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Abstract. The mineralogical and chemical composition of desert dust particles strongly influences their cloud-forming ability
and radiative effects. This study provides quantitative estimates of the main mineralogical and elemental components of desert
dust during atmospheric transport above Cabo Verde based on in-situ measurements from the ASKOS campaign in summer
2022, obtained using impactors mounted on unmanned aerial vehicles. Simulations from the METAL-WRF model were used
for comparison with sun-photometer observations of total dust load and with in-situ measurements of relative elemental mass
fractions of key elements. Across all cases, particle chemical signatures were dominated by illite/muscovite (62%), followed
by smectite (9%), kaolinite (9%), quartz (7%), feldspar (5%), calcite (4%), gypsum (3%), and Fe-oxide/Fe-hydroxide (1%).
Trajectory and source—receptor analyses combined with satellite observations revealed enhanced calcite fractions for air-
masses originating from northern Mali, whereas air masses from southern Mali exhibited increased proportions of Fe-
oxide/hydroxide. Good agreement was found between METAL-WRF-derived total dust mass concentrations and independent
AERONET observations (slope = 0.62, r = 0.87). Based on in-situ measurements, Si was the dominant elemental component
(~25%), followed by Al (~12%), Fe (~6%), Ca (~2.7%), and S (~0.4%). While METAL-WREF reproduced the mean relative
abundances of Fe and Ca over the 20-day period, it did not capture the case-to-case variability. Nevertheless, Fe exhibited
good agreement, within overlapping uncertainty, between modelled and measured values for most cases, which is particularly

relevant for studies of ocean biogeochemistry and dust-related radiative processes.
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1 Introduction

The mineralogical and chemical composition of desert dust particles plays a key role in the Earth’s system. Desert dust minerals
demonstrate distinct functions regarding their ability to form cloud droplets and ice crystals (DeMott et al., 2003; Weger et al.,
2018; Zimmermann et al., 2008), interact with soluble gases (Chen et al., 2020; Hanke et al., 2003; Matsuki et al., 2005), and
promote heterogeneous reactions with reactive gases (Bauer et al., 2004; Hanisch & Crowley, 2003). The differences are
mostly driven by their surface properties, which are defined from their chemical composition, their production processes—
milling, and their ability to uptake water (Gustafsson et al., 2005).

For example, silicates, and in particular quartz, tend to be less effective cloud condensation nuclei (CCN) than clay minerals,
such as montmorillonite and illite (Hatch et al., 2014; Kumar et al., 2011). This is due to the fact that clay minerals have a
porous structure and rough surfaces, which provide more sites for gas adsorption compared to the relatively smoother surfaces
of larger silicate particles. Also, feldspars, and especially potassium-rich feldspars (K-feldspars), have been identified as key
species controlling the ice-nucleating (IN) activity of airborne desert dust (Atkinson et al., 2013; Yakobi-Hancock et al., 2013),
most likely being more reactive with water (Fenter et al., 2000). In addition to surface morphology, the elemental composition
also plays a role, as higher Na/Si and Ca/Si ratios increase the relative humidity threshold required for water-monolayer
formation. Based on these properties, African desert dust is generally more hydrophilic than Asian desert dust (Joshi et al.,
2017). The studies assessing these parameters rely on different methods and assumptions so the results may vary across the
literature. A comprehensive review of these findings is provided by Tang et al. (2016).

In addition, dust particles interact with radiation either directly, by scattering and absorbing light, or indirectly, through their
effect on clouds. Observations suggest that models tend to underestimate the absorption of solar radiation by mineral dust
(Adebiyi et al., 2023; Fountoulakis et al., 2024). The dust’s content of iron oxides—primarily—and subsequently of hematite,
Fe, and goethite, plays a key role in determining the particle’s refractive index and single scattering albedo (Di Biagio et al.,
2019), and thereby its direct radiative effect (Li et al., 2021). Laboratory and field studies have reported the optical properties
of individual minerals such as quartz, feldspar, silicates, and phyllosilicates across the ultraviolet to thermal infrared range
(Glotch et al., 2007; Herbin et al., 2023; Hubert et al., 2017; Laskina et al., 2012). Incorporating these mineral-specific optical
properties into models can significantly improve predictions of scattering, transmission, and absorption processes in the
atmosphere, and decrease the uncertainty in quantifying the radiative effect of desert dust (Fountoulakis et al., 2024).

Finally, the deposition of key elements on forests and oceans changes the nutrient balance and biogeochemical cycles of the
ecosystems. Particularly iron, acts as a limiting micronutrient for phytoplankton growth, thereby impacting the global carbon
cycle (Drenkard et al., 2023; Jickells et al., 2005; Mahowald et al., 2005).

Due to the different properties and functions of the desert dust minerals, it is important to account for their presence and
abundance. Over the past decades, numerous field campaigns and long-term ground-based observations have been conducted
across West Africa to investigate the mineral and chemical composition of desert dust from Sahara (Formenti et al., 2014;

Kandler et al., 2007; Lieke et al., 2011), the biggest dust source of the world (Prospero et al., 2002). Among the most recent
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efforts is the ASKOS ESA campaign in Cabo Verde (Marinou et al., 2023), conducted during the summers of 2021 and 2022,
providing measurements on elevated Saharan dust layers using ground-based and satellite remote sensing, as well as in-situ
observations with Unmanned Aerial Vehicles (UAVs). This approach enabled a detailed characterization of the physical and
chemical properties of transported desert dust.

