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Abstract. This study investigates the relationship between lidar-measured intensive optical properties of Saha-
ran dust and simulated hematite content, using data collected during the Joint Aeolus Tropical Atlantic Cam-
paign (JATAC) in 2021 and 2022. Measurements were taken in Mindelo, São Vicente, Cabo Verde. The study
aims to determine how changes in hematite content influence the intensive optical properties of dust particles,
particularly in the ultraviolet–visible (UV–Vis) spectrum. Given the well-documented impact of hematite on the
absorption properties of dust, especially in the UV–Vis range, our hypothesis is that these effects will be de-
tectable in lidar measurements. Specifically, this study focuses on the lidar ratio, particle depolarization ratio,
and backscatter- and extinction-related Ångström exponents at 355 and 532 nm wavelengths. By analyzing dust
plume cases separately regarding their size differences, the strongest positive correlation was identified between
the backscatter-related Ångström exponent and hematite fraction (R2

= 0.63). These findings contribute to im-
proving the representation of dust in atmospheric models, which often overlook the variability in mineralogical
composition in their dust descriptions, and refining calculations of its direct radiative effect.

1 Introduction

Mineral dust aerosols are present all around the world. They
contribute significantly to global and regional aerosol load-
ing (Weinzierl et al., 2017) and correspond to a big part of
the atmospheric aerosol burden by mass (Kok et al., 2017).
Specifically, the Sahara and the Sahel contribute around 50 %
of global dust emissions and mass loading (Kok et al., 2021).
During transport, dust interacts with the atmosphere in a
variety of ways. It modifies the energy balance of Earth
through multiple mechanisms, each producing a radiative ef-
fect. These impacts can be instantaneous, such as dust scat-
tering and absorbing radiation, or may take time to adjust,
such as dust altering cloud cover (Boucher et al., 2013). The
immediate radiation interactions are well studied; it is known

that dust absorbs and scatters solar shortwave and terrestrial
longwave radiation depending on its composition (Kok et al.,
2017). These interactions have the potential to modify the at-
mospheric radiation balance from meso- to macroscales (Kok
et al., 2023; Mahowald et al., 2010; Li et al., 2024). How-
ever, the magnitude and sign of this dust radiative effect are
still uncertain (Highwood and Ryder, 2014; Kok et al., 2017).
One of the major sources of this uncertainty is insufficient
knowledge regarding dust absorption properties (Balkanski
et al., 2007; Di Biagio et al., 2020; Go et al., 2022). Since
dust aerosols are a complex assemblage of various miner-
als with distinct physicochemical properties (Formenti et al.,
2011), differences in their atmospheric radiative impact will
arise as a consequence of distinct mineralogical content.
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In order to predict and model the direct radiative effect
of mineral dust, vertical profiles of its optical properties are
part of the basic necessary input. Among these, the profile
of the extinction to backscatter ratio, known as the lidar ra-
tio (S), is particularly critical (Veselovskii et al., 2020). The
lidar ratio, being an intensive optical property (independent
of aerosol quantity), is commonly used to characterize min-
eral dust. However, it has a complex dependency on three
major parameters: size, shape, and composition (Wandinger
et al., 2023). Several studies have aligned differences in dust
optical properties to distinct mineralogical content accord-
ing to source regions (Di Biagio et al., 2017, 2019; Lafon
et al., 2004; Sokolik and Toon, 1999; Wagner et al., 2012).
Some studies have specifically linked changes in S to differ-
ent source regions (Esselborn et al., 2009) and, further, to the
changes that these differences cause in the dust complex re-
fractive index (CRI) (Go et al., 2022; Schuster et al., 2012;
Veselovskii et al., 2020).

In particular, when iron oxides are present in dust parti-
cles, the imaginary part of the CRI changes across the radia-
tion spectrum, with an increase in the UV–Vis range. Conse-
quently, they are considered effective absorbers of shortwave
radiation (Di Biagio et al., 2019; Moosmüller et al., 2012;
Sokolik et al., 1993; Sokolik and Toon, 1996; Wagner et al.,
2012; Zhang et al., 2024). Furthermore, even small changes
in the imaginary part of the CRI (of the order of 10−3) can
strongly affect backscattering efficiency in the UV–Vis spec-
tral region (De Leeuw and Lamberts, 1987; Miffre et al.,
2020; Chang et al., 2025). These effects are consistent with
the differences observed by Di Biagio et al. (2019), who
demonstrated that increasing the imaginary part of the CRI
from 0.0016 to 0.0048, associated with a change in the
hematite fraction of 0.5 %, can reduce the single-scattering
albedo (SSA) from 0.95 to 0.75 at 370 nm.

Despite this sensitivity, most characterizations of dust
based on lidar-measured optical properties treat it as homo-
geneous, giving way to unique wavelength-dependent lidar
ratio values that indicate “pure Saharan dust” (Haarig et al.,
2017, 2022; Groß et al., 2011, 2015; Müller et al., 2013;
Schuster et al., 2012; Tesche et al., 2009a, 2011). These
studies specifically suggest that the intensive optical prop-
erties of dust show no clear regional spectral dependency,
despite observed regional spectral differences that have been
linked to changes in the CRI, especially for the lidar ratio and
the backscatter-related Ångström exponent (Schuster et al.,
2012; Veselovskii et al., 2020).

The sensitivity study by Veselovskii et al. (2020) demon-
strated the impact of changes in the imaginary part of the
CRI due to different iron oxide contents in Saharan dust
on the backscatter-related Ångström exponent for the UV–
Vis wavelengths. This relationship is further explored in the
laboratory studies by Miffre et al. (2020, 2023), which in-
cluded particle shape and revealed the nonlinearity of the
three key physical parameters, size, shape, and composition,
affecting the intensive optical properties of dust. Specifi-

cally, they measured significant impacts of the changes in
the complex refractive index for both the backscatter-related
Ångström exponents and the particle depolarization ratio for
the UV–Vis wavelength range. Complementing these find-
ings, recent modeling efforts have further reinforced the sig-
nificance of the impact on increasing imaginary parts of the
CRI for dust optical behavior. In the comparative analysis,
Chang et al. (2025) evaluated multiple scattering models, in-
cluding spherical (Mie theory), spheroidal (Dubovik et al.,
2006), and irregular hexahedral particle shapes (Saito and
Yang, 2021; Saito et al., 2021), and assessed how changes
in the imaginary part of the CRI affect the backscatter coeffi-
cient at 532 nm and the backscatter-related Ångström expo-
nent for 355 and 532 nm. Although the absolute values dif-
fered among the models due to particle geometry, the func-
tional form of the relationship, where increasing imaginary
CRI led to decreasing backscatter, remained consistent. This
convergence across scattering models supports the robust-
ness of using spectral trends derived from simplified assump-
tions (e.g., spherical particles) as a first-order approximation
for interpreting wavelength-dependent backscattering behav-
ior, particularly via intensive optical properties such as the
backscatter-related Ångström exponents.

However, several limitations must be considered. Miffre
et al. (2020, 2023) conducted their studies in a labora-
tory setting, and their findings may not directly translate to
atmospheric conditions, as other atmospheric constituents
can have an impact on the measurements. In the study by
Veselovskii et al. (2020), measurements were taken near to an
active dust-emitting area, making the presence of larger par-
ticles highly likely. For intensive optical properties where the
impact of the complex refractive index has been documented,
both the backscatter-related Ångström exponents and the li-
dar ratio are particularly sensitive to changes in particle size.
This impact is illustrated in Fig. 1 of Miffre et al. (2020) for
the backscatter-related Ångström exponents and in Fig. 5 of
Wandinger et al. (2023) and Fig. 15 in Zhang et al. (2024)
for the lidar ratio. Particle size, shape, and composition influ-
ence the measurements, making it challenging to isolate the
effects of each factor. Additionally, the lidar measurements
conducted by Veselovskii et al. (2020) were taken during a
season well known for increased biomass burning activity,
leading to frequent encounters with polluted dust in the atmo-
sphere. This pollution alters the measured optical properties,
particularly in the UV–Vis spectrum (Heinold et al., 2011;
Müller et al., 2009; Tesche et al., 2011), adding another layer
of complexity in disentangling compositional effects on both
the backscatter-related Ångström exponents and the lidar ra-
tio.

The transport of mineral dust from the Sahara towards
the Atlantic Ocean is well documented (Schepanski et al.,
2009, 2017; Tegen et al., 2013; Wagner et al., 2016). Dur-
ing the northern hemispheric (NH) winter months, polluted
dust is observed at near-surface layers, complicating the dis-
tinction between dust and other aerosols, such as biomass
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burning aerosols, in lidar measurements. In contrast, dur-
ing NH summer months, dust is elevated in the atmosphere
(Schepanski et al., 2009). Dust transport in the NH summer
months is above the marine boundary layer, i.e., in the free
troposphere, which in turn means that dust transport from
the Sahara towards the Atlantic Ocean is more direct. Li-
dar measurements taken during this time show that the el-
evated dust layers typically contain lower levels of pollu-
tion from other aerosols (Esselborn et al., 2009; Freuden-
thaler et al., 2009; Haarig et al., 2017, 2019; Groß et al.,
2015; Tesche et al., 2009b). Therefore, this study focuses
on lidar-measured cases from a remote site in Cabo Verde
to avoid interference from freshly emitted large dust parti-
cles along the mineral dust transport pathway from the Sa-
hara to the Atlantic Ocean. These lidar measurements were
taken in Mindelo, São Vicente, Cabo Verde (16°52′39.9′′ N,
24°59′42.3′′W), during NH summer months, from June to
September of 2021 and 2022, as part of the Joint Aeolus
Tropical Atlantic Campaign (JATAC).

