, the PBL top is set in the middle of the transition zone.

3.6.5 Analysis of the cloud occurrence

Although the main focus of this work is on the evaluation of the aerosol conditions over Mindelo,
the occurrence of clouds, especially in the PBL, has turned out to be a fundamental issue with
large impact on the quality of the lidar-derived vertical profiles of the aerosol optical properties.
For this reason, a statistical analysis of the cloud occurrence is presented in addition to the
statistical analysis of the layer mean and integrated aerosol optical properties. Therefore, the
complete two-year data set from July 2021 to August 2023 was considered including daytime
as well as nighttime measurements. Additionally, results are shown for the Fri/Sat nights only
(defined from sunset to sunrise).

The analysis was based on the cloud base heights obtained from the cloud information output
of the PollyNET processing chain, which uses the target categorization v2 described in Sect. 2.3.4.
All time bins of the 30 s resolved temporal measurement for which at least one cloud base height
was detected were flagged as cloudy times. This flagging was applied generally for all cloud base
independent of their height level as well as for the different cloud levels based on the definition
of the World Meteorological Organization (WMO cloud definitions, 2024), i.e., low-level clouds
(cloud base height ≤ 2 km), mid-level clouds (cloud base height > 2 km and ≤ 8 km) and high-
level clouds (cloud base height > 8 km). A day (or a night, respectively) was flagged as cloudy
if any cloudy time bin was detected during that day or night, respectively. This procedure was
repeated for the single cloud level categories separately. For time bins for which low-level clouds
were detected, mid-level and high-level clouds were neglected even if cloud base heights for these
height levels are included in the cloud information output. Similarly, high-level clouds were only
considered for time bins without low-level and mid-level clouds. Due to the strong attenuation
of the lidar signal by liquid water clouds, the results for cloud levels above are not trustworthy.
An example illustrating this aspect is given in Fig. 3.6a showing the target classification v2 for
15 September 2022. During the displayed time from 12–24 UTC, a layer of liquid water droplets
was almost permanently present at around 1 km height. Above, many pixels were obviously
misclassified as likely water droplets or non-typed clouds and cloud bases heights in the mid-
level were derived. Considering this example, it is clear that they are not correct and have to be
neglected. The strong attenuation of the lidar signal by clouds so that higher-altitude clouds may
be not detected when low clouds are present is one major limitation in this analysis. Generally,
noise within the target categorization needs to be considered better in future studies, i.e., single
cloudy pixels within a completely cloud-free surrounding may arose from misclassification and
should be screened out.

Another problem can arise if the cloud base height of the low-level clouds persisting at
around 2 km alternates around the threshold value for classifying the cloud levels. This effect
would lead to a splitting of low-level clouds into different categories so that the occurrence of
low-level clouds is underestimated, while the occurrence of mid-level clouds is overestimated. An
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(a)

(b)

Figure 3.6: Lidar target classification (a) on 15 September 2022, 12–24 UTC, and (b) on 24
September 2022, 0–10 UTC.

example case representing this issue is shown in the target classification v2 for 24 September
2022 in Fig. 3.6b. In this case, the cloud base height was usually slightly below 2 km but between
5:45–9 UTC, cloud base heights slightly above 2 km were detected. Thus, for most time bins
the observed clouds were flagged as low-level clouds but for some time bins they were flagged as
mid-level clouds only because of the choice of the threshold value of 2 km. For future studies, the
representativeness of the chosen threshold value should be discussed. However, for this thesis it
is kept because the cases with low-level clouds occurring in altitudes around 2 km were very rare.
Typically, these low cloud layers occurred at heights significantly lower than 2 km. Thus, the
overestimation of mid-level clouds due to the described effect is assumed to be negligibly small.

3.6.6 Air mass source attribution

To attribute the observed aerosol particles to their emission sources, backward simulations with
the Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT, 2024; Stein et al.,
2015) were calculated. The model is publicly available via the web-based Real-Time Environmen-
tal Applications and Display System (READY; Rolph et al., 2017). The fundamental principle
of HYSPLIT is based on a hybrid approach of a combined Lagrangian-Eulerian methodology.
Single trajectories can be calculated as well as ensemble trajectories. Trajectory ensembles assist
in accounting for the uncertainties in trajectory calculations caused by differences in the initial
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conditions and parameterizations, such as offsets in the meteorological data or atmospheric tur-
bulence.

In combination with HYSPLIT backward trajectories, the fire spot analysis of the Fire Infor-
mation for Resource Managment System (FIRMS; Davies et al., 2009) was used in this study.
This system provides publicly available daily global fire information. The fire product is obtained
from the Moderate-resolution Imaging Spectroradiometer (MODIS; Xiong & Barnes, 2006) on-
board the NASA satellites Terra and Aqua. MODIS uses the strong emission of mid-infrared
radiation from fires to flag pixels if they contain one or more actively buring fires.

37



Chapter 4

Results and discussion

4.1 Two years of lidar observations—an overview

Two years of continuous lidar measurements have been performed at Mindelo and were analyzed
in the framework of this thesis. An overview of the complete measurement period in terms of
(a) the vertically-resolved temporal development of the calibrated attenuated backscatter coef-
ficient at 1064 nm and (b) the volume depolarization ratio at 532 nm between 1 July 2021 and
31 August 2023 is provided in Fig. 4.1. Data gaps within this two-year period were rare and
rather short, except two longer phases, one in May 2022 and one from the end of July to the
beginning of September 2022. Two further data gaps covering a time span of around one week
each can be identified in November and December 2022. The stable availability of lidar mea-
surements provides a good basis for studying the annual cycle of the aerosol in the atmosphere
above Mindelo. This cycle is clearly indicated by the temporal development of the calibrated
attenuated backscatter coefficient and the volume depolarization ratio. Red colors in the lower-
most 1000m of the upper plot represent strong backscattering in the PBL showing only small
annual variability in intensity and extent. During all the time, clouds could be identified at the
top of the PBL, represented by the white color, i.e., very strong backscattering. The volume de-
polarization ratio in the PBL usually was low (blue colors in the lowermost 1000 m of Fig. 4.1b).
On only few days, it exceeded 0.1, e.g., in February 2022. The observed pattern indicate that
mainly spherical particles were present in the PBL. Above the PBL, a lofted aerosol layer was
visible most of the time. Its top height strongly varied with the annual cycle. Beginning at
around 6 km height on 1 July 2021, it decreased to around 3 km height in the time of November
2021–February 2022. Afterwards, an increase in the aerosol layer top reaching a maximum of
around 6 km height before the data gap in July/August 2022 could be seen. After that time, a
similar pattern as described for the previous period was observed. The backscatter strength in
the lofted aerosol layer was rather moderate while the volume depolarization ratio varied from
values up to 0.3 during the months of northern hemispheric summer and fall (June–September)
to values around 0.1 or even less during the months of northern hemispheric winter and spring
(November–March). The larger depolarization during the summer months indicate the presence
of non-spherical particles, i.e., desert dust during that time.

As the figure clearly illustrates, a measurement period capturing two complete annual cycles
of the atmospheric aerosol conditions was the basis for this study. Furthermore, a period repre-
senting a very rare deviation from the typical atmospheric situation is included, namely the time
interval from September to December 2021, when volcanic sulfate originating from the eruption
of Cumbre Vieja at La Palma, Canary Islands, was observed in the PBL above Mindelo. Based
on a case study, this event was described in Gebauer et al. (2024). A detailed investigation of the
atmospheric situation above Mindelo during the complete two years is presented in the following
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Figure 4.1: Temporal development of the height-resolved (a) calibrated attenuated backscatter
coefficient at 1064 nm and (b) the volume depolarization ratio at 532 nm measured with PollyXT

at Mindelo between 1 July 2021 and 31 August 2023.

sections, starting with a statistical analysis of the cloud occurrence in Sect. 4.2. Next, two case
studies are described in Sect. 4.3 contrasting a measurement originating from the mixing season
with a typical example from the dust season. Finally, an in-depth analysis of the annual cycle
by means of the aerosol optical properties obtained from the Fri/Sat nights data set is presented
in Sect. 4.4.

4.2 Cloud occurrence

First, the results of the cloud occurrence for the complete two-year data set are described. They
were obtained following the methodology described in Sect. 3.6.5. Generally speaking, 43 % of
all time bins for which the target categorization is available were flagged as cloudy. A more
detailed overview of the cloud occurrence is given in Fig. 4.2, showing a histogram of cloudy days
including (a) all days within these two years and (b) only the Fri/Sat nights, defined from sunset
to sunrise. For the entire period, 680 days could be included in this evaluation. On 663 days,
i.e., on around 98% of the days, any cloud was detected by the target categorization algorithm,
represented by the black bar. The remaining bars indicate the number of days for which at least
one cloud layer (low-, mid- or high-level clouds) or multiple cloud layers in general independent
from their height level (labelled as "generally" in Fig. 4.2) were detected. Absolute numbers are
given in green. As a subset of these categories, the orange bars show the number of days on
which clouds of only one cloud level occurred. Except for the black bar, which is related to the
complete number of measurement days, the bars indicate the relative occurrence of a certain
cloud type with regard to the cloudy days, i.e., 663 days.