Such observations are critical for evaluating and constraining dust models, which can be used to investigate key atmospheric
processes, by complementing the gaps of the limited spatial and temporal coverage of measurements. Models that explicitly
provide the desert dust mineralogical composition are typically based on the framework of Claquin et al. (1999), which
classifies desert dust into mineral groups such as illite, kaolinite, smectite, hematite, calcite, feldspar, quartz, and gypsum.
Their validation has been primarily done using ground-level in-situ measurements of mineralogical composition (Pérez Garcia-
Pando et al., 2016; Perlwitz et al., 2015; Solomos et al., 2023; Song et al., 2024). This study presents a first attempt to validate
the derived elemental composition of desert dust during atmospheric transport at various altitudes above Cabo Verde from the
METAL-WRF model (Solomos et al., 2023), using in-situ measurements from free-stream impactors mounted on UAVs.
Model outputs were also compared with AERONET sun-photometer retrievals. To our knowledge this is the first time that
such combination between measurements using UAVs and models is performed worldwide.

The structure of the paper is outlined below. Section 2 presents an overview of the campaign, the experimental techniques
employed, and the methodologies applied both for the measurements and model. Section 3 presents the results, starting with
the atmospheric conditions during the campaign and the analyzed cases, followed by the mineralogical composition of the
desert dust particles, and the comparison of AERONET and in-situ observations with METAL-WRF outputs in terms of total

columnar mass and elemental mass percentages. Finally, Sect. 4 summarizes the main findings of the study.

2 Campaign description and experimental methods
2.1 Overview of the ASKOS campaign

The ASKOS ESA campaign was carried out on Sdo Vicente Island, Cabo Verde, during the summers of 2021 and 2022. It
served as the ground-based component of the Joint Aeolus Tropical Atlantic Campaign (JATAC), organized by ESA and
NASA (Fehr et al., 2023), with the main objective of the calibration and validation of the Aeolus satellite mission, with a
particular emphasis on aerosol-related products.

The campaign employed multi-platform observations, including ground-based, airborne, and in-situ measurements. Various
instruments were used across the Sdo Vicente Island, with most of them deployed at the Ocean Science Centre Mindelo
(OSCM) and its surrounding area. These included lidars, cloud radars, sun photometers, a microwave radiometer, electric field
sensors, and in-situ instruments onboard UAVs. ASKOS observations provided a wealth of information regarding
microphysical aerosol properties (e.g., size distribution, shape, composition), vertically-resolved and columnar aerosol optical

properties, reflectivity and doppler velocity of targets in the line of sight of the radar, wind velocity, solar and infrared
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irradiance, and atmospheric electric fields to support the validation of satellite retrievals and facilitate detailed investigations

of aerosol—cloud-radiation interactions, focusing on desert dust. More details can be found in Marinou et al. (2023).

2.2 Experimental techniques
2.2.1 In-situ measurements

The in-situ measurements were acquired with unmanned aerial vehicles (UAVs; Fig. 1a,b) operated by the Cyprus Institute at
the Cesaria Evora International Airport (Kezoudi et al., 2021), and remotely piloted from a ground control station. This flight
setup enabled direct sampling of atmospheric aerosols while minimizing disturbance to ambient atmospheric conditions
(Bieber et al., 2020; Burgués & Marco, 2020; Cheng et al., 2023; Crazzolara et al., 2019). The UAVs were equipped with free-
stream impactors mounted on an adjustable arm and insulation casing, enabling aerosol collection at selected altitudes and
specified sampling durations for offline analysis (Fig. 1c). In total, 25 flights were conducted, 12 during the day and 13 at
night, having impactors on-board, sampling both within and below the dust layers to provide vertical profiles of aerosol

properties.

(a)

AN

Figure 1. (a) “Skywalker 2015” and (b) “CoBi” Unmanned Aerial Vehicles, designed for carrying cameras, sensors and equipment. (c) Free-
stream impactor for particle sampling.

The free-stream impactor is based on a design developed for a fast-flying research aircraft (Lieke et al., 2011) and has been
adapted to the drone operation (Kezoudi et al., 2021). Particles are directly collected due to their inertia on a pure-carbon
adhesive (Plano SpectroTabs, Plane GmbH, Wetzlar, Germany). The collection efficiency of the impactor relative to the
Universal Cloud and Aerosol Sounding System (UCASS; Smith et al. (2019)) varies with particle diameter, increasing from

approximately 0.1 at ~1 pm to unity between 4 and 14 um, and subsequently decreasing to about 0.4 for particles larger than

4
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15 um (Kezoudi et al., 2025). Since the campaign had a special focus on desert dust the UAV flights were scheduled during
dust events according to dust forecasts, and the impactors collected samples mainly within the Saharan Air Layer (SAL; at
1.5-5 km) (Ryder et al., 2013). The sampling times were adjusted, based on the estimated aerosol concentration, and ranged

between 4 and 6 min.

2.2.2 Free-stream impactor analysis

Without any further treatment, particles were analyzed by scanning electron microscopy (SEM; 400 FEG, FEI, Eindhoven,
The Netherlands) with Energy-dispersive X-ray spectroscopy (EDX; Oxford X-Max 120, Oxford Instruments, Abingdon,
United Kingdom) to determine particle morphology and composition. Sample analysis was performed semi-automatically.
Particle areas were segmented from the substrate background by a brightness threshold in the instrument-specific image
analysis system (Oxford Aztec 6.2) based on the backscatter electron image. Afterwards, the identified particles were scanned
by the electron beam, and the emitted X-ray radiation was collected for around 5 seconds, yielding 150,000 X-ray counts.
From the characteristic peaks, using the instrument software-inherent quantification scheme, the composition of the particles
was determined. Elements with lower Z than oxygen were excluded from the analysis, as they are present in the substrate and
their quantification is extremely uncertain. For more details refer to Kandler et al. (2018). Approximately 26,000 individual
particles were analyzed.

Chemical elements present in atmospheric dust particles typically occur in the form of oxides. For example, in case of iron we
assume the more common form Fe**. To estimate the mass fraction of each element in the sample, the oxide weight is calculated
by stochiometric masses and, subsequently, the mass of an element in each particle. The total particle mass is estimated from
its cross section visible in the microscope (Kandler et al., 2018), yielding a volume and an average density for the different
mineral groups of 2.65 g cm™ (Kandler et al., 2007), consistent with the value reported for dust by Hess et al., 1998.
Uncertainties were estimated using the bootstrap resampling method, providing the central 95% confidence interval bounds
(lower and upper) for each value (Efron, 2003; Kandler et al., 2018).