This study investigates the potential to identify dust min-
eralogy within lidar-measured optical properties. By analyz-
ing years of continuous, 24/7 lidar measurements of multi-
ple vertical dust profiles above the marine boundary layer,
we aim to correlate lidar-derived intensive optical proper-
ties of dust particles with the modeled iron oxide content
from an atmospheric model. Given that previous studies
have demonstrated the ability of iron oxides to modify the
imaginary part of the CRI and the impact of these differ-
ences on dust intensive optical properties, particularly for
the UV–Vis spectrum (Di Biagio et al., 2019; Miffre et al.,
2020, 2023), this work hypothesizes that this effect will
manifest in the lidar-measured intensive optical properties
at the 355 and 532 nm wavelengths. The aim is to investi-
gate how the iron oxide content, which varies significantly
across the Sahara (Formenti et al., 2011, 2014; Scheuvens
et al., 2013), affects the intensive optical properties of dust.
While regional differences in mineralogy within the Sahara
are well known, few atmospheric models account for min-
eralogy in their mineral dust descriptions (Chatziparaschos
et al., 2023; Gonçalves Ageitos et al., 2023; Li et al., 2021;
Menut et al., 2020; Pérez García-Pando et al., 2016; Perlwitz
et al., 2015a, b; Solomos et al., 2023).

In a previous study, Gómez Maqueo Anaya et al. (2024a)
introduced the global GMINER (Nickovic et al., 2012) min-
eralogical dataset into the emission code of the aerosol–
atmosphere model COSMO-MUSCAT. The configuration
presented in that study is what is used here. GMINER pro-
vides the spatial distribution of minerals, including iron ox-
ide minerals, based on the methodology of Claquin et al.
(1999). This considers an approximate relation of soil min-
eral fractions to different soil types by taking into account the
size distribution, the chemistry, and the color of the soil ac-
cording to the FAO74 classification (FAO-UNESCO, 1974).
However, this approach incurs a handful of misrepresenta-
tions when compared to in situ measurements (Li et al.,

2024; Gonçalves Ageitos et al., 2023). Despite its limitations,
Gonçalves Ageitos et al. (2023) found that the GMINER
dataset reproduces the hematite mass content of the Sahara
region fairly well (see Fig. 11a from Gonçalves Ageitos et al.,
2023). In GMINER, iron oxide minerals are grouped un-
der the name hematite, and therefore we use hematite and
iron oxide interchangeably in this paper, even though it is
noteworthy that the goethite mineral also contains iron ox-
ide and interacts differently with radiation (Di Biagio et al.,
2019; Formenti et al., 2014; Go et al., 2022; Wagner et al.,
2012), and iron oxides may not always appear as externally
mixed aerosols as represented here (Lafon et al., 2004; Kan-
dler et al., 2009). This study combines the modeled hematite
content with the lidar-retrieved intensive optical properties to
investigate potential dependencies between them.

This paper has the following structure. The methodol-
ogy begins with a general description of the COSMO-
MUSCAT model (Sect. 2.1), followed by a general overview
of the lidar system PollyXT (updated POrtabLe Lidar sYs-
tem) (Sect. 2.2). This is succeeded by an explanation of the
data selection (Sect. 2.3) and a description of the compar-
isons between lidar and model dust layers (Sect. 2.4). The
section concludes with a brief outline of the POLIPHON
method, which converts lidar measurements into dust mass
concentrations (Sect. 2.5). In the results section, a case ex-
ample is shown in Sect. 3.1, where the vertically resolved
optical properties are shown in Sect. 3.1.1, followed by a
comparison of the POLIPHON and COSMO-MUSCAT re-
sults in Sect. 3.1.2. All case studies are then presented and
discussed in Sect. 3.2, the intensive optical property depen-
dency on hematite is further explored in Sect. 3.2.1, and a
separate analysis of the cases due to their size differences is
shown in Sect. 3.2.2. Finally, Sect. 4 provides a summary of
the paper and findings and discusses implications for future
work.

2 Methodology

2.1 COSMO-MUSCAT

COSMO-MUSCAT is a mesoscale atmospheric model sys-
tem integrated by two online coupled models. COSMO, de-
veloped by the German Weather Service (DWD), is a re-
gional forecast model (Baldauf et al., 2011), while MUS-
CAT is a chemistry transport model that calculates the at-
mospheric advective transport of aerosols driven by the fore-
cast model (Heinold et al., 2016; Wolke et al., 2012). The
meteorological data are updated every 3 h, and the model
runs are reinitialized in overlapping cycles every 48 h. The
use of COSMO-MUSCAT in the simulation of mineral
dust for the Sahara region has been thoroughly validated
(Gómez Maqueo Anaya et al., 2024a; Heinold et al., 2011;
Schepanski et al., 2009, 2016, 2017; Tegen et al., 2013).
COSMO-MUSCAT is set up to simulate only the transport
of Saharan mineral dust including mineralogy within a do-

https://doi.org/10.5194/acp-25-9737-2025 Atmos. Chem. Phys., 25, 9737–9764, 2025



9740 S. Gómez Maqueo Anaya et al.: Linking dust hematite to lidar-derived intensive optical properties

main constrained by the following coordinates: 30.75° W,
38.49° N–39.32° E, 0.38° S. The horizontal grid spacing is
0.25° (28 km), and the vertical resolution contains 40 levels,
with a layer thickness of 20 m above sea level for the first
layer. The thickness of the subsequent vertical layers varies
according to pressure levels, varying from 200 m thickness at
1 km height to 600 m thickness at 4 km height, with a maxi-
mum altitude of 21.75 km. The output variables are given for
every hour of the simulation time. These temporal and spa-
tial resolutions imply a very big difference when compared
to a fixed lidar point measurement, which is able to retrieve
aerosol signals with significantly higher vertical and tempo-
ral resolutions. The difference between these resolutions has
to be taken into account when analyzing the results, espe-
cially considering that the model gives average dust mass
concentration values for the whole São Vicente.

The mineralogy inclusion is done by incorporating the
GMINER mineralogical dataset (Nickovic et al., 2012) in
the parameterization of the mineral dust aerosol atmospheric
life cycle, which includes (1) dust emission following Tegen
et al. (2002); (2) aerosol transport (Wolke and Knoth, 2000);
and (3) aerosol removal, which includes both dry and wet
deposition (Seinfeld and Pandis, 2016; Zhang et al., 2001;
Berge, 1997; Jakobsen et al., 1997). Mineral dust aerosols
are transported in MUSCAT in five size-segregated classes
and are considered passive traces, meaning that chemical ag-
ing and chemical interaction are not considered in the simu-
lation.

GMINER follows the Claquin et al. (1999) procedure,
which extrapolates the mineralogical measurements done
for soil classes (following the FAO74 classification, FAO-
UNESCO, 1974) and combines them in order to establish
worldwide mineral fractions with regard to its soil class in
two size classes, namely clay and silt. The approach is ex-
tended in order to consider three new soil types, and in par-
ticular, it extends the hematite fraction to cover both clay
and silt sizes. Both extensions result in differences of be-
tween −0.0007 and 0.08 in the hematite fraction for the
studied domain, where the biggest increment of hematite
fraction is found in the Sahel following the north-to-south
gradient of hematite for the region (Formenti et al., 2014;
Scheuvens et al., 2013). It is evident nonetheless that the un-
certainties in the GMINER mineralogical dataset induce er-
rors in calculating the hematite fraction per dust layer. From
Fig. 1d in Li et al. (2024), a comparison between miner-
alogical datasets and measured iron oxides shows that the
Claquin et al. (1999) mineralogical dataset underrepresents
the mass fraction of iron oxides for northern Africa. How-
ever, the GMINER dataset by Nickovic et al. (2012) is based
on Claquin et al. (1999) but specifically expands the distri-
bution of the hematite content in such a way that it agrees
with measurements in both silt and clay sizes (Kandler et al.,
2009; Wagner et al., 2012). Additionally, the extra soil classi-
fications introduced in GMINER lead to more realistic results
through modeling studies (Scanza et al., 2015; Perlwitz et al.,

2015a, b). Furthermore, a modeling study comparing min-
eralogical datasets with in situ mineralogical aerosol mea-
surements (Gonçalves Ageitos et al., 2023) found that the
GMINER dataset better represents the regional variability of
emitted iron oxides from northern Africa to the Sahel.

While the GMINER dataset does not distinguish between
hematite and goethite content, despite both containing iron
oxides, their CRI differs between each other in the UV–Vis
spectral range (Formenti et al., 2014; Go et al., 2022; Wag-
ner et al., 2012). Chamber studies by Wagner et al. (2012)
and Di Biagio et al. (2019) found that goethite has a lower
absorption potential than hematite and is weakly correlated
with the imaginary part of the dust CRI. Nonetheless, the
modeling study by Li et al. (2024) found that considering
the separation of dust iron oxide content between hematite
and goethite does not significantly alter the global shortwave
direct radiative effect. However, since goethite is a big part
of the iron oxide content in western Africa (Formenti et al.,
2014; Go et al., 2022) and due to the locality of our study
region, the lack of distinction between hematite and goethite
in the GMINER dataset could impact our results, as the ab-
sorption capacity may vary depending on which iron oxide
mineral is present in the atmosphere.

An additional source of error arises from the modeling ap-
proach of mimicking the mineralogical soil size distribution
for the aerosol size distribution, disregarding that the emis-
sion process changes the dust size distribution (Marticorena
and Bergametti, 1995; Kok, 2011; Journet et al., 2014). This
change in size distribution from soil to aerosol mineralogy
was specifically observed in the chamber study by Wag-
ner et al. (2012), highlighting the need to incorporate these
size distribution changes for upcoming modeling efforts. Al-
though some modeling approaches consider these size dis-
tribution changes (Li et al., 2024, 2021; Pérez García-Pando
et al., 2016; Perlwitz et al., 2015a, b; Scanza et al., 2015),
they all consider the emission parameterization based on the
brittle fragmentation theory of Kok (2011). At present, there
is no parameterization that calculates the emission of specific
minerals based on the emission scheme of Marticorena and
Bergametti (1995), which is the scheme used in COSMO-
MUSCAT.

Along with the GMINER mineralogical dataset, the fol-
lowing input files are used for the atmospheric life cycle sim-
ulation of dust: a dust activation frequency map derived from
MSG-SEVIRI IR channels (Schepanski et al., 2007), soil
vegetation from the Copernicus Global Land Service (Fuster
et al., 2020), soil moisture from the ERA5 land hourly data
(Muñoz Sabater and Copernicus Climate Change Service,
2019), an aerodynamic roughness length dataset (Prigent
et al., 2005), and soil particle size distribution obtained from
the SoilGrids database (Poggio et al., 2021). More infor-
mation regarding the model setup can be found in Gómez
Maqueo Anaya et al. (2024a).