Figure 4.2a reveals significant differences between the number of days on which only one cloud
type occurred and days with clouds at multiple height levels. While days with clouds of only one
height level were very rare with only 0.3–8 %, most of the time, i.e., in 91% of all cloudy days,
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Figure 4.2: Relative frequency of cloud occurrence at Mindelo, July 2021–August 2023, for (a)
all days and (b) the Fri/Sat nights: Number of cloudy days (nights, respectively) related to the
number of measurement days (black bar) and (in green) number of days/nights with low-, mid-
or high-level clouds and mixtures of these types (labelled as "generally") relative to the number
of cloudy days/nights. Number of days/nights with only one cloud level (orange bars, black
numbers).

mixtures were observed. Furthermore, there were differences between the varying cloud levels.
Low-level clouds were more common than mid-level clouds followed by high-level clouds. The
observed pattern may be influenced by the measurement principle of the aerosol lidar. As the
lidar signal is strongly attenuated by clouds, higher clouds often cannot be detected while lower
clouds are present. Thus, the mid-level and even more the high-level clouds may be underrepre-
sented in this study, especially as there was a frequent occurrence of low-level clouds. The great
importance of low-level clouds for the location at Mindelo can be highlighted with this study,
showing that on 98 % of the cloudy days and on 96 % of all measurement days low-level clouds
were present at least once during the day.

In addition to the general overview, Fig. 4.3 provides a monthly-resolved analysis. Again, the
relative numbers of the generally cloudy days refer to the number of all measurement days, while
the relative frequency of occurrence in the height-resolved analysis refers to the cloudy days only.
The data can be regarded as sufficiently large for statistical significance although there is some
variation in the number of measurement days between the single months. Mostly, around 50–60
measurement days per month could be analyzed. Even for the months with data gaps (May and
August), at least 47 days were included. The number of measurement days for July is much
higher than for the other months because it includes three years (2021, 2022 and 2023), while
for the rest only two years were considered.

Overall, the general cloud occurrence did not exhibit an annual cycle. For all months,
almost all measurement days were flagged as cloudy days. Only 17 completely cloud-free days
existed within these two years and were distributed among July, August, September, November,
January and February. A similar pattern was observed for the different cloud-levels. Only the
occurrence of mid-level clouds showed a slight monthly variation. The relative number of days
having mid-level clouds while no low-level clouds were present was larger from May to October.
This temporal development can be explained with this time span covering the main dust sea-
son. As described before and indicated by Fig. 4.1, during the northern hemispheric summer,
geometrically thick lofted layers of Saharan dust particles occur over Mindelo reaching altitudes
of up to 6 km. With mineral dust particles acting as effective INPs, favorable conditions for
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Figure 4.3: For July 2021–August 2023: frequency of occurrence of cloudy days referred to all
measurement days and of days with at least one of the cloud types referred to the number of
cloudy days. Absolute numbers are given additionally.

the formation of mid-level clouds, at the top of the dust layer, seemed to be provided. Instead,
the proportion of high-level clouds is slightly larger in the fall and winter seasons (November–
January) compared to the rest of the year.

To get an impression of the representativeness of the Fri/Sat nights in terms of cloud occur-
rence, another histogram is provided in Fig. 4.2b, similarly to Fig. 4.2a. The patterns of both
histograms generally agree. In all of the 89 measurement nights, clouds were detected. Due to
the reduced number of measurement nights compared to the full data set, no nights with only
mid-level and only one night with only high-level clouds were detected. Another reason for this
observation could be the higher percentage of nights with only low-level clouds, which is around
29 % compared with 8 % for the full data set. In analogy to this finding, the proportion of nights
with mixtures is reduced to 58 % compared with 91 % in the complete two years. Generally,
during the Fri/Sat nights, the relative frequency of occurrence of low-level clouds is much higher,
almost more than double than that of mid- and high-level clouds. These findings might indicate
a larger importance of low-level clouds during nighttime compared with the other cloud levels. A
possible reason could be that during nighttime longer time periods may be covered by low-level
clouds than during daytime. Thus, the remaining cloud levels will be underrepresented more
strongly.

To answer this question, a more detailed analysis of the cloud occurrence beyond the flagging
of complete nights but also considering the amount of time covered by clouds, is provided with
Fig. 4.4. It shows the relative cloudy time per night, i.e., the ratio of cloudy time bins to all time
bins having the target categorization, as gray bars. Furthermore, the relative occurrence time of
at least low-, mid- or high-level clouds referred to the cloudy time is added in colored triangles.
During the analyzed period, there was a large variation of general cloud occurrence. Completely
cloudy nights (cloudy time >95 %) were observed (19 Nov 2021, 7 Jan 2022, 28 Jan 2022, 10 Jun
2022, 8 Jul 2022, 7 Oct 2022, 3 Mar 2023, 7 Apr 2023 – please note that the Friday dates are
given) as well as almost cloud-free ones (cloudy time < 5 %; 14 Jan 2022, 14 Oct 2022). Until
March 2022, more nights with a relative cloud occurrence of < 50% and only few nights with >
70 % existed but no nights with a relative cloudy time in between. Besides that, no general trend
was observable, especially after March 2022. A completely different pattern can be observed if
the different cloud levels are considered. During most of the nights, when clouds were detected,
low-level clouds were present for almost all the time. Instead, mid-level and high-level clouds were
usually completely absent or not detectable due to the permanent occurrence of low-level clouds.
These findings confirm the hypothesis that the reduction of nights with other cloud-levels than
low-level clouds and/or nights with mixtures as discussed in Fig. 4.2b was caused by an under-
estimation of higher clouds. However, no annual cycle could be identified, for the Fri/Sat nights
even less than for the monthly resolved analysis of the entire two years. Anyway, the importance
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Figure 4.4: For Friday nights (July 2021–August 2023): relative cloudy time per night (gray bars)
and relative time for low-, mid- and high-level clouds related to cloudy time (colored triangles).

of low-level clouds for the measurement site at Mindelo was shown. Its higher frequency of oc-
currence for the Fri/Sat cases may be explained by the fact that only nighttime measurements
were considered and emphasizes the importance of low-level clouds especially during nighttime
and especially for the analyzed sub data set.

4.3 Case studies of the different seasons

A first seasonal comparison of the aerosol conditions over Mindelo is presented in a case study
analysis contrasting a measurement obtained during the dust season with one example from the
mixing season. Therefore, two cases were selected from the Fri/Sat nights data set and analyzed
in detail – 26 November 2021 and 4 August 2023. These examples were chosen to represent
the common aerosol conditions during both seasonal regimes. However, for the mixing season,
no typical situation exists as the variation in the occurrence and structure of aerosol layers was
large. This statement is in agreement with the findings from SAMUM–2a, showing complex
aerosol structures and aerosol mixtures during the mixing regime. Thus, the chosen example
represents a common situation but it is not the only situation that was observed during northern
hemispheric fall and winter. Instead, during the dust regime, most of the cases, from which this
example was selected, were quite similar.

4.3.1 General overview

The corresponding vertically-resolved temporal development of the calibrated attenuated backscat-
ter coefficient at 1064 nm and the volume depolarization ratio at 532 nm are shown in Fig. 4.5
for both cases. During both nights, a similar vertical aerosol layering consisting of the PBL
and a lofted layer of aerosol was present. However, the extent of the PBL was slightly larger at
the beginning of the displayed time period for 4 August (up to 1 km height at 18 UTC slightly
decreasing to 0.7 km height at 24 UTC) than on 26 November (PBL top all the time around
0.6–0.7 km height). The lofted layer reached up to 3 km height on 26 November, 18 UTC, and
expanded up to 3.4 km height at 24 UTC. On 4 August, aerosol particles were present up to
more than 5 km height. While on 26 November at some times, small clouds could be identified in
the PBL (red spots in Fig. 4.5a above which the signal suddenly strongly decreases), the period
from 18–24 UTC on 4 August was completely cloud-free. Another difference between both cases
is that on 26 November, the PBL transited directly to the lofted layer of aerosol while on 4 Au-
gust, the PBL and the lofted layer were clearly separated by a zone of relatively low backscatter
signal. Furthermore, the volume depolarization ratio (Figs. 4.5c and d) strongly differed between
both cases. Generally, it was much lower on 26 November than on 4 August. This contrast is
valid for the PBL, where the depolarization ratio was almost zero on 26 November but slightly
higher with up to 0.1 on 4 August, and especially for the lofted layer. On 26 November, the
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26 November 2021 4 August 2023

(a) (b)

(c) (d)

Figure 4.5: Vertically-resolved temporal development of the attenuated calibrated backscatter
coefficient at 1064 nm and the volume depolarization ratio at 532 nm between 18–24 UTC on
26 November 2021 (left panels) and 4 August 2023 (right panels). The time periods for which
vertical profiles of the aerosol optical properties were derived are indicated by the red rectangles.

volume depolarization ratio hardly exceeded 0.1 in the lofted layer and notably decreased with
increasing altitude, whereas on 4 August, high values from 0.15 to more than 0.2 were observed
among the lofted aerosol layer. The described findings indicate that on 4 August non-spherical
particles were present in the lofted aerosol layer and that the PBL was not completely free of
non-spherical particles as it seemed to be the case on 26 November. However, non-spherical
particles in the lofted layer were also present on 26 November.

As the calibrated attenuated backscatter coefficient shown in Figs. 4.5a and b is not cor-
rected for atmospheric attenuation and does not allow a quantitative comparison of the backscat-
ter strength between both cases, vertical profiles of the aerosol optical properties were derived.
Therefore, the lidar signal was averaged over a 1 h period each: 21:03–22:03 UTC on 26 November
2021 and 21:02–22:02 UTC on 4 August 2023. In both cases, the profiles are cloud-free according
to the target classification v2. Selecting these examples for the case study, special attention was
paid to provide the nearly complete set of aerosol optical properties at all wavelengths. For the
case of the mixing season, only measurements from the 1064 nm channel are missing, while the
example for the dust regime captures one of the rare retrievals having the particle backscatter
coefficient and the particle linear depolarization ratio at 1064 nm additionally to the wavelengths
of 355 and 532 nm. The vertical profiles are shown in Fig. 4.6. On 4 August, the lowermost
200 m of the near-field and the lowermost 400m of the far-field backscatter-related properties,
respectivley, had to be neglected due to a technichal artefact at these heights. The same artefact
was observed in multiple other cases.