Particles were further classified into mineral groups corresponding to the minerals represented in the model using a conversion
table that relates the relative abundances of major desert dust elements to specific mineral phases (Table 1). This table reports
normalized elemental mass fractions of the corresponding minerals after excluding oxygen, following the approach of Kandler
et al., 2007. Assignment was performed by calculating the Euclidean distance between each particle’s elemental composition

and the characteristic elemental compositions of the considered mineral groups. Each particle was assigned to the closest

group.

Table 1. Conversion table linking key minerals to the average relative composition of major desert dust elements (excluding oxygen).

Mineral/Chemical
Na Mg Al Si S K Ca Ti Fe
elements
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Quartz-like 1
Kaolinite-like 0.487 0.49 0.023
lite/ 0.027 0.219 0.539 0.091 0.031 0.008 0.086

Muscovite-like

Smectite-like 0.03 0.211 | 0.673 0.023 0.063
Feldspar-like 0.021 0.24 0.543 0.11 0.085
Calcite-like 1
Gypsum-like 0.445 0.555
Fe-oxide/ 0.055 0.036 0.909

Fe-hydroxide-like

2.3 Model description

Simulations using the METAL-WRF model (Solomos et al., 2023; Spyrou et al., 2025) were performed, providing estimates
of the total desert dust load and the mass concentration of key chemical elements (Si, Fe, Ca, Al, and S), over Cabo Verde
during the campaign period. The METAL-WRF model is based on the Weather Research and Forecasting (WRF) model
(Skamarock et al., 2021) coupled with the Chemistry (Chem) module (Grell et al., 2005). This configuration enables the
representation of various atmospheric chemical species and aerosols, including desert dust. The parameterization of dust
emission, transport and deposition schemes followed (LeGrand et al., 2019) and (Seinfeld & Pandis, 1998), and more recent
modeling developments by (Solomos et al., 2011, 2023; Spyrou et al., 2010, 2025; Tsarpalis et al., 2018).

The mineralogy module is based on the classification of acrosol emission regions as “dust-productive soils” (Engelstaedter &
Washington, 2007; Nickovic et al., 2012), along with the estimation of their mineral content. The selection of key minerals
and chemical elements used to represent these soils (i.e., quartz, feldspar, gypsum, illite, kaolinite, smectite, hematite, calcite,
and iron) is based on their abundance, optical characteristics, and chemical properties (Claquin et al., 1999; Nickovic et al.,
2013). Finally, minerals are converted to their corresponding chemical elements according to Table Al of the Appendix.

The model domain is shown in Fig. Al covering tropical to mid-latitude regions to encompass a wider range of atmospheric
transport pathways. The model is set up with a resolution of 22.5 Km X 22.5 Km and 32 vertical hybrid-sigma levels stretching
from the surface to the top of the atmosphere. Initial and boundary conditions are from the ERAS dataset (Hersbach et al.,

2020), and the physical parameterizations used in these simulations are shown in Table A2.

2.4 Backward transport analysis supported by satellite observations

The HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et al., 2015) was used to calculate
backward air-mass trajectories for each case. An 8-day integration period was selected, consistent with the typical 7-10 day

atmospheric residence time of tropospheric mineral dust (Knippertz & Stuut, 2014). This duration is sufficient to identify

6
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dominant source regions and characterize large-scale transport pathways, while limiting the influence of short-lived, transient
meteorological features. For each case, trajectories were initialized at three vertical levels within the sampling range of the
impactors. The simulations were driven by the Global Data Assimilation System (GDAS) meteorological fields, at 1° x 1°
spatial resolution, providing a realistic representation of the synoptic-scale circulation.

To further characterize the origin of the sampled air-masses and to quantify potential source contributions, the FLEXPART-
WRF model (Brioude et al., 2013) was employed in backward mode to compute source-receptor relationships. The
FLEXPART simulations were driven by hourly WRF-CHEM meteorological fields (Grell et al., 2005) at a horizontal
resolution of 20 x 20 km. The model domain is shown in Fig. A1. The resulting emission sensitivity fields (s m* kg ™), displayed
on a logarithmic scale, indicate regions where surface emissions are most likely to contribute to the observed aerosol
population.

To provide an independent observational constraint on the modeled transport pathways and source regions, satellite-based dust
products were additionally examined. Specifically, the DUST-RGB product from the Spinning Enhanced Visible and InfraRed
Imager (SEVIRI) onboard the Meteosat Second Generation (MSG) satellite and the Atmospheric Infrared Sounder (AIRS)
Dust Score derived from measurements aboard the NASA Aqua satellite were used to assess the presence of active dust
emissions along the inferred transport routes. The Dust RGB product is a false-colour red—green—blue (RGB) composite based
on thermal infrared channels, in which mineral dust is typically depicted by colours ranging from pink to violet, whereas the
AIRS Dust Score is derived from differences between radiance measurements in channels sensitive to dust and those not

sensitive to dust, where more intense reddish tones indicate increased confidence in the presence of airborne dust.

3. Results
3.1 Atmospheric conditions over the analyzed period

From the 25 cases sampled in June 2022, 14 were selected for detailed analysis, as these corresponded to instances where
impactors were opened within the SAL and provided consistent datasets. Their key characteristics, including sampling time,
altitude range, AOD and cloud presence, are summarized in Table 2. Additional information on air-masses origin is provided
in Table A3.

Table 2. Overview of the in-situ measurement cases. Day, time and height of sampling, aerosol optical depth (AOD), and presence of clouds
during the flight.