For this study, the outputs used from the model are the
vertical profiles of total and size-segregated dust mass con-
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centrations and hematite mass concentrations, from which
the hematite fraction is obtained by dividing the hematite
mass concentration by the total dust mass concentration. The
model results are all from above the grid cell corresponding
to São Vicente, Cabo Verde, for the simulation periods of
8 August–30 September 2021 and 2 June–31 July 2022.

2.2 PollyXT

The lidar data for this study were obtained from an auto-
mated multiwavelength Raman polarization and water-vapor
lidar called PollyXT (POrtabLe Lidar sYstem; the XT super-
script refers to the updated version) (Althausen et al., 2009;
Engelmann et al., 2016). It is part of PollyNET, which is a
network of Polly systems around the world (Baars et al.,
2016). This specific PollyXT has been providing continu-
ous measurements since June 2021 at the Ocean Science
Center Mindelo (OSCM) located in Mindelo, São Vicente,
Cabo Verde (16°52′39.9′′ N, 24°59′42.3′′W). The data pro-
duced from this lidar system have been used for aerosol char-
acterization (Gebauer et al., 2024) and validation purposes
(Baars et al., 2023; Gómez Maqueo Anaya et al., 2024a).
The PollyXT systems emit linearly polarized light pulses at
the three wavelengths of 355, 532, and 1064 nm (covering
the UV–IR part of the spectrum); the receiver of the system
has 15 channels: 3 are used for measuring the backscatter
light at the emitted wavelengths, and 3 channels detect cross-
polarized light at the 355, 532, and 1064 nm wavelengths.
The additional four receiver channels at the 387, 407, 607,
and 1058 nm wavelengths are used to detect Raman scatter-
ing at nighttime. Signals are measured with a vertical reso-
lution of 7.5 m (one bin) and a temporal resolution of 30 s.
The lidar observations presented here were manually ana-
lyzed, and vertical smoothing is necessary to reduce noise
in the measurements and facilitate their interpretation. How-
ever, the vertical smoothing has always been applied in such
a manner that the retrieved values represent particle values
inside the investigated aerosol layer and do not depend on
values from outside the aerosol layer. A thorough system de-
scription can be found in Gebauer et al. (2024).

The vertically resolved aerosol optical measurements re-
sulting from the lidar signals can be categorized into two
main categories: extensive optical properties and intensive
optical properties. Extensive optical properties, which de-
pend on aerosol concentration, include the particle extinc-
tion coefficients (absorption and scattering) and the parti-
cle backscattering coefficients at the 355, 532, and 1064 nm
wavelengths (α355, α532, α1064; β355, β532, β1064). Intensive
optical properties, which are independent of aerosol concen-
tration, include the particle linear depolarization ratios at the
355, 532, and 1064 nm wavelengths (δ355, δ532, δ1064), the
extinction to backscattering ratio (or lidar ratio) at the UV–
Vis wavelengths (S355, S532), and the possibility of obtain-
ing the IR lidar ratio (S1064). The following Ångström ex-
ponents are available: backscatter related, extinction related,

and lidar ratio related for the 355 to 532 nm and the 532 to
1064 nm wavelength ranges (ÅE(β)355/532, ÅE(β)532/1064,
ÅE(α)355/532, ÅE(α)532/1064, ÅE(S)355/532, ÅE(S)532/1064).
Uncertainties associated with most of these measurements
can be found in Table 1 in Hofer et al. (2017) and are fur-
ther discussed in Freudenthaler et al. (2009), Baars et al.
(2012, 2016), and Engelmann et al. (2016). Intensive opti-
cal properties commonly used for dust characterization as
the single-scattering albedo or the mass absorption coeffi-
cient (Di Biagio et al., 2019; Zhang et al., 2024) cannot be
directly obtained from lidar measurements.

The conversion of received signals into optical measure-
ments can generally be done by following one of two meth-
ods: the Klett method (Klett, 1985) or a combined Raman
elastic-backscatter approach. The Klett method requires an
initial estimate of the lidar ratio for the retrievals. In contrast,
the Raman method does not require this initial guess, as it al-
lows for the independent determination of the extinction and
backscatter coefficients (Ansmann et al., 1992). Since our fo-
cus is on independent lidar ratio measurements, we use only
the Raman methodology. However, Raman lidar applications
are limited to nighttime measurements because of the neces-
sary inelastic-backscattering signal that can only be detected
when the strong daylight background is not there (Ansmann
et al., 1992).

Intensive optical properties are employed for aerosol char-
acterization. Lidar ratios and particle linear depolarization
ratios are dependent on particle size, shape, and composi-
tion (Hofer et al., 2020; Huang et al., 2023; Miffre et al.,
2023; Saito and Yang, 2021; Schuster et al., 2012; Wandinger
et al., 2023; Veselovskii et al., 2020). While the Ångström
exponents are initially believed to be primarily related to
particle size (Ångström, 1929), laboratory and observational
studies suggest a substantial dependence of the backscatter-
related Ångström exponent on composition, especially when
changes in composition lead to changes in the imaginary
part of the CRI at UV–Vis wavelengths (Miffre et al., 2020;
Veselovskii et al., 2020). Under varying conditions, changes
in these dependencies affect the optical properties differently,
portraying nonlinear relationships between particle physical
characteristics and their optical properties.

2.3 Data selection

The selection of aerosol layers intended to study the rela-
tion of lidar-measured properties and modeled hematite con-
tent focuses on identifying cases where mineral dust was
the dominant aerosol. This selection process involves three
main, consecutive steps: (1) utilizing Aerosol Robotic Net-
work (AERONET; Holben et al., 1998) measurements to
identify potential dust layers, (2) analyzing available PollyXT

measurements to confirm these dust layers, and (3) review-
ing COSMO-MUSCAT simulation output for the identified
cases. An overview of this selection process is illustrated by
Fig. 1.
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The selection process is constrained by two specific time
periods from NH summer measurement campaigns centered
around Cabo Verde. JATAC, which took place from June to
September in both 2021 and 2022, used ground-based mea-
surements, including PollyXT, aircraft, and balloon measure-
ments, to validate data provided by ESA’s Aeolus satellite.
We decided to focus on these campaign periods for two main
reasons. First, in the spirit of the campaigns’ objectives, the
data were constantly quality controlled and cross-checked
between measurement devices. Second, the summer months
are ideal due to the seasonality of Saharan dust transport to-
wards the Atlantic Ocean. During these months, dust travels
the highest in the atmosphere (Schepanski et al., 2009) with
less interference from other aerosols. Given the data avail-
ability of the PollyXT lidar, we narrowed our focus down to
the following periods for identifying dust-laden aerosol lay-
ers: August–September 2021 and June–July 2022.

Within the selected time frame, the next step involved
identifying days with dust-dominated aerosol layers. As a
first approximation, the total column optical measurements
recorded by the AERONET sun photometer in Mindelo,
Cabo Verde, were used. The AERONET level 2.0 (qual-
ity assured and cloud screened) dataset was then filtered
based on the following “pure dust” criteria: aerosol optical
thickness for the 550 nm wavelength (AOT550)> 0.1 and the
extinction-related Ångström exponent for the 440–870 nm
wavelengths (ÅE(α)440/870)< 0.3 (Ansmann et al., 2019).
As a result of the filtering process, only the dates meeting
the pure dust criteria remained for the subsequent steps of
the selection process.

The second step of the selection process involved ana-
lyzing PollyXT data. The initial task was to verify whether
the dates that passed the AERONET-related filters included
nighttime lidar measurements. The next step was the man-
ual cloud-screening procedure, as the presence of clouds can
influence all particle optical properties. If retrievals can be
conducted without cloud interference, or if specific time pe-
riods minimize the impact of clouds, the selection process
proceeded with those suitable times for dust retrievals. When
clouds are located below the aerosol layer, they interfere
with lidar retrievals targeting the aerosol plume above. This
is because multiple scattering within clouds prevents accu-
rate measurement of the aerosol plume. Conversely, if clouds
are above the aerosol layer, they do not necessarily contam-
inate aerosol signals, provided there is sufficient separation
between the clouds and the aerosol layer. This separation
needs to be sufficiently distinct to allow for Raman elastic-
backscatter retrievals using a reference height in that inter-
mediate space.

From this point forward, the selection of pure dust days
and the nighttime hours, from which the vertical optical
properties of dust are retrieved from the PollyXT measure-
ments, has been made. Some pure dust days were found to
have two distinct dust aerosol layers. Each layer is consid-
ered an individual case study because such layering could

be due to atmospheric inversions or dust originating from
different source regions with their own wind pattern, poten-
tially affecting the modeled hematite content between lay-
ers. The subsequent step involves selecting dust layers that
meet the pure dust criteria based on lidar optical measure-
ments, excluding considerations for lidar ratios. The crite-
ria, based on Tesche et al. (2011), are as follows: δ355 '

0.26±0.06, δ532 ' 0.31±0.1, ÅE((β)355/532 6 0.16±0.45,
and ÅE((α)355/532 6 0.22±0.27, as illustrated in the last sub-
section of the PollyXT step in Fig. 1.

The third step of the selection process takes into account
the COSMO-MUSCAT modeling results. The first criterion
is whether the model simulates the dust layer(s) for the same
date and time at which the dust layer(s) were observed by
PollyXT. If this criterion is met, the next step is to assess
whether the model reproduces a similar vertical structure.
A dust layer is selected for this study if the model simu-
lates both the dust layer(s) at the corresponding dates and
times and a comparable vertical structure. Between 19 Au-
gust 2021 and 8 July 2022, a total of 22 dust layer cases
passed the data selection filters.