4.3.2 Definition of the aerosol layer heights

The boundaries of the aerosol layers were defined by visual inspection and the automatic retrieval
of the aerosol layer top height was applied (both as described in Sects. 3.6.2 and 3.6.4). In both
cases, the PBL top was defined to be at around 0.7 km. On 4 August, the near-field particle
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(a)

(b)

Figure 4.6: Automatically-retrieved vertical profiles of the aerosol optical properties measured
with PollyXT at Mindelo, Cabo Verde, on (a) 26 November 2021, 21:03–22:03 UTC, and (b)
4 August 2023, 21:02–22:02 UTC. From the left to the right, the particle backscatter and ex-
tinction coefficients, the lidar ratio the backscatter- (bsc) and extinction- (ext) related Ångström
exponents and the particle linear depolarization ratio are displayed for the available wavelengths.
The errors used for the error bars are described in Sect. 2.2.4.

backscatter coefficients reach their minimum at around 1 km height. However, the smaller PBL
top height of 0.7 km was chosen because it is the middle of the transition zone. Although on
4 August, two peaks in the profiles of the particle backscatter and extinction coefficients can
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be identified at around 2.6 and 5 km, respectively, the lofted aerosol layer was defined as one
homogeneous layer reaching from 1.3 to 6.2 km because the intensive aerosol optical properties
were nearly constant within this height range. Instead, on 26 November, a monotonic change
with height was observed for the particle linear depolarization ratio and the backscatter-related
Ångström exponent in the lofted aerosol layer, as already indicated by the color plot of the volume
depolarization ratio. While there was only small vertical variation in the lidar ratio, the particle
linear depolarization ratio strongly decreased with height in the lofted layer. In contrast, the
backscatter- and extinction-related Ångström exponents partly increased with height in the lofted
layer. Based on the structure of the particle backscatter coefficient and mainly the backscatter-
related Ångström exponent, the lofted layer observed on 26 November was divided into three
sublayers. The first sublayer was defined from 1.1 to 1.7 km with a nearly constant backscatter-
related Ångström exponent < 0. The second sublayer was defined between 1.9 and 3.9 km,
because the backscatter-related Ångström exponent increased to positive values before it was
nearly constant at around 1 between 4 and 4.4 km height. Therefore, this height range was
considered as a separate sublayer although it is almost negligible due to the very low values
of the particle backscatter and extinction coefficients. Furthermore, the layer mean values of
the lidar ratio and the extinction-related Ångström exponent are missing for this sublayer as
the corresponding profiles were cut below that height due to strong noise. With the automatic
algorithm of Hofer et al. (2020a), layer top heights of 4.4±0.05 and 6.7±0.05 km were retrieved for
26 November and 4 August, respectively. While the first fits exactly with the manually-defined
layer top height, in the dust case, the automatically-retrieved layer top height is determined
around 0.5 km higher than the manually-defined upper boundary of the lofted layer. Based on the
particle linear depolarization ratio and the particle backscatter coefficient, aerosol was present
up to a height of 6.7 km. However, above 6 km, the backscatter-related Ångström exponent
between 355 and 532 nm strongly differed from the rest of the layer and the particle linear
depolarization ratio at 355 and 532 nm already started to decrease at heights just below 6 km.
Thus, the manually-defined upper boundary of the lofted layer seems to be more reasonable
for the purpose of calculating layer mean values of the aerosol optical properties, while the
automatically-retrieved layer top height might be the better approach for finding the highest
heights, where aerosol particles were detected.

4.3.3 PBL

The corresponding layer mean and integrated aerosol optical properties for these case studies
are given in Tab. 4.1. In the PBL, the backscattering was less in the mixing case than in the
dust case, with values of the integrated particle backscatter coefficient of around 1.5× 10−3 sr−1

(355 and 532 nm) compared with around 5.5× 10−3 sr−1 (355, 532 and 1064 nm). Similarly, the
AOD in the PBL was as low as 0.08 (355 and 532 nm) on 26 November and almost double on 4
August. Concluding from the small values of the AOD as well as the layer mean particle linear
depolarization ratio of < 0.04 (at 355 and 532 nm), the presence of Saharan dust in the PBL
can be excluded for 26 November. However, also no clean marine conditions existed indicated
by the high layer mean lidar ratio of 48–57 sr (355 and 532 nm) indicating the presence of rather
absorbing aerosol particles e.g., pollution-related or smoke. However, the low layer mean values of
the Ångström exponent < 1.0 contradict this hypothesis. In case of pollution or smoke, values of
> 1.0 are typical (Floutsi et al., 2023). Considering the date of this case, the presence of volcanic
sulfate originating from La Palma could be possible. Although the layer mean lidar ratio was
somewhat smaller than in the case study of 24 September 2021 (Gebauer et al., 2024), where
layer mean values > 60 sr were reported for the wavelengths 355 and 532 nm, the layer mean
values of the backscatter-related Ångström exponent were identical in both cases (0.4±0.5 on 26
November vs. 0.42±0.52 on 24 September). Using HYSPLIT backward trajectories (Fig. 4.7a),
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Table 4.1: For the case study of 26 November 2021 and 4 August 2023: Geometric information
about the PBL and the lofted layer as well as layer mean and integrated values of the aerosol
optical properties as described in Sect. 3.6.1. The uncertainties were obtained as described in
Sect. 2.2.4 and are neglected for the AOD, for which they were always smaller than 0.001. If
the uncertainty exceeds the physically possible values, the range of possible values is given in
brackets.

Date 26 Nov 2021, 21:03–22:03 UTC 4 Aug 2023, 21:02–22:02 UTC
Layer top [km] 4.4±0.05 6.7±0.05
Layer PBL lofted 1 lofted 2 lofted 3 PBL lofted
Height [km] 0–0.7 1.1–1.7 1.9–3.9 4–4.4 0–0.7 1.3–6.2

Extensive aerosol optical properties and microphysical properties

Integrated particle backscatter coefficient [10−3 sr−1]

355 nm 1.7±0.3 0.5±0.08 1.8±0.3 0.09±0.01 5.7±0.9 7.5±1.1
532 nm 1.4±0.2 0.6±0.09 1.7±0.3 0.06±0.01 5.3±0.8 8.4±1.3
1064 nm - - - - 5.3±0.8 8.5±1.3

Aerosol optical depth

355 nm 0.08 0.03 0.13 <0.01 0.17 0.41
532 nm 0.08 0.03 0.07 <0.01 0.166 0.39

Dust fraction

355 nm <0.01 0.57±0.09 0.17±0.03 <0.01 0.08±0.01 0.90 (0.76–1.0)
532 nm 0.01±0.001 0.54±0.08 0.21±0.03 <0.01 0.17±0.03 0.81±0.12
1064 nm - - - - 0.15±0.02 0.91 (0.77–1.0)

Intensive aerosol optical properties and microphysical properties

Lidar ratio [sr]

355 nm 48±8 58±9 74±14 - 27±4 56±13
532 nm 57±12 42±7 41±12 - 29±5 46±11

Ångström exponent (b:backscatter related, e: extinction-related)

b 355/532 0.4±0.5 -0.3±0.5 0.2±0.5 1.0±0.5 0.2±0.5 -0.3±0.5
b 532/1064 - - - - -0.1±0.3 0.0±0.3
e 355/532 -0.1±0.4 0.5±0.2 1.2±0.4 - -0.1±0.2 0.2±0.4

Particle linear depolarization ratio

355 nm 0.02±0.02 0.15±0.02 0.07±0.02 0.01 (0–0.03) 0.06±0.02 0.22±0.02
532 nm 0.04±0.01 0.18±0.01 0.10±0.01 0.02±0.01 0.09±0.01 0.26±0.01
1064 nm - - - - 0.08±0.01 0.23±0.01

the presence of aerosol mixtures containing smoke could be feasible as some of the trajectories
of the ensemble crossed Guinea, where a strong fire activity was observed during that time as
indicated by the FIRMS product. Apart from that, the trajectories mainly accumulated over
the Atlantic Ocean between Cabo Verde and the Canary Islands from which possibly volcanic
sulfate could have been advected. However, the lower lidar ratio and the small AOD suggest a
mixture of marine aerosol and smoke. In contrast, on 4 August, the presence of Saharan dust in
the PBL was likely. The layer mean lidar ratio of 27–29 sr (355 and 532 nm) and the layer mean
particle linear depolarization ratio of 0.06–0.08 (355, 532 and 1064 nm) indicate a mixture of dust
and marine particles (Floutsi et al., 2023). The calculated layer mean dust fraction of 0.08–0.15
(355, 532 and 1064 nm) confirms a low amount of dust mixed into the marine PBL. The layer
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240-Hour Backward Trajectories ending 22 UTC on 26 Nov 2021 at Mindelo
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Figure 4.7: 10-days backward ensemble trajectories from HYSPLIT arriving at Mindelo (black
star) on 26 November 2021, 22 UTC, at (a) 0.4 km, (c) 1.4 km, (e) 2.5 km and (g) 4.2 km and on
4 August 2023, 22 UTC, at (b) 0.4 km, (d) 2.7 km, (f) 3.6 km and (h) 5 km. MODIS fire activity
(left panels: 16–26 November 2021, right panels: 26 July–4 August 2023) visualized by red dots
(FIRMS, 2024, firms.modaps.eosdis.nasa.gov, last access: 2 May 2024).
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mean values of the backscatter- and extinction-related Ångström exponents were around zero
and, thus, lower than the values reported in literature (Floutsi et al., 2023), but within the range
of an acceptable uncertainty for a dust-marine-mixture. Considering the HYSPLIT backward
trajectories for the PBL on 4 August (Fig. 4.7b), the advection of desert dust is likely as they
crossed the west coast of Morocco and Western Sahara.