Impactor
Impactor sarlnmll)i?\cu:i:ne sampling AOD from ;L‘:::]:;Z‘:
identifier pling altitude AERONET .
(UTC) observations)
range (m)
11/6/2022
A D3 18:39-18:43 | 2200-3200 - no
11/6/2022
A04 18:45-18:47 | 1800-2200 - no
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A_06 1125: é‘;/ ig:zjo 2389-3126 - -
A_07 1125:261/_ 1(2);2425 1255-2081 = =
A_08 118%2/_ ig:z;G 1550-2399 - no
A_09 250265/ §02272 2278-3025 = no
A_10 1187165/ ig:zzzo 2499-3384 - yes
A_11 0246:23/_ 32:2323 3151-4990 >0.3 no
A_12 1283:(/)65/_ ig;zlzo 2097-3139 - no
A_15 128%2/_ ig;zozl 3142-4789 >0.43 yes
A_16 129%2/_ ig:z(; 1596-2640 >0.43 yes
A_18 Ozﬁég/_ ;2:2328 1784-2894 >0.3 no
c_02 122%22/_ 122327 2308-3053 >0.6 =
C_05 30/6/2022 2079-3126 >0.2 yes
04:31-04:36

An overview of the 8-day backward trajectories of the sampled air-masses for each case is provided in Fig. A2. The trajectories
suggest that aerosols were predominantly mineral dust particles, as meteorological conditions favored the transport of air-
masses from mainland Africa toward the Cabo Verde islands, following the SAL pathway, with a few cases indicating origins
over the ocean.

These transport patterns, were further supported by ground-based remote sensing observations conducted during the same
period over Mindelo. Specifically, the AOD of the atmospheric column, measured from AERONET sun photometer
observations (Dubovik et al., 2006; Dubovik & King, 2000), ranged from 0.1 to 0.7, with a mean value of approximately 0.4
at 532 nm (Fig. 2a) and the Angstrom Exponent (AE), calculated between 440 and 675 nm, ranged from 0 to 0.3, with a mean
value around 0.1 (Fig. 2b). These AE values are characteristic of coarse-mode particles (Schuster et al., 2006) and are consistent
with those reported for desert dust by Toledano et al. (2009) for the area of Morocco. Together with the HYSPLIT-derived
air-mass trajectories, the observed optical characteristics of the particles provide strong evidence of mineral dust presence and

support the dust-related objectives of the campaign.

(a)
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Figure 2. AERONET retrievals of (a) AOD and (b) AE at 440—675 nm, of particles over Mindelo from 21 to 30 June 2022.

Overall, aerosol conditions above Mindelo remained relatively stable throughout the ASKOS campaign. Lidar observations in
Mindelo show that typically, the marine boundary layer (MBL) extended up to approximately 1 km in altitude and was overlaid
210 by SAL reaching heights up to 6 km (Tsichla et al., in preparation). The vertical extent of SAL and the desert dust concentration
varied across the observation period, offering a diverse range of aerosol scenarios (Fig. 3). Clouds were very frequently
observed near the top of MBL, while, on occasion, cloud formation was also detected at the top of SAL, sometimes

accompanied by supercooled cloud layers.
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Figure 3. Simulated dust concentration (pg/m3) at the model layers above Mindelo station for the period 1-30 June 2022.
3.2 In-situ observations of the dust particle mineralogical composition

This subsection presents the mineralogical composition of the airborne particles collected in-situ during the UAV flights, as
determined by SEM-EDX analysis. The main mineralogical groups observed for each case, are shown in Fig. 4. A particle
diameter of 25 um was adopted as the upper size threshold for inclusion in the analysis, corresponding to the mean upper
particle size observed across all cases. Particles larger than this threshold accounted for less than 0.2% of the total particle
population in each sample, providing insufficient statistics for a robust mineralogical analysis; their inclusion could therefore

introduce disproportionate uncertainty into the inferred composition.

10
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Figure 4. Approximated volume percentages of mineralogical groups of desert dust particles inside the SAL, during the ASKOS campaign.

The average mineralogical composition by volume is dominated by the group of illite/muscovite (62%), followed by smectite
(9%), kaolinite (9%), quartz (7%), feldspar (5%), calcite (4%), gypsum (3%) and Fe-oxide/Fe-hydroxide (1%). These results
are consistent with previous observations across different sampling altitudes, including free-tropospheric measurements at the
Izafia Observatory, Tenerife (2367 m a.s.l.) (Jeong et al., 2016), aircraft observations over Niger up to 1500 m a.s.l. (Chou et
al., 2008), near-surface measurements (1.5 m) in the Draa Valley in southeastern Morocco (Panta et al., 2023), and soil samples
from multiple locations across North Africa (Li et al., 2024). The dominance of clay minerals, such as illite, smectite and
kaolinite, is consistent with long-range transported desert dust from Sahara, as heavier particles tend to settle out while fine
silicates and clays (<7.3 pm in diameter) remain suspended in the atmosphere for longer time of periods (Maring et al., 2003).
This is supported by the fact that most air-masses during the campaign remained above 2 km altitude for the majority of their
trajectories (Fig. A2).

Slightly more distinct mineralogical compositions were observed in the cases of 23 June (sampling at ~2.5 km) and 15 June
(sampling at ~1.6 km), which exhibited above-average fractions of Fe-oxide and Fe-hydroxide. The cases of 26 June (sampling
at ~4 km) and 15 June (sampling at ~2.7 km), on the other hand, showed enhanced contributions of calcite and gypsum relative
to the average. The discussion is therefore structured according to these contrasting mineralogical signatures.

The 23 June case sampled air-masses within the SAL between 2.1 and 3.1 km altitude and exhibited the highest fraction of Fe-
oxide/Fe-hydroxide (12%) among all analyzed samples. HYSPLIT backward trajectories and FLEXPART source—receptor
sensitivity analyses (Fig. 5a—c) indicate that the air-masses observed above Mindelo at 18:00 UTC originated from East Africa
and the Upper Guinea region.