2.4 Layer comparison

The comparison between the vertically resolved optical prop-
erty, the lidar ratio at both the 355 and the 532 nm wave-
lengths, and the modeled hematite fraction is illustrated in
Fig. 2 for a hypothetical case based on lidar and model data.
This comparison is done for each dust layer, where a mean
value is calculated based on its own vertical structure. Specif-
ically, the optical property means are calculated by taking
into account the thicknesses of each dust layer, as retrieved
by PollyXT, while the hematite fraction means are calculated
based on the thickness of each COSMO-MUSCAT-simulated
dust layer. For instance, for the two dust layers depicted in
Fig. 2, one mean lidar ratio value at 355 nm and another at
532 nm are calculated for the dust layer in between 1.4 and
3 km. These values are then compared to the mean hematite
fraction (hematite mass concentration divided by the total
dust mass concentration) for the simulated dust layer in be-
tween 0.9 and 2.8 km. For the lofted layer, the lidar ratio
means are computed for the range between 3.7 and 5.2 km
and are compared with the modeled mean hematite fraction
in the range of 3 to 5.3 km.

2.5 POLIPHON

The two-step POLIPHON method (Mamouri and Ansmann,
2014, 2017) translates lidar-retrieved optical properties into
mass concentrations of coarse-dust (particle diameter (D)>
1 µm), fine-dust (D < 1 µm), and non-dust concentrations.
This separation is achieved by utilizing the lidar-retrieved
δ and β values, AERONET-derived conversion factors, and
assumed values for S and density. The method involves the
separation of the measured β values using the retrieved δ val-
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Figure 1. Flowchart of the case selection process. Dust layers are selected through three main steps. The first step is depicted with green
colors and relates to date filtering through AERONET measurements and the so-called “pure dust” optical measurement values (Ansmann
et al., 2019). The second step is through PollyXT measurements, shown in the figure in orange colors. The first two filters are related to
the data availability and whether clouds interfere with the measurements, while the last filter is related to the lidar-retrieved optical mea-
surements (Tesche et al., 2011). The third step is pictured in violet colors and is related to the simulation results from COSMO-MUSCAT.
The questions to be answered in this section are related to whether the dust layer is simulated in a way similar to the lidar vertical struc-
ture. Abbreviations: aerosol optical thickness at 550 nm wavelength (AOT550), extinction-related Ångström exponent for the 440–870 nm
wavelengths (ÅE(α)440/870), particle linear depolarization ratio at the 355 nm wavelength (δ355), particle linear depolarization ratio at the
532 nm wavelength (δ532), backscatter-related Ångström exponents for the 355–532 nm wavelengths (ÅE(β)355/532), and extinction-related
Ångström exponent for the 355–532 nm wavelengths (ÅE(α)355/532).

ues to estimate α values based on assumed S values and af-
terwards converting the calculated particle extinction coeffi-
cients into mass concentrations by applying the AERONET-
derived conversion factors and representative densities (ρ).
The specific values used for the dust layers analyzed in this
study are provided in Table 1. The two-step POLIPHON pro-
cesses are described in detail below.

– Separation of particle backscatter coefficients. This pro-
cedure consists of two processes. Initially, a broad sep-
aration between coarse-dust aerosols and the mixture of

fine-dust and non-dust aerosols is performed based on δ
values (Fig. 3b). Defined threshold values of δ are com-
pared to the lidar-retrieved δ values to achieve this sepa-
ration. For this first step, the δ values for coarse dust, as
listed in Table 1, are applied together with the fine-dust
and non-dust mixture δ values. In this study, a δ value
of 0.12 is used for the mixture of fine dust and non-dust,
as the analyzed dust layers are located above the marine
boundary layer, where non-dust aerosols are primarily
of a continental nature (Mamouri and Ansmann, 2017).
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Figure 2. Sketch illustrating how the dust layers are compared be-
tween the PollyXT results and the COSMO-MUSCAT-simulated
dust layers. On the left-hand side, the lidar ratio vertical structure is
sketched for the 355 nm (blue) and 532 nm (green) wavelengths. On
the right-hand side, the vertical structures of the modeled total dust
mass concentration (brown) and hematite mass concentration (pur-
ple) are sketched. The boxes represent the domain of one dust layer,
and the arrows represent the relation between the measurements.
The sketch represents dust-related vertically distributed properties
above Mindelo, São Vicente, Cabo Verde.

Separation of fine-dust aerosols from non-dust aerosols.
The second process separates fine-dust from non-dust
aerosols using δ threshold values for these categories, as
shown in Table 1. Ultimately, the values of β for coarse
dust, fine dust, and non-dust are determined. Then, δ
threshold values used for the separation of non-dust and
dust categories are derived from extensive lidar mea-
surements (Mamouri and Ansmann, 2014), while the
coarse- and fine-dust δ values are obtained from labora-
tory studies (Sakai et al., 2010, and Järvinen et al., 2016,
respectively). Additionally, the δ values assigned to the
fine-dust and non-dust mixture depend on the nature of
the non-dust aerosol and is determined iteratively by
comparing the results it yields with lidar measurements,
as detailed in Mamouri and Ansmann (2014, 2017).

– Calculation of particle extinction coefficients. Once the
backscatter coefficients are separated, α is calculated by
applying appropriate lidar ratio values for each fraction.
The same S values are assumed for dust-related frac-

tions, while the non-dust value is based on the likeli-
hood of the aerosol origin. The estimates are based on
regional data and are derived from an extensive collec-
tion of previous lidar observations (Mamouri and Ans-
mann, 2014, 2017). The extinction coefficient is ob-
tained by multiplying the separated β by its correspond-
ing S values.

– Conversion to mass concentrations. The extinction co-
efficients are then converted into volume concentrations
using specific conversion factors, followed by the trans-
formation into mass concentrations through the appli-
cation of appropriate density values. These conversion
factors are derived from AERONET aerosol climatolo-
gies, while the representative densities are based on pre-
vious aerosol studies and the assumption of homogene-
ity within dust and non-dust categories (Ansmann et al.,
2012, 2019).

The POLIPHON method incorporates several assump-
tions, the most notable being the uniformity of optical prop-
erties across all mineral dust particles, disregarding hetero-
geneity due to different source regions. However, a sig-
nificant advantage of this approach is that it does not re-
quire a dust particle shape model for data analysis, rely-
ing solely on the measured optical properties. Neverthe-
less, since the method involves a conversion factor based
on AERONET climatologies, it is important to note that
in order for AERONET to derive aerosol mass fractions, a
spheroid-shaped model is used (Dubovik et al., 2006). The
two-step POLIPHON method has been validated, demon-
strating good agreement between airborne measurements and
lidar-retrieved, two-step POLIPHON-derived fine and coarse
modes of dust mass concentrations in Barbados during the
SALTRACE campaign (Haarig et al., 2019).

Two-step POLIPHON-derived data are employed in this
study as an analytical tool with two key mass concentration
ratios serving specific purposes. First, the ratio of non-dust
to dust mass concentration is used to color-code each dust
layer case and to quantify relationships between different
case studies. Second, the fine- to coarse-dust mass concen-
tration ratio is used to categorize the case studies into three
distinct groups: (1) dust layers with a higher portion of fine-
dust mass concentrations (i.e., fine/coarse> 11 %), (2) dust
layers with an intermediate proportion of fine-dust mass con-
centrations (i.e., 9 %<fine/coarse< 11 %), and (3) dust lay-
ers with a lower portion of fine-dust mass concentrations
(i.e., fine/coarse< 9 %). It is important to emphasize that
this classification is specific to the analyzed cases and does
not represent a universal standard for defining “high” fine-
to coarse-dust mass concentration. Moreover, considering
the uncertainties associated with mass concentration calcu-
lations, 20 %–30 % for total mass concentration, 40 %–60 %
for the fine-mode mass concentration, and 25 %–35 % for the
coarse-mode mass concentration (Ansmann et al., 2019), the
proposed classification falls outside the uncertainty margin.
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Table 1. Values used for implementing the two-step POLIPHON method. Values are obtained from Ansmann et al. (2019, 2012) and
Mamouri and Ansmann (2017). δ is the particle depolarization ratio, S is the lidar ratio, Cv is the volume conversion factor, and ρ represents
density. Units are in square brackets.

Parameter Non-dust Dust Coarse dust Fine dust

δ 0.05 0.31 0.39 0.16
S 50 50 50 50
Cv [10−12 Mm] 0.22± 0.06 0.64± 0.07 0.79± 0.08 0.22± 0.06
ρ [g cm−3] 1.5 2.6 2.6 2.6

Therefore, these divisions should be regarded as exploratory
and artificial, intended solely for the purposes of this study.
The primary objective is to investigate a potential method for
disentangling physical parameters influencing intensive op-
tical properties, particularly in light of the evident impact of
dust particle size on the lidar ratio, as shown in Fig. 5 in
Wandinger et al. (2023) and Fig. 15 in Zhang et al. (2024).

Additionally, to support the validation of model results,
the fine- to coarse-dust mass concentration ratio derived from
POLIPHON is compared with the corresponding ratio from
COSMO-MUSCAT for each dust layer. This comparison en-
hances the reliability of the analysis by providing a more ro-
bust assessment of model- and lidar-derived data agreement.
The described products and their application are illustrated
in Fig. 3.

3 Results and discussion

This section is structured as follows. First, lidar measure-
ments from 24 August 2021 are shown and described. On
this day, two distinct dust layers are identified and analyzed
as separate case studies. The dust layers are shown after ap-
plying the two-step POLIPHON method, and the results are
compared with the corresponding COSMO-MUSCAT results
for the same day and time. Next, the bulk of case studies is
presented, beginning with a comparison of the fine to coarse
ratios derived from COSMO-MUSCAT and POLIPHON.
This is followed by an analysis of the relationship between
hematite fraction and lidar ratio, the particle linear depolar-
ization ratio at both 355 and 532 nm, and backscatter- and
extinction-related Ångström exponents. Finally, the cases are
analyzed separately according to size, and the hematite frac-
tions are compared with the aforementioned lidar-measured
optical properties.