4.3.4 Lofted aerosol layers

Concerning the lofted aerosol layers, a clear dominance of Saharan dust was seen on 4 August as
indicated by the large layer mean dust fraction of 0.81–0.91 (355, 532 and 1064 nm). Furthermore,
the layer mean lidar ratio of 45–56 sr (355 and 532 nm) was in a typical range for desert dust
(Floutsi et al., 2023). The wavelength dependence of the aerosol optical properties confirms the
presence of Saharan dust. The higher layer mean lidar ratio of 56±13 sr at 355 nm in contrast
with 46±11 sr at 532 nm is in agreement with Veselovskii et al. (2020) indicating specific source
regions in the Saharan desert. These are the regions in the northwestern Sahara around Algeria,
Mauretania and Senegal as HYSPLIT backward trajectories (Fig. 4.7d) revealed. In addition, the
layer mean particle linear depolarization ratio decreased from 0.26±0.01 at 532 nm to 0.23±0.01
at 1064 nm, i.e., a relative decrease of 12 %, which is in line with measurements at Morocco and
Leipzig, Germany (Freudenthaler et al., 2009; Haarig et al., 2022), where a relative decrease of 13–
31 % was observed for dust from the same source regions. The layer mean values of the Ångström
exponent on 4 August 2023, which are around zero, fit well with what is known for Saharan dust
from literature (Veselovskii et al., 2020; Floutsi et al., 2023). Generally, the intensive aerosol
optical properties in the lofted aerosol layer did not vary with height on 4 August. This structure
is in agreement with backward trajectories for different arrival heights covering the same areas
in the northwestern Sahara (Figs. 4.7d, f and h). This geometrically thick dust layer caused an
AOD of around 0.39–0.41 (355 and 532 nm). This is more than double than what was observed
for the lofted layer on 26 November.

Generally, the lofted layer of the case of the mixing season strongly differed from the lofted
layer of the dust case. Although the main contrasts are the smaller vertical extension and the
large vertical inhomogenity on 26 November leading to a dissection into three sublayers, the lofted
layer on that day also had a much lower aerosol load represented by an AOD of only 0.1 and
0.17 (355 and 532 nm). In terms of the aerosol load, the lowermost and the uppermost sublayer
had a negligibly small contribution. As the intensive aerosol optical properties strongly differed
between the sublayers, it is indeed necessary to consider them separately. For the lowermost
sublayer, a notable contribution of dust was observed, expressed by the layer mean dust fraction
of 0.54–0.57 (355 and 532 nm). The layer mean values of the Ångström exponents and the lidar
ratio were in a similar range like for the lofted layer on 4 August, although the lidar ratio on
26 November exhibited a larger wavelength dependence with layer mean values of 58±9 sr at
355 nm (slightly larger than on 4 August) and 42±7 sr at 532 nm (slightly smaller than on 4
August). Together with the high layer mean particle linear depolarization ratio of 0.15±0.02 and
0.18±0.01 (355 and 532 nm), the presence of dust mixed with smoke is likely. HYSPLIT backward
trajectories (Fig. 4.7c) confirm that a mixture of Saharan dust and smoke was observed. The large
contribution of dust becomes evident as the trajectories mainly accumulated over Mauretania
and northern Mali. Later on, they crossed Guinea and western Mali, regions for which a strong
fire activity was recorded. In contrast, in the central sublayer, the contribution of dust decreased
while the contribution of smoke increased, represented by the smaller layer mean particle linear
depolarization ratio of 0.07–0.1 (355 and 532 nm) and the changes in the Ångström exponent and
the lidar ratio. The latter exhibited a much larger wavelength dependence in the second sublayer.
While a slight decrease to 41±12 sr at 532 nm was observed, the layer mean lidar ratio at 355 nm
strongly increased to 74±14 sr. This spectral dependence is typical for dust-smoke mixtures
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(Tesche et al., 2011a; Veselovskii et al., 2020; Floutsi et al., 2023). Another indicator for the
presence of small, absorbing particles, i.e., smoke, is the extinction-related Ångström exponent
between 355 and 532 nm, which strongly increased to a layer mean value of 1.2±0.4. Instead,
the backscatter-related Ångström exponent between 355 and 532 nm strongly varied with height
starting at around -0.3 at the bottom of this sublayer increasing to around 0.3 at its top. This
increase, in combination with the particle linear depolarization ratio decreasing with height in the
second sublayer, points to an increasing contribution of smoke and a decreasing contribution of
dust with increasing height. Generally, the larger smoke and smaller dust contribution compared
with the lowermost sublayer is confirmed by the trajectory analysis (Fig. 4.7e) showing still some
trajoctories crossing over Mauretania and northern Mali but for some trajectories also a change
towards a more easterly advection of air masses along the complete fire belt (cf. FIRMS fire spots
in Fig. 4.7e) from Chad and Nigeria over the countries at the southern coast of West Africa. For
higher arrival heights of the trajectories (Fig. 4.7g), the advection of air masses from the Saharan
desert vanished while the trajectories still partly crossed the fire regions but were shifted to the
south, where they mostly passed over the south coast of West Africa and the adjacent Atlantic
Ocean. This pattern explains the missing contribution of dust in the uppermost sublayer (particle
linear depolarization ratio close to zero). Instead, the backscatter-related Ångström exponent
between 355 and 532 nm strongly increased to a layer mean value of 1.0±0.5, pointing to the
contribution of small absorbing smoke particles.

4.3.5 Summary

To summarize, the presented case studies for the dust regime and the mixing regime strongly
differed from each other. For the mixing case the total columnar lidar-derived AOD was 0.18 and
0.24 at 355 and 532 nm, respectively, with an only slightly higher contribution of the lofted layer
(around 55–67 %). In contrast, the total AOD for the dust case was much higher with values of
0.55 to 0.58 at 355 and 532 nm and a larger contribution of the lofted layer (around 71 % at both
wavelengths). These findings fit well with the AERONET sun photometer measurements for
which a total columnar AOD of around 0.2 to 0.3 at 340–500 nm and around 0.5 at 340–440 nm
on 26 November and 4 August, respectively, was recorded for the latest daytime measurements
during these days and the first daytime measurements of the following days, each. On both days,
the lofted layers represented the typical conditions, which were observed during SAMUM–2 with
a geometrically and optically thick layer of Saharan dust during northern hemispheric summer
and a dust-smoke-mix and a more complex vertical structure during northern hemispheric winter.
While for the PBL on 26 November 2021 the existing aerosol types could not be distinctly
classified, the PBL contaminated with some Saharan dust on 4 August 2023 is in contrast with
the findings from SAMUM–2b. During that campaign, the typical situation was a clean marine
PBL. If this difference arose from the inner-annual difference of both measurement periods (mid
of May–mid of June for SAMUM–2b and 4 August for this case study) or may be explained by
inter-annual variation will be discussed in Sect. 4.4. In the same section, the representativeness
of the presented cases for the complete dust and mixing seasons will be discussed. Therefore, it
is necessary to define in a first step the rough time frame of these seasons. In this context, the
temporal evolution of the aerosol optical properties will be analyzed in detail.

4.4 Analysis of the annual cycle of aerosol optical properties

4.4.1 Aerosol layer top height

In this section, the temporal development of the aerosol conditions over Mindelo is presented
based on the methods introduced in Sects.3.3–3.6.4 using one lidar profile for each Fri/Sat night.
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Figure 4.8: Aerosol layer top height (automatically-retrieved) for the Fri/Sat cases. Manually-
defined layer top heights are given in red for cases with missing automatic results. The origin
of the errors used for the error bars is described in Sect. 3.6.1. Seasonal mean values and their
standard deviation plus the seasonal mean error are given as numbers.

Figure 4.8 provides the annual evolution of the aerosol layer top height for the Fri/Sat cases
obtained from the automatic retrieval described in Sect. 3.6.4. The colors blue, green and orange
indicate the years from which the measurement points originate. In 2022, the entire year could
be covered, while the data points of the years 2021 and 2023 range from July to December
and from January to August, respectively. Additionally, the layer top heights manually-defined
by visual inspection for the cases having no particle backscatter coefficient at 532 nm (i.e., no
automatically-retrieved layer top height) are included in red. Seasonal mean values for DJF,
MAM, JJA and SON, not considering the manually-defined values, are added as numbers. Their
uncertainty includes the temporal mean of the errors of the single data points (mean of upper
and lower error bar due to their asymmetry) as well as the temporal standard deviation of the
mean layer top heights. First, the seasonal means and standard deviations of the single years
were calculated before both were averaged over the different years. Two outliers in the error
bars are remarkable. On 9 December 2022, the PBL top was detected as layer top height when
the defined threshold of 0.1Mm−1sr−1 for the particle backscatter coefficient at 532 nm was used
while a lofted aerosol layer was present above. The latter was then recognized using the lower
backscatter threshold value (0.085Mm−1sr−1) for the error calculation, i.e., on that day, the
correct layer top height is not represent by the given data point but by the endpoint of the upper
error bar. In analogy, on 2 June 2023, the inverse effect was observed with the higher threshold
value (0.115Mm−1sr−1) detecting the PBL top instead of the top of the lofted aerosol layer. In
that case, the data point represents the layer top height correctly.