Dust RGB and Dust Score satellite imagery (Fig. 5d—g) reveal active dust emissions along the inferred transport pathways. On

18 June, the violet coloration on the Dust RGB observations (Fig. 5d; red circle) show dust presence over Liberia and Cote

11
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d’Ivoire, coinciding with the period during which the air-mass resided near the surface over this region according to both
transport models. Subsequent imagery on 19-21 June indicates continued dust activity over southern Mali along the HY SPLIT-
derived pathways.

250 These regions lie along the northern margin of the Upper Guinea tropical rainforest zone, which extends from Guinea and
Sierra Leone in the west through Liberia, Cote d’Ivoire, and Ghana to Togo in the east (Fig. 5h; red circle). The elevated Fe-
oxide/Fe-hydroxide fractions observed in this case are consistent with the mineralogical soil iron distribution reported by

(Solomos et al., 2023), which identifies enhanced iron concentrations across the Upper Guinea region (Fig. 5i).
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Figure 5. (a) HYSPLIT backward trajectories for the 23 June 2022 case (sampling altitude ~2.5 km). (b—c) FLEXPART-WRF backward
emission sensitivity fields for particles observed between 2—3 km and 3—4 km above Mindelo, respectively. (d) MSG—SEVIRI Dust RGB
composite for 18 June 2022 (source: EUMETSAT). (e—f) AIRS Dust Score (day and night) for 19 and 20 June 2022, respectively, overlaid
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on MODIS corrected reflectance (source: GES DISC). (g) MSG-SEVIRI Dust RGB composite for 21 June 2022. In panels (d—g), red circles
indicate the trajectory crossing over the inferred source region. (h) Satellite image of the Upper Guinea tropical rainforest region (source:
NASA Earth Observatory). (i) Mineralogical soil iron distribution over arid and semi-arid regions of North Africa (source: Solomos et al.
(2023)), with the Upper Guinea region highlighted.

The second-highest fraction of Fe-oxide/Fe-hydroxide (1.5%) was observed on 15 June, when air-masses were sampled within
the SAL at altitudes between 1.3 and 2.1 km. This case exhibited a transport pattern similar to that identified for 23 June.
Backward trajectory and dispersion analyses (Fig. 6a—b) indicate that the sampled air-masses originated from northwestern
Africa and the Upper Guinea region.

Dust RGB observations on 8, 9, and 12 June (Fig. 6¢, ¢, g), together with the corresponding Dust Score imagery (Fig. 6d, f,
h), reveal active dust emissions along the primary HYSPLIT transport pathway (Fig. 6a; blue line), centered near ~25° N and
~0° E in the Mali—Algeria border region. Emissions were strongest on 8 and 9 June, while weaker but still detectable emissions
occurred on 12 June.

Dust activity along the secondary HYSPLIT pathway (Fig. 6a; green line) was less pronounced (Fig. 6¢c, e, g) but should not
be neglected, as dust production in tropical and semi-vegetated regions is typically weaker than in arid source areas. Transport
over these regions may nevertheless have contributed to the observed Fe-oxide/Fe-hydroxide fraction, suggesting the influence
of oxidative and convective processing over tropical forested environments.

Identifying potential source regions of Fe-oxide/Fe-hydroxide—rich minerals, such as hematite, is particularly relevant for
radiative studies, given their strong influence on dust absorption (Li et al., 2024), as well as for ocean biogeochemistry through

the role of iron as a limiting micronutrient for phytoplankton (Martin & Fitzwater, 1988).
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Figure 6. (a) HYSPLIT backward trajectories for the 15 June 2022 case (sampling altitude ~1.6 km). (b) FLEXPART-WRF backward

emission sensitivity fields for particles observed between 1-2 km above Mindelo. (c, e, g MSG—SEVIRI Dust RGB composites for 8, 9,
and 12 June 2022, respectively (source: EUMETSAT). (d, f, h) AIRS Dust Score imagery for the corresponding dates, overlaid on
MODIS/VIIRS corrected reflectance (source: GES DISC). In panels (c-h), red circles indicate the trajectory crossing over the inferred source

regions.

The remaining cases exhibiting distinct mineralogical compositions are characterized by enhanced calcite and gypsum

fractions. One such case is the second sampling on 15 June, which collected air-masses within SAL between 2.4 and 3.1 km

altitude and exhibited the second-highest fractions of calcite (7%) and gypsum (7%).
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HYSPLIT backward trajectories indicate that the sampled air-masses originated over central Africa and traversed through
Nigeria, Mali, and Mauritania before reaching Cabo Verde on 15 June at 13:00 UTC (Fig. 7a). FLEXPART backward emission
sensitivity fields for the 2—3 km and 3—4 km layers (Fig. 7b—c) further highlight enhanced source—receptor sensitivity over
northwestern Africa, particularly over Mauritania and Western Sahara.

290 Dust RGB observations on 11-13 June, together with corresponding Dust Score imagery (Fig. 7d—i), reveal persistent dust
emissions along the inferred transport pathways over Mali, Mauritania, Algeria, Western Sahara, and Morocco. The elevated
calcite and gypsum fractions observed in this case are consistent with the mineralogical characteristics of these source regions,

which are known to be rich in calcite- and gypsum-bearing soils, as indicated by mineralogical maps (Fig. 7j-k).
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Figure 7. (a) HYSPLIT backward trajectories for the 15 June 2022 case (sampling altitude ~2.7 km). (b—c) FLEXPART-WRF backward
emission sensitivity fields for particles observed between 2—3 km and 3—4 km above Mindelo, respectively. (d, f, h) MSG—SEVIRI Dust
RGB composites for 11, 12, and 13 June 2022, respectively (source: EUMETSAT). (e, g, i) AIRS Dust Score imagery for the corresponding
dates, overlaid on MODIS/VIIRS corrected reflectance (source: GES DISC). In panels (d-i), red circles indicate the trajectory crossing over
the inferred source regions. (j—k) Mineralogical soil calcite and gypsum distribution maps for arid and semi-arid regions of North Africa

(source: Solomos et al. (2023)), with the northeastern Mali and western Algeria region highlighted.