3.1 Single case study – 24 August 2021

3.1.1 Observed dust optical properties

Figure 4 shows the vertical distribution of optical properties
retrieved from PollyXT on 24 August 2021 between 02:45
and 05:27 UTC. The vertical profiles show two aerosol lay-
ers. In order to accurately determine their heights, a lower
vertical smoothing is used to enhance the distinction between

aerosol layers and air layers with less particle contents. The
heights of the layers are then set using a vertical smoothing
of 22.5 m. By cross-checking the measured optical proper-
ties against the values signaling for dust layers (Tesche et al.,
2011) in Cabo Verde (step 2 of Fig. 1’s flowchart), it is con-
firmed that the measurements for this day correspond to two
distinct dust layers, each to be regarded as a separate case
study (see Table 2). The vertical smoothing used to calculate
their optical properties is different for the layers to balance
the number of independent measurements and the length of
their standard variation. For the lower layer near the surface,
a vertical smoothing of 232.5 m is applied, while for the up-
per layer, a vertical smoothing of 577.5 m is used, the pro-
files of which are illustrated in Fig. 4. It is noteworthy that
the particle backscatter coefficient shows a wavelength de-
pendence, with larger β values at 532 nm than at 355 nm for
the upper dust layer but not for the lower layer. The mean
values of the particle extinction coefficient fall within their
measurement error margins when comparing 355 to 532 nm
wavelengths across both dust layers, implying wavelength
independence. Such behavior is not uncommon for Saharan
dust (Veselovskii et al., 2016, 2020). Since our study focuses
on the optical properties of dust independent of the amount
of dust, with a particular interest in backscattering charac-
teristics, the emphasis is on the intensive optical properties.
Table 2 provides the mean values of these intensive optical
properties for each dust layer together with the reference pure
dust values of Tesche et al. (2011).

The mean values of the intensive optical properties reveal
that the lidar ratios at 355 nm fall within the upper half of the
pure dust tolerance range, whereas the lidar ratios at 532 nm
are in the lower half of this range. For the particle linear de-
polarization ratios, the values at 355 nm are in the lower half
of the pure dust tolerance range, while the values at 532 nm
are within the inner half of the pure dust tolerance range.
The backscatter-related Ångström exponent values are either
on the lower end (lower layer) or below the lower limit of the
specified range (upper layer), whereas the extinction-related
Ångström exponent values are either above the upper limit
of the pure dust range (upper layer) or on the lower limit
of the specified range (lower layer). Values close to zero for
both ÅE(β) and ÅE(α) are related to the presence of large
particles. Negative values are not unusual for Saharan dust
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Figure 3. Process flow illustrating two main methods and their corresponding data outputs used in the study. (a) Violet colors represent the
output from COSMO-MUSCAT. The fine- to coarse-dust mass concentration ratio and hematite fraction are the model output products used
for the results. The particle diameter threshold for distinguishing between fine- and coarse-dust mass concentration is set at 1 µm to align
with the POLIPHON classification. (b) The POLIPHON output flow is shown in orange colors. The products from the POLIPHON used for
the results are the fine- to coarse-dust and the non-dust to dust mass concentration ratios.

Figure 4. Average lidar profiles measured on 24 August 2021, 02:45–05:27 UTC. The vertical profiles are vertically smoothed before cal-
culation with a resolution of 577.5 m. For plots (a)–(d), blue represents measurements at the 355 nm wavelength, and green represents
measurements at the 532 nm wavelength. The optical properties shown are the particle backscatter coefficient (Bsc. (β)) (a), particle extinc-
tion coefficient (Ext. (α)) (b), lidar ratio (S) (c), and particle linear depolarization ratio (Depol. ratio (δ)) (d). For the Ångström exponent
(ÅE) plot (e), both ÅEs shown are calculated for the 355–532 nm wavelengths, with the backscatter-related ÅE shown in light blue and the
extinction-related ÅE shown in black.
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Table 2. Mean values of lidar ratios (S), particle linear depolarization ratios (δ), backscatter-related Ångström exponent (ÅE(β)), and
extinction-related Ångström exponent (ÅE(α)) for the 355 and 532 nm wavelengths for two dust layers measured on 24 August 2021, 02:45–
05:27 UTC. Reference pure dust values from Tesche et al. (2011) are shown in the last row.

Height S355 [sr] δ355 S532 [sr] δ532 ÅE(β)355/532 ÅE(α)355/532

1.4–2.1 km 59± 6 0.201± 0.012 44± 10 0.252± 0.007 −0.26± 0.05 0.54± 0.57
2.7–5.2 km 61± 5 0.236± 0.003 48± 4 0.292± 0.001 -0.49± 0.07 0.08± 0.34
Pure dust following 53± 10 0.26± 0.06 54± 10 0.31± 0.1 0.16± 0.45 0.22± 0.27
Tesche et al. (2011)

(Haarig et al., 2022; Veselovskii et al., 2016, 2020), with
measurements showing ÅE(β) ranging from −0.55 to 0.5
and ÅE(α) ranging from −0.2 to 0.2. Negative ÅE(β) val-
ues can result from a spectral dependence on changes in the
imaginary part of the dust CRI at UV–Vis wavelengths. A
sensitivity study performed in Veselovskii et al. (2020) shows
that ÅE(β) is more affected than ÅE(α) by changes in the
imaginary CRI part at the UV–Vis range.

In the present case, the increase in S values, along with
the changes in ÅE(β) between lower and upper layers, sug-
gest compositional differences, likely the presence of a min-
eral such as hematite in the lower layer, which enhances ab-
sorption by increasing the imaginary part of the CRI, driv-
ing the backscattering coefficient to decrease in a spectral-
dependent manner (Chang et al., 2025; De Leeuw and Lam-
berts, 1987; Wandinger et al., 2023). The fact that ÅE(β)
in the lower layer is closer to zero supports the hypothesis
of higher hematite content in this layer. While the S differ-
ences fall within the uncertainty range, the contrast in ÅE(β)
is more pronounced and may serve as a more sensitive in-
dicator. To better understand the influence of hematite on
the spectral backscattering behavior, and given the limita-
tions of single-layer interpretation, we extend our analysis
to a broader set of dust cases. This approach enables a more
robust assessment of the role of mineral composition, partic-
ularly iron oxides, in shaping lidar-derived intensive optical
properties.

3.1.2 POLIPHON-derived vs. COSMO-MUSCAT dust
concentrations

The results from applying the two-step POLIPHON method
to measurements from 24 August 2021, alongside COSMO-
MUSCAT simulation results for the same day at a simi-
lar time range (03:00–06:00 UTC), are presented in Fig. 5.
The COSMO-MUSCAT simulation results depict a two-layer
dust structure; however, the altitudes of these layers do not
align precisely with those observed. For comparison pur-
poses, the COSMO-MUSCAT dust layers are defined as fol-
lows: the lower layer extends from 0.8 to 2.7 km, while the
upper layer ranges from 3 to 4.8 km.

According to the POLIPHON results, the average dust
mass concentration in the lower layer is 118 µg m−3, while

the upper layer reaches 270 µg m−3. The COSMO-MUSCAT
simulation estimates an average dust mass concentration of
179 µg m−3 for the lower layer and 97 µg m−3 for the upper
layer. This indicates that the model overestimates the dust
concentration in the lower layer by a factor of 1.5 and un-
derestimates it in the upper layer by a factor of 0.35. De-
spite these discrepancies, the model fits well to the total mea-
sured dust mass load. This can be seen in the good agree-
ment between AERONET and COSMO-MUSCAT total col-
umn AOT for the Mindelo station on 23 August 2021 at
19:00 UTC, where the model calculates a total column AOT
of 0.84, while the AERONET measurements show an AOT
of 0.76 (Fig A1).

Regarding the fine- to coarse-dust ratio, POLIPHON-
derived values indicate an average of 0.15 for the lower layer
and 0.08 for the upper layer. COSMO-MUSCAT simulates a
ratio of 0.1 for the lower layer and 0.12 for the upper layer.
The model simulates coarser particles for the layer closer to
the ground, which may explain the higher modeled dust mass
concentration for that layer. Conversely, the model estimates
a greater fraction of fine dust in the upper layer compared to
observations, which may contribute to the underestimation of
mass concentration at those altitudes. Despite these discrep-
ancies, the model effectively represents the two-layer dust
structure, and the two datasets are sufficiently well related,
as the mass concentrations are of the same order of magni-
tude. This level of agreement allows for a meaningful com-
bined analysis, particularly since the focus of this study is on
mass-independent properties. It is noteworthy that the dis-
crepancies may also stem from the model averaging the dust
plumes across the entire island, making it inherently unable
to capture the exact same vertical structure that is observed
by lidar measurements.

Furthermore, the average hematite fraction per dust layer
is 0.009 for the lower layer and 0.011 for the upper layer, in-
dicating only a slight difference between the two. This small
difference does not support the expectation that the lower
layer contains more hematite, as previously considered based
on ÅE(β). Additionally, lidar ratio values are nearly identical
between layers, making it difficult to attribute any observed
optical differences solely to hematite content. However, the
more distinct increase in ÅE(β) remains notable and may re-
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Figure 5. Vertical profiles for the POLIPHON-derived products
from lidar-measured optical properties on 24 August 2021 at 02:45–
05:27 UTC and COSMO-MUSCAT simulation results above Min-
delo. The 532 nm particle backscatter coefficient (a, light green) and
the particle linear depolarization ratio (a, dark blue) are the input
to obtain the separated dust and non-dust profiles in (a) and (b).
The POLIPHON products are the derived 532 nm dust backscat-
ter coefficient (a, orange), the non-dust backscatter coefficient (a,
light blue), the dust mass concentration (b, orange), the coarse-
dust mass concentration (b, gold), the fine-dust mass concentra-
tion (b, bisque), the non-dust mass concentration (b, light blue),
and the dust mass fraction (b, black, ratio of the dust to the to-
tal particle mass concentration; dashed black vertical line indicates
a dust mass fraction of 1). Vertical profiles of simulated mineral
dust mass concentrations from the COSMO-MUSCAT model (c).
The vertical profile corresponds to values calculated for the grid
cell, where Mindelo, Cabo Verde, is found in the model for 24 Au-
gust 2021 at 03:00–06:00 UTC. Total dust mass concentration (c,
orange), coarse-dust mass concentration (c, gold), fine-dust mass
concentration (c, bisque), and hematite mass concentration (c, red)
are shown.

flect other influencing factors, such as differences in particle
size distribution.

3.2 Multiple case studies

Figure 6 shows the fine- to coarse-dust mass concentration
ratios obtained from POLIPHON compared to the COSMO-
MUSCAT simulation results for 22 case studies. The results
show that the ratios are of the same order of magnitude, and
they all fall within the range of the 2-to-1 and 1-to-2 lines.