Concerning the temporal evolution of the layer top height, from May to December, a
clear annual cycle with low short-term variability was observed. In the months before, more
fluctuation was present. The larger variability from January to April can be partly explained
with the automatic algorithm performing worse during that time than during the rest of the
year (cf. Sect. 3.6.4). However, there was also slightly more variability in the layer top height
from January to April. Considering the occurrence of more diverse aerosol structures during
SAMUM–2a, i.e., during January and February of one specific year, the larger variability of the
layer top height observed at Mindelo between January and April is reasonable. The mean aerosol
layer top height for DJF was 3.0±1.9 km. For the MAM-period a mean value of 3.5±1.4 km was
calculated. From May onwards, the layer top heights started to increase from values around
4 km height to values of 6–7 km height during July. From August onwards, the layer top height
decreased again and droped below 4 km in October, reaching a minimum of < 1 km in the first half
of December. Afterwards, an increase to layer top heights of around 2 km was observed. Seasonal
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mean values for JJA and SON are 5.7±0.8 km and 4.5±1.3 km, respectively. The measurements
analyzed here suggest the main period of the dust regime to be in July, when the highest layer
top heights at around 6 km were detected. The results discussed here give a quantified measure
of the aerosol layering above Mindelo and, thus, confirm and, therefore, mature the qualitative
impression provided in Fig. 4.1.

4.4.2 Geometrical and optical layer properties

In Fig. 4.9, (a) the occurrence and extent of the single aerosol layers and (b) the layer-resolved
AOD are presented. The PBL reached from 400 to 500m up to heights of around 2 km. The
largest values were observed between October and April. In these cases, often no lofted aerosol
layer was present. However, during this time of the year, the variation of the PBL height was
large and also low PBL top heights of approximately 400m occurred. During northern hemi-
spheric summer, the top height of the PBL was mainly in the range of 700m up to around 1 km.
The top height of the lofted layer distinctly increased during northern hemispheric spring and
summer and was usually lower in northern hemispheric fall and winter. Generally, the lofted layer
was geometrically thicker during northern hemispheric summer having an extent of up to 4 km.
During northern hemispheric fall and winter, shallow low lofted layers of around 1 km extent
were observed in addition to thick lofted layers of around 4 km extent. Occasionally, there was
not even a clearly separated lofted layer. In some cases, the lofted layer was split into different
sublayers, similarly to the case of the mixing season presented in Sect. 4.3. This is valid for 29
measurements, which are distributed all over the complete annual cycle. In four of these cases
(26 Nov 2021, 9 Sep 2022, 14 Oct 2022, 9 Jun 2023), three sublayers were defined, while in the
other 25 cases, they were split into two sublayers. Multiple lofted layers, which were distinctively
separated from each other, were only observed on 13 and 27 January 2023. Furthermore, shallow
layers of dried marine aerosol directly above the top of the PBL but separated from the lofted
layer were observed especially during northern hemispheric summer, e.g., on 12 August 2023.

Besides the geometrical thickness of the layers, the layer-resolved AOD at 532 nm was cal-
culated from the lidar-derived extinction profiles and is shown in Fig. 4.9b together with the
columnar AOD at 500 nm from AERONET. As the sun photometer measurements exist only for
daytime and the lidar-derived AOD was derived during night, the latest AERONET measure-
ment from the day before was averaged with the first measurement of the day after. If only one
of both measurements was available, either the latest data point from the evening or the first
data point from the morning was taken as reference. To provide as much homogenity as possible,
level 1.5 data were used, as the level 2 data were only available until 14 March 2023. However,
level 1.5 data at 500 nm were not available from 21 April 2023 onwards as well. For the period
from 21 April–12 August 2023, the average of the AERONET AOD at 440 and 675 nm was used
for the comparison. In most cases, the AERONET AOD totally agreed with the sum of the layer
AODs derived from the lidar measurements. Large deviations between both methods with larger
AERONET AODs were observed for the first five cases, which can be explained by the missing
AOD of the PBL due to missing near-field profiles at 532 nm on these dates. Furthermore, hav-
ing a larger AERONET AOD compared with the lidar-derived one was expected as the visual
inspection for the definition of the layer boundaries was kept quite conservative. Thus, in some
cases, a few meters at the bottom and the top of the aerosol layers were neglected as well as
the transition zones between the different layers. In contrast, in the AERONET AOD the total
atmospheric column was considered. Observed differences between the lidar-derived AOD and
the AERONET AOD can be also attributed to the rapidly changing aerosol conditions between
the different measurement times (nighttime vs. daytime). This was the case on 12 August 2023,
when the AERONET AOD was about 0.25 larger than the total lidar-derived one. The latter,
characterizes the atmosphere around 1 UTC in the morning, while the AERONET AOD is from
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Figure 4.9: Time series of the Fri/Sat cases including (a) the PBL height and the occurrence
of lofted layers and (b) the layer-resolved lidar-derived AOD at 532 nm in comparison with the
columnar AOD from AERONET.

11:30 UTC, when the lofted aerosol layer was of larger intensity. AERONET data for the day
before (11 August) are not available. The general agreement of both methods to derive the AOD
emphasizes the validity and representivity of the selected cases while the lidar measurements
allow a layer-resolved evaluation of the AOD.

Concerning the temporal development of the total and the layer-AOD, a large annual vari-
ation can be identified. Large total AODs up to values of around 0.5 and 0.6 were observed
in June–July 2022 and in July–August 2023, respectively. In these periods, the contribution of
the lofted layers to the total AOD was usually at least 50 %. Furthermore, an agreement with
the layer thickness was found, i.e., during these summer months, the observed lofted layers were
geometrically and optically thick. The opposite was observed in the spring season, both, in 2022
and 2023, when geometrically thick lofted layers (extending up to 4 km) caused only small values
of the AOD (usually <0.1). During November–February, the total AOD of <0.1 up to around
0.3 was generally lower and the contribution of the lofted layer was usually smaller than the
one of the PBL compared with June–August. However, single outliers were observed, e.g., on
24 February 2023, when the total AOD was around 0.55. A lofted aerosol layer of around 4 km
extent having an AOD of around 0.33 was present. Another outstanding pattern was observed in
September/October 2021, when the total AOD reached comparably high values up to 0.9 driven
by a large contribution (60–80 %) of the PBL. This anomaly was caused by the volcanic eruption
at La Palma, Canary Islands as described in Gebauer et al. (2024) by means of a case study
analysis. The evening of 24 September represents the largest AOD of all analyzed Fri/Sat cases
with a value of 0.88 at 532 nm. Additionally to that case, the volcanic influence was evident for
at least two more dates: 1 and 15 October 2021. The presence of volcanic sulfate in the PBL
is also indicated by the high layer mean values of the lidar ratio at 532 nm (Fig.A.2b), which
ranged from around 49 sr on 1 October to > 60 sr on 24 September and 15 October while the
layer mean particle linear depolarization ratio (Fig. A.2f) was close to zero. Apart from that,
layer mean values of the lidar ratio of up to 60 sr were only observed on 26 November 2021 (still
period of volcanic activity) and around the beginning of January 2022 in combination with a
higher layer mean particle linear depolarization ratio of around 0.1 indicating the presence of
polluted dust.
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Figure 4.10: Time series of the Fri/Sat cases including (a) the dust fraction at 532 nm for the
PBL and the lofted layers and (b) the integrated dust backscatter at 532 nm for the lofted layers.

4.4.3 Dust fraction and integrated dust backscatter coefficient

The layer mean dust fraction, displayed for 532 nm in Fig. 4.10a, is a major property allowing
us to characterize the dust occurrence in the aerosol layers presented in the previous section.
For the PBL, the layer mean dust fraction observed was negligibly low for most of the cases
and, thus, we conclude that dust was not present in the PBL for most parts of the evaluated
period. A higher dust fraction in the PBL with layer mean values up to 0.5 was found between
31 December 2021 and 18 March 2022 as well as during September 2022 and on 23 December
2022. Especially during the period December 2021–March 2022, the dust fraction of the lofted
layer was comparably small and in a similar range as for the PBL. These findings indicate a low
dust content in the lofted layers during winter and spring, furthermore supported by the small
values of the integrated dust backscatter coefficient (Fig. 4.10b), and the mixing of the dust down
into the PBL. In contrast, during summer, the dust contribution was clearly separated between
the PBL and the lofted layer with almost no dust in the PBL and dust fractions up to 0.9 in
the lofted layer. However, due to the assumption of the dust particle linear depolarization ratio
of 0.31 in the POLIPHON algorithm (Tesche et al., 2009), the layer mean dust fraction hardly
exceeded 0.9 even in the summer months, i.e., June–August, when largest dust fractions were
observed. Usually, they were in the range of 0.7–0.9. A value of 0.82 was found as the 90th
percentile (horizontal line in Fig. 4.10a). In these periods, the integrated dust backscatter partly
increased up to 0.009 sr−1. The annual cycle of the dust fraction with higher layer mean values
in the summer months than in the winter months originates from the temporal development of
the particle linear depolarization ratio (Fig.A.2e and f) showing high layer mean values >0.2
during summer and low layer mean values around 0.1 during winter for the lofted layer as well as
low layer mean values close to zero in summer and high layer mean values around 0.1 in winter
for the PBL. In all cases, the layer mean particle linear depolarization ratio was larger at 532 nm
compared with 355 nm. This finding is in agreement with the spectral dependence as known
from literature for the typical aerosol types at Mindelo, i.e., Saharan dust, dust-smoke-mixtures
and marine aerosol (Tesche et al., 2011a; Floutsi et al., 2023).
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Figure 4.11: Monthly mean particle linear depolarization ratio vs. monthly mean lidar ratio
(both at 532 nm) for the PBL and the lofted layer (unfilled and filled circles, respectively) based
on the Fri/Sat cases. The error bars include the monthly mean error (described in Sect. 3.6.1)
plus the standard deviation (temporal variability).