Finally, the 26 June case sampled air-masses within SAL, between 3.1 and 5.0 km altitude, and exhibited the highest fractions

of calcite (11%) and gypsum (11%) among all analyzed samples. HY SPLIT backward trajectories indicate that the air-masses

originated over eastern Africa and remained predominantly above ~3 km during the final 8 days prior to arrival over Cabo



https://doi.org/10.5194/egusphere-2026-921
Preprint. Discussion started: 18 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Verde on 26 June at 05:00 UTC (Fig. 8a), suggesting dust incorporation through long-range transport and/or vertical mixing
305 from lower altitudes.

Dust RGB observations on 20, 23 and 25 June, together with corresponding Dust Score imagery (Fig. 8b—g), reveal dust

emissions along the inferred transport pathways over eastern Sudan, the region between Mali and Nigeria, and most

prominently over Mali (Fig. 8f-g).

The elevated calcite and gypsum fractions observed in this case are consistent with the mineralogical characteristics of the

310 Mali region, as indicated by the mineralogical maps presented in Fig. 7j—k.
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Figure 8. (a) HYSPLIT backward trajectories for the 26 June 2022 case (sampling altitude ~4 km). (b, d, f) MSG-SEVIRI Dust RGB
composites for 20, 23, and 25 June 2022, respectively (source: EUMETSAT). (c, e, g) AIRS Dust Score imagery for the corresponding dates,
overlaid on MODIS/VIIRS corrected reflectance (source: GES DISC). In panels (b—g), red circles indicate the trajectory crossing over the
inferred source regions.

Taken together, these findings demonstrate that the commonly assumed vertical homogeneity of mineral dust composition
within a given day or hour does not always hold. Instead, vertical variability can arise when different atmospheric layers are
influenced by air-masses originating from distinct African source regions, as observed on 15 June. In particular, within the
cases examined in this study, air-masses advected over arid soil regions were associated with enhanced Ca-rich particles
(Claquin et al., 1999; Desboeufs & Cautenet, 2005), whereas transport over tropical forested regions was linked to elevated
proportions of Fe-oxide/Fe-hydroxide—like particles, likely reflecting enhanced oxidation and atmospheric processing

(Lelieveld et al., 2008; Tripathi et al., 2025).
3.3 Comparison of in-situ measurements, AERONET, and METAL-WRF model

3.3.1 Total columnar mass from AERONET observations and from METAL-WRF

First, a comparison of the total columnar mass is performed to assess how well the METAL-WRF model reproduces the
magnitude of the aerosol load. For this purpose, we use the AERONET product of column-integrated aerosol volume, which
can be converted to a columnar mass by assuming a representative particle density. As demonstrated in the previous section,
the atmospheric column during the examined cases is dominated by desert dust particles; therefore, the derived aerosol mass

can be considered a first-order approximation of the dust load, which is what METAL-WRF model provides.
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To better understand the model’s performance, mass values are provided for each hour within a +/-3-hour window centered
on the sun-photometer observations, to identify potential time shifts in the peak correlation between simulations and

measurements (Fig. 9).
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Figure 9. Comparison of total columnar mass retrieved from sun-photometer measurements provided by AERONET site in Mindelo and
the METAL-WRF model. Model values correspond to a 6-hour window centered on the AERONET measurement to account for temporal
variability.

A general good agreement is observed between METAL-WRF-derived dust mass and AERONET measurements, with a
regression slope of 0.62 and a correlation coefficient of 0.87. The model often reproduces the observed values ahead of time,
although in some cases the best correspondence occurs later. To account for this temporal variability, the model-derived
elemental mass concentrations presented in the following subsection are averaged over a 6-hour window centered on the in-
situ measurements, with the corresponding standard error calculated to represent the uncertainty of the mean within this

interval.
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3.3.2 Elemental mass percentages comparison from in-situ measurements and METAL-WRF model

345 The comparison focuses on elemental mass percentages rather than absolute concentrations, due to the inherent limitations of
the SEM/EDX technique used for the analysis of the in-situ samples, in quantifying absolute values accurately (Newbury &
Ritchie, 2011). Figure 10 shows the in-situ and METAL-WRF mean mass percentages of Si, Fe, Ca, Al and S for the full
observation period from 11 to 30 June 2022.

Elemental mass contribution across all cases

I Measurement £ Uncertainty
301 Model = Uncertainty
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Figure 10. In-situ measurements and METAL-WRF model-derived averaged mass percentages of Si, Fe, Ca, Al, and S over the full
observation period (11-30 June 2022).

350

Based on the measurements, Si is the dominant dust component, accounting for approximately 25% (21-31%) of the total
mass, followed by Al at ~12% (10-15%), Fe at ~6% (5-13%), Ca at ~2.7% (2.3-5.3%), and S at ~0.4% (0.3-1.5%). The
22
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corresponding METAL-WRF fractions are ~17+3% for Si, ~4.6+0.7% for Al, ~6+1.3% for Fe, ~2+0.3% for Ca, and
~0.134+0.02% for S. The results indicate that the METAL-WRF model reproduces the mean relative abundances of Fe and Ca,
averaged over the 20-day period, within the measurement uncertainty. In contrast, the relative abundances of Si, Al, and S are
not well captured by the model, with the largest discrepancy observed for Al

Previous studies on the measured elemental composition of desert dust particles have reported the following values. Pérez
Garcia-Pando et al. (2016) reported 19-21% Si, 7-8% Al, 4% Fe, and 3.5-7% Ca, based on monthly averages from 2002 to
2010 at the Izafia Observatory in Tenerife. Rodriguez-Navarro et al. (2018) reported 24.05% Si, 6.62% Al, 3.69% Fe, 5.72%
Ca, and trace amounts of S from 24-hour sampling conducted on 21-23 February 2017 in the urban area of Granada. Solomos
et al. (2023) reported comparable elemental concentrations based on monthly averages for August 2017 at the Izafia
Observatory.