There is a notable tendency for COSMO-MUSCAT to lean
towards the 1-to-2 comparison, indicating a slight overesti-
mation of the fine portion of the dust mass concentration.

Studies by Adebiyi and Kok (2020) and Kok et al.
(2017) compared ensembles of atmospheric models with dust
aerosol in situ measurements and found that atmospheric
models tend to overpredict the fine-dust portion, while un-
derestimating the coarse-dust portion. This over- and under-
prediction has impacts on the calculation of the global direct
radiative effect. Fine dust significantly contributes to extinc-
tion at 550 nm, with only a few percent of that extinction due
to absorption, whereas coarse dust absorbs a larger fraction
of the extinguished radiation at 550 nm (Adebiyi et al., 2023).

To further validate the model results, a comparison of
the aerosol mass loading was conducted by analyzing to-
tal column aerosol optical thickness (AOT) at 550 nm
against AERONET data. This comparison considered five
AERONET stations strategically distributed across the Sa-
hara region and along the dust transport pathway over the
Atlantic, with corresponding grid cell values in the model re-
sults. Despite certain limitations, such as extended periods of
missing data for some stations and specific events being mis-
represented by the model, COSMO-MUSCAT effectively re-
produces the temporal evolution of dust plumes in the region,
capturing the general patterns of timing and intensity, partic-
ularly for the periods of time when ÅE(α)440/870 are below
0.3, indicating that dust is the main aerosol type.

These findings suggest that the model effectively captures
the dust transport across the region. Furthermore, consid-
ering that dust plumes during this season typically travel
above the marine boundary layer (Schepanski et al., 2009),
the dust observed over Cabo Verde is mostly part of the
larger regional transport patterns rather than from local emis-
sions. The results are presented and further discussed in Ap-
pendix A.

3.2.1 Dependence of optical properties on hematite
fraction

As outlined in the Introduction, changes in the hematite con-
tent of mineral dust increase the imaginary part of the com-
plex refractive index (CRI) of dust in the UV–Vis spectral
range, dominating light absorption (Di Biagio et al., 2019)
and decreasing the backscattering coefficients (Chang et al.,
2025; Veselovskii et al., 2016; Wandinger et al., 2023). As-
suming a constant particle shape and size, we expect that in-
creasing hematite content should lead to a reduction in the
particle depolarization ratio, as suggested by the experimen-
tal findings of Miffre et al. (2023), and to a reduction in the
backscatter coefficients at both 355 and 532 nm. Crucially,
this decrease is considered to be spectrally dependent, with a
steeper decline at 532 nm than at 355 nm, a pattern supported
by Mie theory (De Leeuw and Lamberts, 1987) through size
parameter considerations: for the same particle radius, the
size parameter χ = 2πr/λ is larger at 355 nm than at 532 nm,
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Figure 6. Fine- to coarse-dust mass concentration comparison between COSMO-MUSCAT and POLIPHON. The dashed line represents the
1 : 1, line and the dotted lines represent the 2 : 1 and 1 : 2 lines, as indicated in the legend. The error bars represent the standard deviation of
the ratio per dust layer.

leading to a more forward-peaked scattering phase function
at the shorter wavelength. As a result, 355 nm backscatter-
ing is initially lower and less influenced by internal and
surface resonances. In contrast, 532 nm backscatter benefits
more from these resonance enhancements, which are more
strongly dampened as the imaginary part of the CRI – and
consequently absorption – increases, leading to the sharper
decline of the backscattering coefficient at this wavelength.

While we acknowledge that non-sphericity of mineral dust
significantly influences its optical properties, we adopt the
perspective that the spectral behavior of the backscatter re-
sponse, namely its dependency on the imaginary part of the
CRI, is preserved across different particle shapes. This view-
point is supported by the comparative study of Chang et al.
(2025), which showed that the shape of the backscatter co-
efficient’s dependency on the imaginary part of the CRI re-
mains consistent across various scattering models, including
those by Dubovik et al. (2006) and Saito et al. (2021). No-
tably, Chang et al. (2025) also report that the backscatter-
related Ångström exponent for 355–532 nm increases for
larger particles as the imaginary part of the CRI increases, re-
inforcing the expected wavelength-dependence suppression
of the backscatter coefficient. As a result of this differential
sensitivity, the lidar ratio (S = α/β) is expected to increase
with hematite content due to the stronger suppression of the
backscatter coefficients relative to the extinction coefficients.

Moreover, this spectral imbalance in backscattering man-
ifests in the backscatter-related Ångström exponent for the

UV–Vis wavelengths, defined as

ÅE(β)355/532 =−
ln(β532/β355)
ln(532/355)

. (1)

When β532 is greater than β355, ÅE(β)355/532 is negative.
This is the case for all dust plumes analyzed here. It fol-
lows that if both coefficients decrease with an increasing
hematite content, particularly with β532 dropping faster than
β355, their ratio approaches unity, causing ÅE(β)355/532 to
shift towards zero. This behavior is clearly observed in Fig. 7,
supporting the hypothesis that hematite fraction influences
the spectral shape of the backscattering in a predictable and
physically meaningful manner.

In real atmospheric conditions, however, the relationship
between hematite content and optical properties is compli-
cated by differences in particle size and shape, which are
known to strongly influence lidar-derived intensive optical
properties. Figure 7 shows the correlation between the mod-
eled average hematite fraction and lidar-retrieved intensive
optical properties across 22 dust-dominated layers. No sig-
nificant correlation is found between hematite content and li-
dar ratios or particle depolarization ratios at either 355 nm or
532 nm, suggesting that the effects of hematite on these prop-
erties are likely masked by competing influences from size
and shape variability. However, a moderately strong positive
correlation (R2

= 0.49) is observed between ÅE(β)355/532
and hematite fraction. This result aligns with our theoretical
framework and provides direct observational support for the
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wavelength-dependent impact of hematite on backscattering
efficiency.

As hematite content increases, the backscatter coefficient
spectrum flattens, especially due to the stronger attenuation
of β532, leading to an increase in ÅE(β)355/532. This indicates
a reduced spectral gradient in the backscatter signal, which is
consistent with a wavelength-dependent absorption increase
driven by the imaginary part of the CRI. These findings high-
light ÅE(β) as the most sensitive lidar optical parameter to
hematite content, reinforcing its potential as a compositional
tracer in dust characterization.

The color coding in the lidar ratio analysis in Fig. 7 repre-
sents the fine to coarse fraction in percentage. Noteworthily,
the points with the highest fine to coarse fraction (16 %),
shown in yellow, lie outside of the range of the other S val-
ues. Lower fine to coarse percentages are clustered around
hematite fractions of 0.01 to 0.012. This visual separation
suggests that the size distribution may modulate the response
of these intensive optical properties to hematite, with fine-
mode enrichment possibly enhancing or obscuring compo-
sitional signals. Given the known nonlinear dependence of
intensive properties on particle size, shape, and composi-
tion (Chang et al., 2025; Huang et al., 2023; Miffre et al.,
2020, 2023; Saito and Yang, 2021; Wandinger et al., 2023), it
is not surprising that only ÅE(β) shows a strong correlation.
Prior studies, such as Di Biagio et al. (2019) and Adebiyi and
Kok (2020), have shown that absorption efficiency increases
with particle diameter, while scattering efficiency decreases,
further complicating simple linear interpretations.

For this reason, separating dust cases based on the fine to
coarse ratio could improve interpretation by controlling the
variability in particle size distributions between layers. This
approach may help clarify whether the observed trends truly
reflect hematite-driven changes in the imaginary part of the
CRI.

Furthermore, the lidar-ratio-related Ångström exponent
for the 355 and 532 nm wavelengths (ÅE(S)355/532) exhibits
a weak negative correlation with hematite. This suggests that
the hematite fraction may influence the lidar ratio with a
wavelength dependence, potentially by impacting more S532
than S355. This influence could be attributed to the effect of
hematite on the imaginary part of the CRI through its im-
pact on the backscattering properties. However, with a low
R2 value of 0.25, this relationship remains too weak and non-
significant to provide any conclusions (see Fig. B1).

While dust-dominated layers were carefully selected for
this study, the presence of other aerosols, such as those from
anthropogenic activity, e.g., black carbon and biomass burn-
ing, cannot be entirely ruled out. These aerosols, particularly
black carbon, are known to absorb radiation, especially in
the UV part of the spectrum (Li et al., 2022; Tesche et al.,
2011), which can potentially influence the measured optical
properties. However, we minimized the potential impact by
applying the ÅE(α)440/870 criterion for the dust layer selec-
tion (see step 1 in Fig. 1).

Interestingly, the observed moderately linear relationship
between ÅE(β)355/532 and hematite fraction is not reflected
in the lidar ratio analysis. This is partly explained by the
lack of correlation with the extinction-related Ångström ex-
ponent (ÅE(α)355/532), thereby diminishing the influence
of hematite on dust backscattering properties. Given the
methodology used for this study, an intriguing opportunity is
presented in the following section in order to explore whether
limiting size differences within the dust plumes could poten-
tially strengthen correlations between hematite fraction and
intensive optical properties.

3.2.2 Size dependency

To gain a clearer understanding of the relationship between
the measured intensive optical properties and the modeled
hematite fraction, the study cases were separated into three
artificial clusters based on different fine- to coarse-dust mass
ratios (see Fig. 3). This clustering approach aims to re-
duce size differences within the dust layers, mitigating the
size-dependent effects of the lidar ratio and the backscatter-
related ÅE.

Figure 8 presents the relationships between the modeled
hematite fraction and measured intensive optical properties,
stratified into three clusters based on the fine- to coarse-dust
mass ratio. Corresponding mean values and correlation co-
efficients for each group are provided in Table 3. Panels a–
b show the cases with the highest fine to coarse ratios, re-
flecting larger proportions of fine dust and, consequently, the
greatest particle size differences within a dust layer. In con-
trast, panels e–f display the cases with the largest coarse-dust
portion, indicating less drastic size differences within each
dust layer. The intermediate group is shown in panels c–d.