4.4.4 Lidar ratio and particle linear depolarization ratio

The measured lidar ratio (Fig. A.2a) followed an annual cycle, in consistency with the annual
cycle of the dust fraction in the lofted layer. During northern hemispheric summer, layer mean
values of around 40–60 sr usually were observed at 355 and 532 nm. From October onwards,
an increase in the lidar ratio at 355 nm and in the wavelength dependence could be identified.
Especially during winter 2022/2023, layer mean values of the lidar ratio of around 70–80 sr were
reached at 355 nm while the layer mean lidar ratio at 532 nm was around 40 sr. In combination
with the lower layer mean values of the particle linear depolarization ratio around 0.1, the
observed pattern was typical for a mixture of dust and smoke particles.

Creating a 2D space of the lidar ratio and the particle linear depolarization ratio allows
a more concrete evaluation of the temporal behavior of the several aerosol types present in the
different aerosol layers, as shown in Floutsi et al. (2023). In Fig. 4.11, it is shown for 532 nm
including data points for the PBL (unfilled circles) and for the lofted aerosol layers (filled circles).
The original data were averaged over the single months of the several years. The corresponding
time series of these monthly mean values for the single layers can be found in Fig. A.3. From
June to September, the monthly means of the layer mean particle linear depolarization ratio of
the lofted aerosol layers were always > 0.2 while the corresponding lidar ratio was around 40 sr
(cf. gray dashed rectangle in Fig. 4.11 labelled as "dust cluster lofted layer"). In consistency
with the assumptions made for the lidar target classification (Baars et al., 2017), a particle linear
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depolarization ratio > 0.2 represents dust particles. However, the observed depolarization ratio
was mostly small compared to the values prevalent in literature. According to Floutsi et al.
(2023), Saharan dust typically shows a particle linear depolarization ratio > 0.25, which was
seen in the study presented here only for the monthly mean values of June 2022 and August
2023 (cf. Fig.A.3h). However, Saharan dust as the main contributor can be still identified for
the described lofted layers analyzed in the study presented here, confirmed by a dust fraction
> 60 % (cf. Fig. A.3b). Instead, for the lofted aerosol layers from November to January, the
monthly mean particle linear depolarization ratio varied between 0.05–0.15 while monthly mean
values of the lidar ratio of around 40 sr and up to 60 sr were observed. However, the findings
indicate a mixture of dust and smoke particles (Tesche, 2011; Tesche et al., 2011a). Small monthly
mean particle linear depolarization ratios were also found for the lofted layers of March—both
in 2022 and 2023. In contrast, the only existing monthly mean data point for the lofted layers
of February (2022) had a particle linear depolarization ratio of around 0.18 and a lidar ratio of
around 60 sr caused by the presence of two days with occurrence of dust (4 and 25 February
2022). These observations cannot be contextualized as the number of measurements is generally
limited and often either the particle linear depolarization ratio or the lidar ratio is missing at
532 nm for this time of the year. For the months April, May and October, the monthly mean
values of the particle linear depolarization ratio and the lidar ratio in the lofted layers varied
between 0.15–0.25 and 30–50 sr, respectively, indicating that pure dust as well as dust-mixtures
occurred during that time of the year. The data points showing a monthly mean particle linear
depolarization ratio > 0.2 occurred in April, May and October 2022 and may point to a longer-
lasting dust season during that year compared with 2021 and 2023. However, a clear main dust
season with dust occurrence in the lofted aerosol layer ranging from June to September could
be identified based on Fig. 4.11 as well as an explicit mixing season with dust-smoke-mixtures
in the lofted layers covering the months November to January. Considering the data point of
February 2022 as an outlier, the mixing season might extend until March as indicated by the
monthly mean data points for March originating from two different years.

In contrast to the lofted layers, the monthly mean particle linear depolarization ratio in the
PBL was usually < 0.05 while the lidar ratio was in the range of 20–40 sr. These are typical
values for (clean) marine conditions. Higher monthly mean lidar ratios in this cluster of low
depolarization ratios were observed for September–November 2021. In all these cases, the lidar
ratio reached monthly mean values around 50 sr. The high values in fall 2021 coincided with
the volcanic eruption at La Palma and can be attributed to volcanic sulfate (Gebauer et al.,
2024). A second cluster of monthly mean data points of the PBL can be found with particle
linear depolarization ratios between 0.07 and 0.1. The monthly mean lidar ratio in these cases
ranged from 40 to 60 sr for December 2021–February 2022 and from 20 to 30 sr for March 2022,
September 2022 and August 2023 (cf. Fig. A.3h). The months with the higher lidar ratios, i.e.,
the winter months, were associated with dust-smoke-mixtures and are clearly embedded in the
cluster of data points for the lofted layer during that time of the year, i.e., the aerosol types
occurring in the PBL and in the lofted layers were similar. Instead, in the cases of March 2022,
September 2022 and August 2023, a mixture of dust and marine aerosol was present in the PBL,
indicated by the enhanced particle linear depolarization ratio but the relatively low lidar ratio.

In fact, a slight seasonal dependence could be observed for the PBL as well, having a mixture
of dust and smoke during northern hemispheric winter, more precisely December–February, and
mainly clean marine conditions for the rest of the year. For the months of the mixing season, this
pattern is in agreement with the findings from SAMUM–2a, according to which more complex
and diverse aerosol layers both in the PBL and in the lofted layer are typical. On the other side,
the prevalence of only a clean marine PBL during the dust regime could not be proven with the
study presented here as dust-marine-mixtures occurred as well. Furthermore, with the volcanic
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Figure 4.12: Geometrical thickness of the lofted aerosol layer in dependence of its AOD at 532 nm
for the Fri/Sat cases of May–September.

period, a completely untypical situation was captured.

4.4.5 Definition of the seasons at Mindelo

Based on two years of lidar profiling, a first attempt to distinctly define the dust season and
the mixing season at Mindelo was done. Therefore, several criteria were applied to the results
presented in the sections before.

One approach to define the dust regime at Mindelo uses the AOD and its correlation with
the layer thickness. According to Barnaba & Gobbi (2004) and Kosmopoulos et al. (2008), a
dust event is characterized by an AERONET AOD > 0.3 at 550 nm (cf. gray horizontal line in
Fig. 4.9b). Despite the agreement between the AERONET AOD and the lidar-derived AOD in
this study, the latter one at 532 nm is used in this approach for reasons of consistency with the
following criteria, which were newly defined within the framework of this thesis: One of them
is that the contribution of the lidar-derived AOD of the lofted layer to the total lidar-derived
AOD exceeded 50%. Furthermore, a correlation between the AOD of the lofted layer and its
geometrical thickness was tested for several months of northern hemispheric spring to fall and
different combinations of them. A total lidar-derived AOD > 0.3 dominated by the lofted layer
was found for most cases in the periods from April to the mid of October 2022 and in July and
August 2023. As no lidar-derived AOD for the PBL was available from July to the beginning of
September 2021, for this time span, the AOD of the PBL was approached by the difference of the
AERONET AOD and the lidar-derived AOD of the lofted layer. According to this approach, the
aforementioned months fulfill the criterion of a contribution of the lofted aerosol layer AOD to
the total AOD of > 50 % as well. Thus, the months July, August and September can be assigned
for sure to the dust regime as most of the corresponding cases meet the required conditions for
dust events, (AOD > 0.3 at 532 nm and contribution of the lofted aerosol layer AOD > 50 %) in
at least two different years. Furthermore, these are the months for which the largest layer top
heights were observed. For the months April, May, June and October, a clear classification is
not yet possible as a higher variability was observed and the criteria where not met each year.
Thus, they may be considered as transition months to or from the dust season.

Considering the geometrical thickness of the lofted layer as an indicator for the dust season,
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a positive correlation with the optical thickness was found for the months April–October. For
different combinations of these months, the linear regression models were checked and evaluated
based on the coefficient of determination (square of correlation coefficient). The best value of
the coefficient of determination was found for a combination of May and June. For the period
from May to September, the coefficient of determination is 0.71 and, thus, confirms the positive
correlation between the geometrical and the optical thickness of the lofted aerosol layers during
the dust season. The corresponding scatter plot is shown in Fig. 4.12.

A further indicator for the months belonging to the dust season was found by illustrating the
seasonal and layer mean lidar ratio in dependence of the seasonal and layer mean particle linear
depolarization ratio previously discussed in Sect. 4.4.4 based on Fig. 4.11. A dust cluster (indi-
cated by the gray dashed rectangle in Fig. 4.11) can be found for the months June–September,
which show a particle linear depolarization ratio > 0.2 and lidar ratio around 40–50 sr. Addition-
ally, in 2022, the months April, May and October were seen in this cluster and mostly included
dust cases fulfilling the criteria of a total AOD > 0.3 and a contribution of the lofted layer to
the total AOD of > 50%.

To conclude, within the framework of this thesis, the dust regime at Mindelo was identified
to include the months having a monthly mean particle linear depolarization ratio > 0.2 for the
lofted aerosol layer and the months of which the single measurement cases show a total AOD >
0.3, a contribution of the lofted aerosol layer AOD to the total AOD of > 50 % and a positive
correlation between the geometrical and the optical thickness of the lofted aerosol layers. These
criteria were met for the months June–September in multiple years and for April, May and Oc-
tober in 2022. Thus, the dust season generally has been determined to occur in the time period
June–September. The months April, May and October were found to be transition months.