These percentages are close to those observed in the present study, with marginally higher values reported here. This difference
can be attributed to the different sampling altitudes, as previous samples were collected mainly at the surface (e.g., at the [zafia
Observatory at ~2.3 km a.s.l.), whereas the current dataset is derived from in-situ UAV sampling spanning ~1.5-5.0 km,
thereby capturing vertical variability and reducing near-surface dilution and mixing (Gogoi et al., 2020). Finally, earlier
campaigns were conducted in Tenerife and urban Granada, whereas this study was carried out at S3o Vicente Island, Cabo
Verde, where different air masses are generally expected, including urban and sea-salt influences, along with atmospheric
aging.

Following the comparison over the entire observation period, a case-by-case comparison is performed for Si, Fe, and Ca. Si is
included due to its dominant contribution to the dust mass, whereas Fe and Ca are examined because they exhibit good
agreement between model and observations. This event-based analysis enables assessment of the variability in the model’s

performance across individual cases (Fig. 11).
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Figure 11. Scatter plot of in-situ measurements versus METAL-WRF model-derived elemental mass percentages for selected elements
across all individual cases. Each case is labelled with the measurement time (June 2022, UTC), and the midpoint of the impactor sampling
height range.

The linear regression analysis (Fig. A3) shows slopes range from —0.19 to 0.0 with correlation coefficients of 0.2 and 0.0 for
Fe and Ca, respectively, while Si exhibits a slope of —0.31 and a correlation coefficient of 0.1. These values indicate that the
observed variability from case to case is not well captured by the model.

Such behavior is commonly reported in modeling studies (Shaw, 2008; Yasar et al., 2020), where model outputs averaged over
monthly or longer periods tend to show improved agreement with observations compared to higher time-resolution or case-
by-case comparisons. This improvement is generally attributed to the smoothing of short-term discrepancies arising from
uncertainties in model dynamics, transport processes, and the temporal variability of desert dust composition.

Although the model does not reproduce the observed variability across individual cases, agreement assessed on a case-by-case

basis within uncertainty ranges reveals element-dependent behavior. For some elements, the modeled uncertainty range largely
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overlaps with that of the measurements, whereas for others a systematic deviation is evident. Figure A4 of the Appendix
illustrates the temporal evolution of in-situ and model-derived elemental mass percentages for Fe and Al, selected as
representative examples of these contrasting behaviors. Fe exhibits consistently good agreement, characterized by overlapping
measurement and model uncertainty ranges, whereas for Al no overlap between the two uncertainty ranges is observed.

The Fe/Al ratio derived from the measurements has an average value of 0.52, which nicely agrees with the values reported in
previous studies by Formenti et al. (2003) and Kandler et al. (2007), who found ratios of 0.53 and 0.58, respectively. On the
other hand, the METAL-WRF model yields a substantially higher ratio of 1.3, suggesting an underestimation of Al, given that
Fe aligns well with the measurements. While Fe is a prognostic variable in the model, Al is calculated indirectly based on the
concentrations of the modeled minerals (Pérez Garcia-Pando et al., 2016; Solomos et al., 2023). Therefore, certain limitations
at the mineralogical source maps and the possible absence of Al containing minerals, may lead to such underestimations.

In contrast, the strong agreement for Fe across all cases is particularly noteworthy given its key role in ocean productivity and
radiative processes (Di Biagio et al., 2019; Jickells et al., 2005; N. Mahowald et al., 2011), highlighting the importance of

accurate elemental representation in desert dust models for both climate and biogeochemical cycle applications.

4 Conclusions

This study investigates the mineralogical and elemental composition of desert dust during its atmospheric transport at different
altitudes above Cabo Verde, as observed during the ASKOS ESA campaign. To this end, in-situ measurements obtained with
UAV-mounted impactors were used and compared with corresponding simulations from the METAL-WRF model, of the
elemental mass concentrations of key chemical elements (Si, Fe, Ca, Al, and S).

The overall dust mineralogical composition was dominated by clay minerals, with illite/muscovite as the most abundant group,
followed by smectite and kaolinite. Quartz, feldspar, calcite, gypsum, and Fe-oxide/Fe-hydroxide were present in smaller
proportions. Distinct mineralogical signatures were identified depending on air-mass origin: cases associated with emission
activity in northern and central Africa, primarily northern Mali, exhibited enhanced contributions of calcite components,
whereas cases linked to air-masses originating from southern Mali, along the northern margin of the Upper Guinea tropical
forest zone, showed notable proportions of Fe-oxide and Fe-hydroxide.

This study further compares elemental mass percentages derived from in-situ measurements at multiple atmospheric altitudes
with corresponding outputs from the METAL-WRF model, to assess the model’s ability to represent key dust components.
While good agreement is obtained for Fe and Ca when the elemental mass percentages are averaged over the full observation
period, no statistically correlation is found on a case-by-case basis. This indicates that the METAL-WRF model is better suited
for climatological-scale applications, such as the assessment of dust radiative forcing or seasonal deposition of mineral dust
elements, rather than for day-to-day (weather-scale) predictions. Nevertheless, Fe exhibits overlapping uncertainty ranges
between modeled and measured values for almost all cases, a result that is particularly important for studies focusing on ocean

biogeochemistry and dust-related radiative processes.
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These results reflect aspects of the model formulation, as Fe is explicitly represented in the model, with associated uncertainties
primarily linked to source-related processes, whereas the remaining elements are inferred indirectly from a limited set of
mineral species and their empirical formulas. The observed underestimations are therefore likely related to the absence of
certain minerals, such as chlorite, goethite, and vermiculite, in the current mineralogical dataset. In addition, the model lacks
detailed information on specific dust source regions, as well as on the seasonality and regional variability of arid and
agricultural soil compositions.