The validity of the size-based clustering is further sup-
ported by the trends in the mean values of the intensive op-
tical properties across the groups, as shown in Table 3. As
expected from theoretical and observational studies, the lidar
ratio (S) increases with particle size due to the greater contri-
bution of coarse particles to extinction relative to backscat-
ter. This trend is clearly reflected in the mean S values across
the clusters, confirming that the size separation effectively
captures a systematic size-dependent trend in the optical re-
sponses. Similarly, the particle linear depolarization ratio (δ)
increases with particle size, consistent with findings by Hofer
et al. (2020) and Miffre et al. (2023), who demonstrated that
larger and more irregularly shaped particles produce higher
depolarization. In our data, mean δ355 values increase from
0.21 in the fine-mode cluster (Fig. 8a) to 0.25 in the coarse-
mode cluster (Fig. 8e), while a similar rise is seen in δ532.

However, particle depolarization ratios remain largely un-
correlated with hematite fraction among size clusters. This
is consistent with prior findings, given that depolarization is
primarily sensitive to particle shape and less so to composi-
tion. While the laboratory study by Miffre et al. (2023) re-
ported that the presence of hematite tends to lower δ355, this
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Figure 7. Mean values for 22 dust layers, with hematite fractions shown on the x axis and three intensive optical properties shown on the
y axis in each panel. Lidar ratios are shown with color-coded dots, and their standard deviations are shown by the error bar. The triangular
symbols represent the particle linear depolarization ratios, with the standard deviation shown by the error bar, and the Ångström exponents
are depicted by the 45° tilted “Y” symbols. Linear relationships between hematite fraction and each intensive optical property are illustrated
by dotted lines. The corresponding linear fit equations and the R2 value are presented in the legend alongside each variable; the units of the
variables in the fit equations are as indicated in their respective axis. Panel (a) illustrates S355, δ355, and ÅE(β)355/532, and (b) shows the
values related to S532, δ532, and ÅE(α)355/532. The color-coding scale of the lidar ratio depends on the fine to coarse fraction obtained from
the POLIPHON method; values in percentage are shown by the color bar.

Table 3. Mean values and the linear correlation coefficient, R2, with respect to changes in the hematite fraction with lidar ratios (S), particle
linear depolarization ratios (δ), the backscatter-related Ångström exponent (ÅE(β)), and the extinction-related Ångström exponent (ÅE(α))
for the 355 and 532 nm wavelengths. Categorized according to size differences throughout the case studies following Fig. 3 based on the fine
to coarse ratio (f/c) from the data obtained by applying the POLIPHON method.

Fine(f )/coarse(c) S355 [sr] δ355 S532 [sr] δ532 ÅE(β)355/532 ÅE(α)355/532

f/c > 11% 55± 4 0.208± 0.009 44± 5 0.265± 0.007 −0.43± 0.06 0.13± 0.31
(eight cases) R2

= 0.01 R2
= 0 R2

= 0.19 R2
= 0.05 R2

= 0.55 R2
= 0.01

9%< f/c < 11% 62± 3 0.244± 0.005 49± 3 0.279± 0.003 −0.52± 0.04 0.07± 0.14
(eight cases) R2

= 0.10 R2
= 0.01 R2

= 0.05 R2
= 0.03 R2

= 0.63 R2
= 0.19

f/c < 9% 62± 4 0.253± 0.004 49± 5 0.292± 0.002 −0.55± 0.04 0.04± 0.31
(six cases) R2

= 0.47 R2
= 0.51 R2

= 0.04 R2
= 0.37 R2

= 0.60 R2
= 0.02

is not reflected in the current dataset. A weak negative trend
is only hinted at in the coarse-mode cluster (Fig. 8f), where a
modest negative correlation is observed between δ532, and
hematite fraction is observed for the coarser-particle case.
However, given the limited number of samples in this cluster,
the result should be interpreted cautiously.

By contrast, the backscatter-related Ångström exponent
(ÅE(β)355/532) consistently exhibits moderate and statis-

tically meaningful correlations with hematite fraction in
all size clusters. The strongest correlation is observed in
the intermediate-size group (Fig. 8c, R2

= 0.63), followed
closely by the coarse-mode group (Fig. 8e, R2

= 0.60). The
fine-mode group also shows a notable though slightly weaker
correlation (Fig. 8a, R2

= 0.55). Notably, the correlation co-
efficient, R2, increases positively when moving from cases
with a higher fine-dust portion to those with lower por-
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Figure 8. As in Fig. 7 but the color coding differs, and the 22 dust cases are separated regarding their fine to coarse fraction: (a–b) dust
layers with a fine/coarse fraction above 0.11, (c–d) dust layers with fine/coarse fractions above 0.09 and below 0.11, and (e–f) dust layers
with a fine/coarse fraction below 0.09. Panels (a, c, e) illustrate S355, δ355, and ÅE(β)355/532, and (b, d, f) show the values related to S532,
δ532, and ÅE(α)355/532. The color-coding scale depends on the non-dust to dust fraction obtained from the POLIPHON method, and values
in percentage are shown by the color bar.
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tions, as seen in Fig. 8a, b compared to Fig. 8e, f, suggest-
ing a stronger relationship between hematite fraction and
backscattering properties in coarser-dust layers. The consis-
tently positive slopes of the linear fits across all size clusters
further align with theoretical considerations that as hematite
content increases, and with it, the imaginary part of the CRI,
the backscatter coefficient at 532 nm decreases more steeply
than at 355 nm, leading to a convergence of the two values
and thus driving ÅE(β)355/532 towards zero.

Conversely, the extinction-related Ångström exponent
(ÅE(α)355/532) shows no meaningful correlation with
hematite fraction across the size clusters (Fig. 8b, d, e),
nor any consistent trend. However, the average values of
ÅE(α)355/532 decrease towards zero with increasing coarse-
mode dominance. This trend highlights the strong sensitivity
of ÅE(α) to particle size and suggests that unlike ÅE(β), it
is almost decoupled from the change in the imaginary part of
the CRI to larger values from Vis to UV.

The relationship between hematite fraction and lidar ra-
tio shows a gradual strengthening across size clusters. For
S355, the correlation shifts from non-significant in the fine-
mode group to moderately positive in the coarse-mode group
(Fig. 8a, e). A similar trend is observed for S532 (Fig. 8b, f).
Although the sample size is small, particularly in cases with
a larger proportion of coarse particles (six samples), the pro-
gressively stronger correlation coefficients, combined with
the well-established influence of changes in the imaginary
part of the CRI on backscattering properties, suggest a po-
tentially meaningful relationship between the hematite frac-
tion and the lidar ratio, with a more marked tendency for the
Vis portion of the spectrum at 532 nm (Chang et al., 2025;
De Leeuw and Lamberts, 1987). This is consistent with the-
oretical predictions, as the backscatter coefficient at 532 nm
is more strongly suppressed by increases in the imaginary
part of the CRI than at 355 nm. The relatively higher sen-
sitivity of S532 compared to S355 may reflect both spectral
dependencies in the imaginary part of the CRI and the intrin-
sic wavelength-dependent response of the backscatter coeffi-
cient. This finding aligns with previous studies on the spec-
tral impact of hematite fraction on absorption. For example,
Di Biagio et al. (2019) found a higher R2 when analyzing
the changes in the hematite fraction relative to the single-
scattering albedo at 520 nm (R2

= 0.78) compared to 370 nm
(R2
= 0.73).

This analysis highlights that segregating dust plumes into
size-based clusters, which reduce size variability within the
analyzed dust plumes, enhances the strength and clarity of
the correlations between modeled hematite fractions and op-
tical properties. This most consistent improvement is ob-
served for the backscatter-related ÅE across the UV–Vis
spectral range, with moderately positive correlations emerg-
ing across all three size classes in Fig. 8. This consistency
suggests that ÅE(β)355/532 is particularly sensitive to com-
positional diversity, especially when it affects the imaginary
part of the CRI. In contrast, this trend is less uniform across

other lidar-derived intensive optical properties, reflecting the
complex interplay between particle size, shape, and compo-
sition. A plausible explanation is that coarser particles ex-
hibit enhanced absorption relative to scattering, as shown in
previous studies (Adebiyi and Kok, 2020; Di Biagio et al.,
2019), which would amplify the impact of hematite content
on optical parameters like the lidar ratio and ÅE(β). This is
consistent with the stronger correlations observed for S in the
coarse-particle cluster.

Following Miffre et al. (2020), Schuster et al. (2012),
Veselovskii et al. (2020), and Wandinger et al. (2023), it
is well established that the backscatter-related ÅE for the
355 to 532 nm wavelengths is influenced by the imagi-
nary part of the CRI. Even though the negative relationship
found in the sensitivity study of Veselovskii et al. (2020),
where ÅE(β)355/532 decreases as the imaginary part of the
CRI increases, does not align with our findings, the lab-
oratory study of Miffre et al. (2020) suggests a different
scenario. In cases with a larger effective radius and con-
sidering non-spherical particles, where the real part of the
CRI does not vary, ÅE(β)355/532 increases towards zero as
the imaginary part of the CRI increases. A reasonable in-
terpretation of this discrepancy lies in the design of the
Veselovskii et al. (2020) simulations, where only the imag-
inary part of the CRI at 355 nm was varied while keeping
it fixed at 532 nm. As a result, their study captures only
the decrease in the backscatter at 355 nm, leading to a re-
duction in ÅE(β)355/532. This approach inherently overlooks
the wavelength-dependent sensitivity of backscattering to ab-
sorption, particularly the stronger suppression of β532 with
an increasing imaginary part of the CRI. Consequently, their
results do not capture the behavior observed in our data
(Figs. 7 and 8).

In our study, we consider that hematite content is the main
contributor to the variability in the imaginary part of the
CRI. This is supported by Di Biagio et al. (2019), who ob-
served negligible changes in the real part of the CRI across
various dust samples and a strong positive correlation be-
tween hematite content and the imaginary part, particularly
in the UV–Vis range (see Fig. 9 in their study). Therefore,
the observed increase in ÅE(β)355/532 with hematite frac-
tion in our results is best explained by hematite-driven in-
creases in the imaginary part of the CRI, which lead to
wavelength-dependent suppression of backscattering, espe-
cially at 532 nm. This interpretation is further supported by
the fact that the strongest ÅE(β)355/532 correlations appear in
the size clusters where particle size variability is minimized,
allowing the impact of increasing hematite to become more
apparent.