The corresponding seasonal mean geometrical and aerosol optical properties are summarized
in Tab. 4.2. The dust regime was characterized by an average layer top height of around 5.6 km
and geometrically and optically thick lofted layers of Saharan dust (average thickness of around
4 km and seasonal mean lidar-derived layer AOD of around 0.23–0.25 at 355 and 532 nm, respec-
tively). A seasonal mean dust fraction of around 0.65–0.77 at 355, 532 and 1064 nm, respectively,
and a mean lidar ratio of around 39–48 sr at 355 and 532 nm, respectively, were observed in the
lofted layer. In the PBL, the dust content was low (dust fraction around 0.03–0.07 at 355, 532
and 1064 nm, respectively), but single cases with a dust-marine-mixture occurred. The relatively
large seasonal mean AOD of 0.18–0.19 as well as the slightly enhanced seasonal mean lidar ra-
tio of around 32–34 sr in the PBL were caused by the volcanic sulfate, which was observed in
September 2021. In the case study of 4 August 2023, higher values of the aerosol layer top height
as well as AOD and dust fraction of the lofted layer were observed compared with the seasonal
mean values for the dust season. This selected case study originated from the main period of the
dust season, while the seasonal mean of course includes some inner-seasonal variability influenced
by less dusty cases as well.

The definition of a mixing season, the definition was less clear than for the dust season. Using
as main criterion the occurrence of dust in the PBL in combination with a lower dust content
in the lofted layer, in Fig. 4.11, a cluster of data points was identified (gray dashed rectangle in
Fig. 4.11) with monthly mean values of the particle linear depolarization ratios between 0.02–0.15
and a monthly mean lidar ratio between 30–70 sr. Generally, this cluster for the non-pure ma-
rine PBL covers the months November–March. Several cases in January and March showed an
Ångström exponent > 0.61 for the lidar ratio (typical for dust-smoke-mixtures) in combination
with a dust fraction < 0.5 at 532 nm, both in the lofted aerosol layers. This was valid also for
single cases in November and December, in the transition month April and for one case in June.
Finally, the mixing regime was defined as the period from November to March, when dust in the
PBL and smoke-dust-mixtures in the lofted aerosol layer were observed.
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Table 4.2: Seasonal mean geometrical, microphysical and aerosol optical properties for the dust
and the mixing regime at Mindelo. Far-field measurements were used for the lofted layer and
near-field measurements for the PBL (except at 1064 nm and for the particle linear depolarization
ratio and the dust fraction). The uncertainty includes the seasonal mean of the errors described in
Sect. 3.6.1 plus the temporal standard deviation of the corresponding property. If the uncertainty
exceeds the physically possible values, the range of possible values is given in braces. Sublayers
of the lofted layer were considered separately for averaging, except for the AOD and the layer
thickness, which are given for the total lofted layer.

Dust season Mixing season
Months Jun–Sep Nov–Mar
Layer PBL lofted PBL lofted

Geometrical properties [km]

Layer top (auto.) - 5.6±0.9 - 3.0±1.8
Layer top (vis.) 0.9±0.4 4.3±1.7 1.0±0.4 3.1±1.1
Extent 0.9±0.4 4.1±1.2 1.0±0.4 1.6 (0–3.4)

Extensive aerosol optical properties and microphysical properties

Integrated particle backscatter coefficient [10−3 sr−1]

355 nm 4.5±3.0 3.1±2.9 4.1±3.1 1.2 (0–2.8)
532 nm 5.2±3.8 3.5±3.5 3.5±2.5 0.9 (0–2)
1064 nm 2.5±1.7 2.8 (0–5.8) 3.9±2.9 0.7±0.7

Aerosol optical depth

355 nm 0.19±0.17 0.25±0.13 0.15±0.08 0.07 (0–0.16)
532 nm 0.18±0.14 0.23±0.13 0.15±0.07 0.05 (0–0.12)

Dust fraction

355 nm 0.03 (0–0.12) 0.65±0.32 0.03 (0–0.11) 0.32±0.29
532 nm 0.05 (0–0.17) 0.70±0.28 0.09 (0–0.24) 0.28 (0–0.57)
1064 nm 0.07 (0–0.19) 0.77 (0.48–1.0) 0.20±0.17 0.56±0.44

Intensive aerosol optical properties

Lidar ratio [sr]

355 nm 34±18 48±19 33±16 63±33
532 nm 32±19 39±18 38±25 47±32

Ångström exponent (b: backscatter-related, e: extinction-related)

b 355/532 0.5±0.8 -0.1±1.1 0.5±0.8 0.0±1.2
b 532/1064 0.3±0.7 0.3±0.7 0.3±0.4 0.7±0.6
e 355/532 0.3±0.7 0.2±0.6 0.0±0.8 0.7±0.9

Particle linear depolarization ratio

355 nm 0.02 (0–0.07) 0.16±0.07 0.03 (0–0.08) 0.17 (0–0.41)
532 nm 0.04 (0–0.09) 0.22±0.06 0.05 (0–0.11) 0.11±0.07
1064 nm 0.05±0.05 0.20±0.05 0.06±0.05 0.16±0.08

The seasonal mean geometrical and aerosol optical properties for the mixing season are pre-
sented in Tab. 4.2, too. A seasonal mean layer top height of around 3 km and an average extent
of the lofted aerosol layer of around 1.6 km were found. The AOD in the lofted layer was only
half of the AOD of the PBL and in total a mean AOD of around 0.2 was found for the mixing
regime. Some dust contribution in the lofted layer is included in the seasonal mean values, lead-
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ing to a dust fraction of around 0.28–0.56 at 355, 532 and 1064 nm and a lidar ratio of 63±33
and 47±32 sr at 355 and 532 nm, respectively. The higher lidar ratio at 355 nm and the larger
wavelength dependence indicate the contribution of smoke in the mixing regime. The case study
of 26 November 2021 differs from the seasonal mean values. In contrast to the average values
of the mixing season, in the case study, a much larger layer top height of around 4.4 km was
observed and the AOD was larger in the lofted layer than in the PBL. However, the layer mean
lidar ratios have similar values as the seasonal means given in Tab. 4.2. The mixing regime is
characterized by more seasonal variability and the chosen example only represents a snapshot
of the complete season. However, both chosen case studies are representative for the two main
seasons. The definition of these seasons at Mindelo is of course only a first attempt based on two
years of lidar observations. The long-term observations envisaged in the framework of ACTRIS
for the next decade will show how mich inter-annual varibaility will occur over Mindelo in a
changing climate.

4.4.6 Comparison with SAMUM–2

With the continuous lidar observations at Mindelo covering two complete annual cycles, many
findings from SAMUM–2 can be consolidated but also a more detailed insight in the complete
annual cycle of the aerosol occurrence over Cabo Verde is given including, e.g., a layer-resolved
AOD as well as a two-year time series of lidar ratio profiles and dust fractions, which has not
been available before. Similarities to SAMUM–2 are, for instance, the observed distribution of
aerosol layers with a more complex layering during the mixing regime, while during the dust
regime, usually geometrically thick lofted layers of Saharan dust were present.

Apart from that, several differences were found between the seasonal mean values at Mindelo
and the results from SAMUM–2. The fact that the measurements during SAMUM–2 were
obtained at an island further south obviously had less effect on these differences than the different
measurement time within the annual cycle. SAMUM–2b captured some weeks at the beginning
of the dust regime (May/June of one specific year) explaining the lower mean aerosol layer top
height of 4.4±0.7 km compared with the seasonal mean aerosol layer top height of 5.6±0.9 km.
At Mindelo, the lofted aerosol layers during May and June also did not reach as high as during
the main period in July and August. Furthermore, during SAMUM–2b, there was always a
clean marine PBL, while dust-marine-mixtures were found in this study, e.g., in the case study
of 4 August 2023. At the beginning of the dust regime, dust-marine-mixtures were absent in
the measurements at Mindelo as well. However, this difference concerning the PBL could of
course also be caused by inter-annual variation. Furthermore, the seasonal mean lidar ratio of
the lofted layer was slightly lower for the dust season (48±19 and 39±18 sr at 355 and 532 nm,
respectively) compared with SAMUM–2b, when 53±10 and 54±10 sr were observed at 355 and
532 nm, respectively, but the uncertainties given in Tab. 4.2 indicate a strong seasonal variability
for the measurements at Mindelo. The particle linear depolarization ratio of the lofted aerosol
layers was mostly smaller during the dust season (≤ 0.22). During SAMUM–2b, a mean particle
linear depolarization ratio of 0.31±0.1 was found. Differences were also found between the
seasonal mean values of the mixing season and SAMUM–2a. The seasonal mean layer top height
of 3.04±1.8 km and the seasonal mean total AOD of 0.20±0.14 (at 532 nm) are smaller compared
with a mean layer top height of 3.5±1.2 km and a mean AERONET AOD of 0.35±0.18 at 500 nm
for SAMUM–2a. Main difference is that during SAMUM–2a no wavelength dependence of the
lidar ratio was found. However, further studies collected in Floutsi et al. (2023) indicated a
wavelength dependence for dust-smoke-mixtures or for pure smoke. The seasonal mean values
of the particle linear depolarization ratio of the lofted aerosol layer agree with the findings from
SAMUM–2a (mean particle linear depolarization ratio of 0.15±0.05 at 532 nm) but were smaller
(values around 0.1) for most cases within this season.
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Chapter 5