These limitations could be addressed by incorporating satellite-based observations of dust source mineralogy, such as those
provided by the Earth Surface Mineral Dust Source Investigation (EMIT) imaging spectrometer. The integration of EMIT-
derived mineralogical information is planned as part of the future development of this work.

Finally, several sources of uncertainty inherent to both the observational and modeling approaches should be considered when
interpreting the findings of this study. On the observational side, factors such as the collection efficiency of the impactors,
particle storage and preservation (particularly for sulfate-bearing phases), the morphological determination of sampled
particles, and assumptions regarding elemental oxide forms may influence the derived elemental and mineralogical
composition. On the modeling side, uncertainties arise from the use of spatially generalized mineralogical source maps and
from the treatment of emission, transport, and deposition processes. Additional uncertainty is introduced through the
meteorological forcing provided by WREF, including wind fields, boundary-layer dynamics, and vertical mixing.
Acknowledging these aspects is essential for placing the results in context and for guiding future efforts aimed at improving

the representation of desert dust composition and its impacts through enhanced observational-modeling synergy.

5 Appendices

Table A2. Conversion table linking key minerals to the average relative composition of major desert dust elements (including oxygen).

Mineral/Chemical
Na Mg Al Si S K Ca Ti Fe
elements
Quartz-like 0.467
Kaolinite-like 0.243 0.244 0.012
lllite/

Muscovite-like 0.014 | 0.115 | 0.284 0.048 | 0.016 | 0.004 | 0.045
Smectite-like 0.015 | 0.105 | 0.335 0.011 0.031
Feldspar-like 0.011 0.127 | 0.287 0.058 | 0.045

Calcite-like 0.400
Gypsum-like 0.236 0.294
Fe-oxide/
Fe-hydroxide-like 0.037 0.024 0.614
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445  Table A2. Physical Schemes and Parameterizations used in the METAL-WRF setup

Parameterization Scheme Reference
Microphysics Goddard microphysics scheme (Tao et al., 2016)
Cumulus Tiedtke scheme (Zhang et al., 2011)
Shortwave/Shortwave radiation RRTMG scheme (Iacono et al., 2008)
Surface Layer Eta similarity scheme (Janjic, 1996, 2002)
Land Surface Noah Land Surface Model (Tewari et al., 2004)
Planetary Boundary layer Mellor-Yamada-Janjic scheme (Janji¢, 1994; Mesinger, 1993)
Dust module GOCART simple aerosol scheme (Ginoux et al., 2001)
Dust emission scheme AFWA (LeGrand et al., 2019)
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Table A3. Overview of the air-masses origin of the in-situ measurement cases based on HYSPLIT backward trajectories.

Air-Mass
Impactor ..
Impactor . Origin Sector . .
Impactor sampling time sampling (Relative to Height of air mass
. - . L
identifier (UTC) r::‘lt:?;) Cabo Verde) (HYSPLIT)
g (HYSPLIT)
11/6/2022 < 1.5 km over land,
A_03 18:39-18:43 2400-3200 NE 2 days prior
11/6/2022
A_04 18:45-18:47 1800-2200 NW > 2 km over ocean
From SE, near
15/6/2022 !
A_06 12:37-12:40 2389-3126 SE, E surface over.land, 5
days prior
From SE, near
A_07 15/6/2022 1255-2081 SE, NE, NW surface over land,
12:41-12:45 .
3-4 days prior
From SE, near
19/6/2022 !
A_08 18:33-18:36 1550-2399 NE, SE surface overhland, 2
days prior
20/6/2022 Near surface over
2278-302 E
A_09 5:25-5:27 78-3025 N land, 3 days prior
17/6/2022 Near surface over
A_10 18:15-18:20 2499-3384 E land, 4 days prior
26/6/2022
A_11 04:27-04:33 3151-4990 SE, E > 2 km above land
From SE, near
23/6/2022 !
A_12 18:05-18:10 2097-3139 SE, E surface over.land, 4
days prior
24/6/2022
A_15 18:56-19:01 3142-4789 E > 1.5 km over land
From SE, near
24/6/2022 !
A_16 19:03-19:07 1596-2640 SE, S surface overiland, 4
days prior
From SE, <1 km
26/6/2022 ’
A_18 04:33-04:38 1784-2894 SE, E over Ianfi, 3 days
prior
28/6/2022
C_02 12:33-12:37 2308-3053 E > 2 km over land
From NE, <1 km
30/6/2022 '
C_05 04:31-04:36 2079-3126 E, NE over Iapr;;j(;rS days
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450  Figure A2. 8-day backward trajectories with HYSPLIT of air-masses observed over Mindelo during the period 11-30 June 2022. Different
colors (changing within the same trajectory) indicate the altitude ranges through which the air-masses traveled.
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Figure A3. Scatter plot of in-situ measurements versus METAL-WRF model-derived elemental mass percentages for selected elements
across all individual cases. Linear regression results are shown. Each case is labelled with the measurement time (June 2022, UTC), and the
455  midpoint of the impactor sampling height range.
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Figure A4. Temporal evolution of in-situ measurements versus METAL-WRF model-derived elemental mass percentages for (a) Fe and (b)
Al over the observation period. The x-axis shows the measurement date and time and the midpoint of the impactor sampling height range

for each case.
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Code and data availability

All algorithms were written with Python programming language, version 3.10, and can be obtained from the co-author Maria
Tsichla (mtsichla@noa.gr) upon request. METAL-WRF model can be accessed upon request to the co-author Stavro Solomo.
The HYSPLIT model is publicly available (https://www.ready.noaa.gov/hypub-bin/trajtype.pl?runtype=archive). The
FLEXPART-WRF model code is publicly available and can be obtained from https://git.nilu.no/flexpart/flexpart-wrf (Brioude
et al., 2013; Dingwell, 2025).
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