The lidar-ratio-related ÅE analysis shows similar results
to ÅE(S)355/532, showing the strongest correlation with the
varying hematite fraction for the intermediate cluster (R2

=

0.42). Furthermore, ÅE(S)355/532 correlation coefficients be-
come stronger between the cases with finer particles and the
ones with coarser particles (see Fig. B2). These results re-

https://doi.org/10.5194/acp-25-9737-2025 Atmos. Chem. Phys., 25, 9737–9764, 2025



9754 S. Gómez Maqueo Anaya et al.: Linking dust hematite to lidar-derived intensive optical properties

inforce the idea that hematite influences the lidar ratio with
a wavelength dependence by impacting stronger S532 than
S355.

Additionally, the color coding provides further insight by
highlighting the relationship between the non-dust to dust
fraction, as derived from POLIPHON, within each dust layer.
As shown in Fig. 8, the highest non-dust portions are found
in the layers with the larger fine-dust portion (Fig. 8a–b),
and this ratio decreases progressively as the fine-dust por-
tion diminishes. The presence of higher non-dust content,
such as soot, whether locally produced or transported within
the layer, can influence the measured optical properties by
absorbing radiation at UV–Vis wavelengths (Müller et al.,
2009). This effect contributes to the understanding of the lack
of clear, positive relationships between S355, S532, and the in-
crease in hematite content for cases with a higher portion of
non-dust aerosols.

We conclude that the complex interactions between parti-
cle size, shape, and composition with intensive optical prop-
erties make the effect of the increased hematite fraction more
apparent only when dust cases are size-segregated. This ap-
proach reduces size differences and minimizes interference
from other aerosols. Although these separations are artificial
due to the uncertainties in the fine to coarse ratios, they serve
as a valuable exploratory analysis, highlighting the impor-
tance of size segregation in studying the impacts of iron ox-
ide content on intensive optical properties.

4 Conclusion and implications

Positive correlations are revealed in the analysis between
lidar-retrieved intensive optical properties and modeled
hematite fraction in dust cases when considering particle size
separately, especially for layers with minimal fine-dust and
non-dust content. This suggests that both particle size and
composition significantly influence dust optical properties,
although their effects are intertwined and difficult to disen-
tangle due to their nonlinear nature. Furthermore, due to the
nature of the POLIPHON method, the concentration of non-
dust particles is contained within the fine fraction, therefore
obscuring the correlation between hematite and optical prop-
erties in this size range.

Regarding the positive correlation found with the
backscatter-related Ångström exponent, our findings align
with Miffre et al. (2020), indicating that an increase in the
imaginary part of the CRI, linked to higher hematite con-
tent, can lead to an increase in ÅE(β)355/532, particularly
when initial values are negative. This supports the notion that
changes in ÅE(β)355/532 are primarily driven by differences
in the imaginary part of the CRI, rather than the real part.
This is consistent with previous studies, such as those by
Di Biagio et al. (2019), which found no change in the real
part of the CRI but identified hematite’s impact on the imag-
inary part. These correlations indicate a negative relation-

ship between the hematite fraction and dust backscattering
properties, with a wavelength-dependent influence. While
the lidar ratio does not show a strong correlation, a clear
trend emerges as particle size differences become more con-
strained at both 355 and 532 nm wavelengths. In the size-
segregated cases, the positive correlation strengthens. This
trend is further supported by the lidar-ratio-related ÅE corre-
lation analysis.

This study presents a framework for understanding the in-
fluence of hematite content on lidar measurements. To en-
hance the statistical validity of these findings, it is essential
to identify additional lidar-retrieved dust plumes that meet
these study criteria, potentially using machine learning tech-
niques. Expanding this research to other desert regions glob-
ally is also recommended, given the lidar ratio variability
across different deserts (Hofer et al., 2020; Schuster et al.,
2012).

Future modeling efforts should include a parameterization
that takes into account the changes in particle size distri-
bution as minerals are emitted and should add the soil dis-
tribution content of goethite. Additionally, a new develop-
ment could replace the use of soil-interpolation-produced
databases by providing a mineralogical dataset from space-
borne hyperspectral measurements through NASA’s Earth
Surface Mineral Dust Source Investigation (EMIT; https:
//earth.jpl.nasa.gov/emit/, last access: 28 August 2025).

Moreover, if a specific combination of lidar-retrieved mea-
surements can be identified for dust layers with varying
hematite content, these measurements could be linked to dis-
tinct dust source regions with unique mineralogical distribu-
tions (Formenti et al., 2014; Go et al., 2022). This would
build on previous studies that have linked differences in mea-
sured lidar ratios to dust originating from different regions
of the Sahara (Esselborn et al., 2009). To advance this re-
search, efforts could also incorporate the infrared channel
from PollyXT retrievals to identify minerals interacting with
this part of the spectrum (Gebauer et al., 2024; Haarig et al.,
2022, 2025).

To conclude, although a positive correlation has been iden-
tified between the backscatter-related Ångström exponent
and hematite fraction, it is clear that further research is nec-
essary in order to establish and characterize this relationship
and further relationships between hematite content and lidar-
retrieved intensive optical properties, especially considering
the non-sphericity of the particles. Nonetheless, these find-
ings underscore the importance of considering both size and
compositional factors for accurately representing dust opti-
cal properties. This could help reduce uncertainties in model
estimates of dust and its direct radiative effect.
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Appendix A: Comparison between
COSMO-MUSCAT-derived and AERONET AOT

A comparison of aerosol optical thickness (AOT) at 550 nm
was conducted using AERONET data to evaluate the model’s
performance. The model-derived AOT is calculated based
on the simulated total column dust mass loads; an effec-
tive radius; a dimensionless dust extinction efficiency at
550 nm, which varies within the model size classifications;
and a fixed, homogeneous density of 2650 kg m−3. Further
details of this diagnostic approach can be found in Gómez
Maqueo Anaya et al. (2024a). The comparison covered the
entire simulation period, from 8 August to 30 Septem-
ber 2021 and from 2 June to 31 July 2022. AERONET
stations were strategically selected along the dust transport
pathway from the Sahara towards the Atlantic, and level 2.0
data, which undergo cloud screening, were used. The results
are depicted in Fig. A1 for 2021 and Fig. A2 for 2022.

The COSMO-MUSCAT performance varies across sta-
tions. While the model tends to underestimate AOT at certain
stations, such as Mindeo and Banizoumbou during JATAC
2021 and Santa Cruz in both campaign periods, it gener-
ally overestimates AOT at the other studied stations. Among
the stations analyzed, the Santa Cruz station showed the
best overall agreement with the modeled values. However,
the lack of measurements at some stations during signifi-
cant periods of time in both campaigns introduces bias into
the model–observation correlations. Specific events, such as
on 9 August 2021 at Cinzana and during the midday of
23 August 2021 at Mindelo, are significantly overrepresented
and underrepresented by the model, respectively. The dust
event recorded at the Banizoumbou station on 13 Septem-
ber 2021 also appears to be underrepresented. However,
satellite observations suggest potential cloud contamination
in AERONET AOT values despite cloud-screening proce-
dures.

It is important to highlight that AERONET AOT retrievals
account for all aerosol types potentially present, whereas
the model simulates only dust aerosols. To ensure a more
direct comparison, the focus is placed on periods when
ÅE(α)440/870 values are below 0.3, which serves as a reliable
indicator that dust is the dominant aerosol type (Ansmann
et al., 2019). Despite these challenges, the model effectively
reproduces the temporal evolution of dust plumes in the re-
gion, successfully capturing the general patterns in timing
and intensity. This suggest that the model provides a reliable
representation of dust transport across the region and can be
confidently used to simulate the life cycle of mineral dust
aerosols.
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Figure A1. Dust AOT at 550 nm calculated from COSMO-MUSCAT dust concentration fields (green) and AOT at 550 nm and the extinction-
related Ångström exponent for the 440–870 nm wavelength range (ÅE(α)440/870) from AERONET level 2.0 sun-photometer measurements
(blue and gold), where each x-axis tick represents 12:00 UTC for each day in the range of 8 August to 30 September 2021. Five different sta-
tions across the Sahara and downwind locations are shown: (a) Mindelo (16.878° N, 24.995° W; Cabo Verde), (b) Dakar Belair (14.702° N,
17.426° W; Senegal), (c) Santa Cruz Tenerife (28.473° N, 16.247° W; Spain), (d) IER Cinzana (13.278° N, 5.934° W; Mali), and (e) Bani-
zoumbou (13.547° N, 2.665° E; Niger). (f) The AERONET station geographic locations and names used in this comparison.
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Figure A2. As in Fig. A1 but for the period of 2 June to 31 July 2022.
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Appendix B: Lidar ratio Ångström exponent vs.
hematite fraction

Figures B1 and B2 show the correlation analysis between
the averaged modeled hematite fraction and the lidar-ratio-
related Ångström exponent considering 22 dust layers. The
lidar-ratio-related Ångström exponent is derived from lidar
measurements in the following way:

ÅE(S)355/532 =
ln(S355/S532)
ln(355/532)

=
ln(α355/β355×β532/α532)

ln(355/532)

=
ln(α355/α532)+ ln(β532/β355)

ln(355/532)
= ÅE(α)355/532−ÅE(β)355/532. (B1)

Figure B1. Mean values for 22 dust layers. Hematite fractions are
shown on the x axis, and the lidar-ratio-related Ångström exponent
for the 355 and 532 nm wavelengths is shown on the y axis. The
standard deviation of ÅE(S)355/532 is shown by the error bar. The
linear fit between the hematite fraction and ÅE(S)355/532 is illus-
trated by the dotted lines, and the R2 value of the linear fit is shown
in the dashed line legend.

Figure B2. Same as Fig. B1 but for the case studies being separated
regarding their fine to coarse fraction: the first row shows dust layers
with a fine/coarse fraction above 0.11, the middle row illustrates
dust layers with fine/coarse fractions above 0.09 and below 0.11,
and the last row depicts dust layers with a fine/coarse fraction below
0.09.
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