Conclusions and outlook

In this thesis, the annual cycle of the aerosol conditions and the cloud occurrence over Min-
delo was analyzed based on a two-year data set of multiwavelength-Raman-polarization lidar
measurements of PollyXT covering the period from July 2021 to August 2023. Vertical pro-
files of the aerosol optical properties were derived automatically with the Raman method using
the PollyNET processing chain. Improvements in the cloud screening routines of the PollyNET

processing chain were made but this process also demonstrated the challenges of the gradient
method. Using the lidar target classification for the cloud screening may be considered for future
work on the automatic retrieval. One profile per week, originating from the nights from Fridayn
to Saturday, i.e., the nights of the overpass of the Aeolus satellite over Mindelo, was chosen and
manually reviewed with regard to quality assurance. However, a need for improvements in the
calibration of the vertical profiles was seen. For instance, the particle backscatter coefficients at
355 and 532 nm were derived in around 40 and 65 % of the analyzed cases only, respectively. For
the 1064 nm channel, it was even less with the particle backscatter coefficient available only in
around 15% of all the cases. Layer boundaries of the PBL and lofted aerosol layers were defined
based on visual inspection. An automatic retrieval of the aerosol layer top height was used in
addition and compared with the manually-derived results even though both approaches do per
se use different definitions. Layer mean and integrated values of the aerosol optical properties
were calculated and used for the general analysis of the two-year period. Thus, a quality-assured
time series of more than 70 measurement cases was analyzed to obtain detailed insights into the
annual cycle using a layer-resolved approach. In contrast to the manual analysis of lidar vertical
profiles, which has been most common so far (e.g., Tesche, 2011; Hofer et al., 2020a; Heese et al.,
2022), the automatically-retrieved profiles obtained from the PollyNET processing chain allowed
to evaluate a larger amount of data. Additionally, two case studies were presented to contrast
the aerosol conditions between the two main seasons—the dust season and the mixing season.

Furthermore, a statistical analysis of the cloud occurrence based on the lidar-derived target
classification was presented and discussed as the presence of clouds turned out to be an essential
factor for the characterization of the atmospheric conditions over Mindelo. On 98 % of all days
and in 43 % of all time bins, clouds were detected. The occurrence of more than one cloud level
per day (in 91% of all cloudy days) and especially the presence of low-level clouds (in 98 %
of all cloudy days) revealed to be of importance for the measurement site. However, due to
the limitations of a lidar-based investigation of the cloud occurrence, which is affected by the
strong attenuation by clouds leading to an underestimation of higher clouds when lower clouds
are present, a bias in the analysis of higher-level clouds has to be considered. No annual cycle in
the occurrence of low-level clouds could be found but a small annual variation in the number of
days having mid-level clouds while low-level clouds were absent. The latter was slightly larger
during May–October capturing the dust season. As dust particles are effective INPs, the pres-
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ence of more mid-level clouds during periods with strong dust occurrence proves the importance
of dust for cloud formation in this region. A concrete investigation of the correlation of the
observed mid-level clouds and the presence and properties of the dust layers would be beneficial
and should be subject of future studies. Furthermore, the analysis of the diurnal cycle of the
cloud occurrence may also be of interest especially as no clear annual cycle could be identified
in this study. However, for future studies concerning the cloud occurrence over Mindelo, a more
appropriate instrument than the aerosol lidar or also a synergistic approach should be used. The
results of this study clearly revealed the need for a cloud radar, which has been set up in 2024
at the measurement site at the OSCM.

Plenty of new insights in the aerosol conditions over Mindelo were obtained within this study.
It is the first time that a two-year time series of layer-resolved AOD, lidar ratio profiles and the
dust fractions was made for Cabo Verde. The results showed a clear seasonal cycle for the extent,
the AOD and the dust fraction of the lofted aerosol layers. An increase in these properties was
identified during northern hemispheric spring and summer reaching a maximum in July/August
(main dust period) after which a decrease was found towards a minimum in northern hemispheric
winter (mixing season). Generally, in most cases at least one lofted layer existed, but sometimes
it was split further into two or three sublayers. Geometrically distinctly separated lofted layers
were almost absent. Furthermore, a different contribution of the lofted layers to the total AOD
was revealed. While during the mixing regime, the AOD was driven by the PBL, in the dust
regime, the lofted layer accounted for the largest contribution.

One major aim of this thesis was to investigate the time frame of the dust season and the
mixing season. Although these main seasons generally overlap with the European summer and
winter seasons (JJA and DJF, respectively), they are not well represented by only these months.
According to this study, the dust season covers June–September and was extended from May to
October in 2022. This dust season is characterized by a monthly mean particle linear depolariza-
tion ratio > 0.2 in the lofted aerosol layer. Furthermore, the dominating aerosol types are clearly
separated between the different layers showing a prevalence of (pure) dust in the lofted aerosol
layers (dust fraction > 60 %) and mainly clean marine conditions in the PBL. Dust mixed into
the PBL is occasionally observed during that season. An nontypical exception was the occur-
rence of volcanic sulfate in the PBL in September 2021 (Gebauer et al., 2024). Aerosol layer top
heights up to 7 km are typical in the dust season. Vertically homogeneous lofted aerosol layers
with a depth of around 4 km and an AOD in the lofted layer of up to 0.5 at 532 nm (seasonal
mean 0.23) are frequently observed. As a consequence, the columnar AOD (seasonal mean 0.41)
is mainly controlled by the lofted layer (seasonal mean contribution of around 56 %).

The mixing season includes the months November–January and likely extends towards March.
This season is characterized by a PBL and lofted aerosol layers with monthly mean values of the
particle linear depolarization ratio in the range of 0.05–0.15 and a larger spectral dependence of
the lidar ratio in the lofted layer. More inner-seasonal variablility concerning the occurrence of
aerosol layers and different aerosol types is characteristic as well compared with the dust season.
Lofted aerosol layers can have a depth of up to 4 km like in the dust regime but can also be
only 1 km thick or completely absent. A strong variation in the PBL top height is also typical,
which reaches values up to 2 km height when no lofted layer is present. Generally, the optical
properties of the PBL and the lofted layers are more similar than during the dust season, often
influenced by a smoke-dust-mixture with a dust fraction of around 40–50 %. However, a clean
marine PBL was also observed in about 64 % of the time. The total AOD is small (seasonal
mean 0.2 at 532 nm) and mainly driven by the PBL (contribution of around 75 %).

According to these newly-defined time ranges for the main seasons at Mindelo, SAMUM–2b
was carried out more at the beginning of the dust season while SAMUM–2a was at the end of
the mixing season. Nevertheless, the general conclusions from SAMUM–2, including a marine
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influenced PBL clearly differing from vertically homogeneous lofted layers of Saharan dust during
the dust regime and more complex structures and various aerosol types in the mixing regime
could be confirmed. However, also many new findings compared to the ones from SAMUM–2
were made. For example, a clean marine PBL was not always present in the dust season but also
mixtures of marine aerosol with dust particles and even a mix of marine aerosol and volcanic
sulfate was observed. Furthermore, the particle linear depolarization ratio in the lofted layer was
lower compared with existing knowledge about Saharan dust leading to a dust fraction hardly
reaching 90%. The main difference to SAMUM–2a is the wavelength dependence of the lidar
ratio, which was not observed in that previous campaign.

To conclude, the results of this thesis generally confirm the existing knowledge about the
aerosol conditions over Cabo Verde but provide a more detailed in-depth analysis of the different
seasons based on two years of lidar observations—thus, only a starting point for inter-annual
analyses. As the measurements at Mindelo are ongoing, data covering a longer time period
will be available soon, allowing to study the inter-annual variability of the aerosol conditions
over Mindelo. Therefore, more robust methods for the automatic analysis of the data and an
automatized quality control of the retrieved vertical profiles are needed. Further possibilities
for future research also exist with regard to the depolarization and extinction measurements
at 1064 nm. The automatic calibration of the particle backscatter coefficient and the particle
linear depolarization ratio at 1064 nm has to be improved in the PollyNET processing chain so
that these properties are retrieved more often. Extinction measurements at 1064 nm have been
presented already in single case studies by Haarig et al. (2022) and Gebauer et al. (2024) but
require some intense characterizations before their implementation in the PollyNET processing
chain. Furthermore, the application of the HETEAC-Flex model (Floutsi et al., 2024) to obtain
an automatical layer-resolved aerosol classification is planned for future studies. Finally, the
focus on Fri/Sat nights chosen for this study offers large potential to use this unique data set as
a baseline for the validation of the Aeolus satellite, which is still needed, as reprocessing efforts
are ongoing and new products will be released also after the end of the active mission.
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Appendix A

Time series of aerosol optical properties
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Figure A.1: Combination of Fig. 4.9 and Fig. 4.10 but for 355 nm.
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Figure A.2: Layer resolved time series of the Fri/Sat cases including (a) and (b) the lidar ratio at
355 and 532 nm, (c) and (d) the backscatter- and extinction-related Ångström exponent for the
wavelength pairs 355/532 nm and 532/1064 nm and (e) and (f) the particle linear depolarization
ratio at 355, 532 and 1064 nm. Near- and far-field measurements are labelled as "nf" and "ff",
respectively.
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Figure A.3: Layer resolved time series of monthly means of the Fri/Sat cases including (a)
and (b) the lidar ratio at 355 and 532 nm, (c) and (d) the backscatter- and extinction-related
Ångström exponent for the wavelength pairs 355/532 nm and 532/1064 nm and (e) and (f) the
particle linear depolarization ratio at 355, 532 and 1064 nm. Near- and far-field measurements
are labelled as "nf" and "ff", respectively.
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