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Abstract: The mineralogical composition of airborne dust particles is an important but often neglected
parameter for several physiochemical processes, such as atmospheric radiative transfer and ocean
biochemistry. We present the development of the METAL-WRF module for the simulation of the
composition of desert dust minerals in atmospheric aerosols. The new development is based on the
GOCART-AFWA dust module of WRF-Chem. A new wet deposition scheme has been implemented
in the dust module alongside the existing dry deposition scheme. The new model includes separate
prognostic fields for nine (9) minerals: illite, kaolinite, smectite, calcite, quartz, feldspar, hematite,
gypsum, and phosphorus, derived from the GMINER30 database and also iron derived from the
FERRUM30 database. Two regional model sensitivity studies are presented for dust events that
occurred in August and December 2017, which include a comparison of the model versus elemental
dust composition measurements performed in the North Atlantic (at Izaña Observatory, Tenerife
Island) and in the eastern Mediterranean (at Agia Marina Xyliatos station, Cyprus Island). The results
indicate the important role of dust minerals, as dominant aerosols, for the greater region of North
Africa, South Europe, the North Atlantic, and the Middle East, including the dry and wet depositions
away from desert sources. Overall, METAL-WRF was found to be capable of reproducing the relative
abundances of the different dust minerals in the atmosphere. In particular, the concentration of iron
(Fe), which is an important element for ocean biochemistry and solar absorption, was modeled in
good agreement with the corresponding measurements at Izaña Observatory (22% overestimation)
and at Agia Marina Xyliatos site (4% overestimation). Further model developments, including the
implementation of newer surface mineralogical datasets, e.g., from the NASA-EMIT satellite mission,
can be implemented in the model to improve its accuracy.
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1. Introduction

Mineral dust aerosols are one of the most important and abundant aerosol types in the
Earth System (Tegen et al., 1997 [1]; Prospero et al., 2002 [2]; Gassó et al., 2010 [3]). Their
presence in the atmospheric column affects the radiative balance (Spyrou et al., 2013 [4];
Mahowald et al., 2014 [5]; Spyrou, 2018 [6]; Kok et al., 2023 [7]) and alters liquid and ice
cloud properties (Kumar et al., 2011 [8]), as well as precipitation processes and formation,
through changes in the cloud condensation nuclei abundance in the air (Levin et al., 2007 [9];
Solomos et al., 2011 [10]; Creamean et al., 2013 [11]). Furthermore, once dust particles
are deposited on the surface, they can provide valuable micronutrients to the ocean and
land ecosystems (Mahowald et al., 2005 [12]; Jickells et al., 2005 [13]; Ito et al., 2016 [14]),
affecting fisheries and agriculture activities. For example, the migrations and fisheries of
the Atlantic skipjack tropical tuna off western North Africa are influenced by the seasonal
shift in dust deposition under the Saharan Air Layer (Rodríguez et al., 2023 [15]). Under
favorable weather conditions, such as the Khamsin winds in Libya and Egypt, very high
concentrations of dust are transported from the Sahara Desert towards Europe, as occurred,
for example, during the record-breaking event of 2018, when more than 6.000 µg m−3 were
measured in Crete (Solomos et al., 2018 [16]). Under such conditions, the smaller dust
particles can be easily inhaled and deposited in the lungs, and they are related to human
health disorders (Mitsakou et al., 2008 [17]; Goudie, 2013 [18]; Esmaeil et al., 2014 [19]). The
inhalation of such dust particles blowing in the ambient air causes inflammation of the
respiratory airways (Dominguez-Rodriguez et al., 2020 [20]) and increases the cardiovas-
cular mortality risk at the rate of 2% for every 10 mg/m3 (Dominguez-Rodriguez et al.,
2021 [21]). Therefore, the influence of mineral dust particles on the climate, ecosystems,
and air quality is a key component in climate projections.

Although the composition of desert dust aerosols undergoes significant variations
(Rodríguez et al., 2020 [22]), there is a rather low number of models able to simulate
the mineral and chemical composition of dust even though these are key properties that
modulate the influence of dust on ecosystems and the climate. For example, iron and
phosphorus deposition influences ocean biogeochemistry, contributes to the fertility of
terrestrial ecosystems (Scheuvens et al., 2013 [23]), and can be just as important as changes
in the climate in modifying ocean productivity (Meskhidze et al., 2003 [24]; Mahowald
et al., 2011 [25]). Iron effectively absorbs shortwave radiation (Di Biagio et al., 2019 [26];
Ageitos et al., 2023 [27]), while minerals like calcite, quartz, or phyllosilicates impact
thermal radiation transfer (Di Biagio et al., 2017 [28]).

The extent to which iron alters dust absorption properties affects these direct radiative
interactions in the atmosphere and dust’s climate impact (Scanza et al., 2015 [29]). Saharan
dust is mostly composed of tectosilicates, like quartz and feldspar (Claquin et al. 1999 [30];
Nickovic et al., 2012 [31]). Quartz and feldspar minerals in dust particles have the poten-
tial to alter ice nucleation processes (Chatziparaschos et al., 2023 [32]). Additionally, the
group of clay phyllosilicates which contain illite, kaolinite, and smectite minerals represent
the most abundant chemical-weathering minerals in sedimentary rocks (Nickovic et al.,
2012 [31]). For instance, aerosol deposition samples collected in the Saharan Air Layer at
Izaña Observatory (Tenerife Island) are dominated by mineral dust with an average com-
position of 64% silicates, 6% quartz, 5% calcium-rich particles, 14% sulfates, 1% hematite,
1% soot, and 9% other carbonaceous material (Kandler et al., 2007 [33]).

The current incomplete global knowledge of the mineral dust composition in soil dust
sources limits the ability of Earth System models to provide dust projections and impacts
biochemistry around the globe since the physicochemical features of desert dust particles
are, in general, poorly constrained in them (Titos et al., 2017 [34]; Rodriguez-Navarro et al.,
2018 [35]). A few earlier modeling studies that have explicitly incorporated the concen-
tration of minerals in desert dust particles and their associated elemental composition
have mostly concerned global climate models (GCMs). Scanza et al., 2015 [29], used a
slightly modified global soil mineralogy atlas based on Claquin et al., 1999 [30], to simulate
minerals in the Community Atmosphere Model, version 4 (CAM4). Li et al., 2021 [36], per-
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formed a detailed study of the sensitivity of dust’s direct radiative effect that results from
current uncertainties in soil mineral composition by updating the Community Atmosphere
Model, version 5 (CAM5). Bergas-Massó et al., 2022 [37], estimated the pre-industrial
present and future atmospheric delivery of soluble iron to the ocean using the Earth System
Model (ESM) EC-Earth3-Iron (Myriokefalitakis et al., 2022 [38]) at a global scale. Ageitos
et al., 2023 [27] applied the Multiscale Online Nonhydrostatic AtmospheRe Chemistry
(MONARCH) model (Klose et al., 2021 [39]) to allow for an explicit representation of the
different minerals in dust aerosols in a global simulation setup. Hamilton et al., 2019 [40],
used the Community Earth System Model (CESM) to assess the emission and atmospheric
processing of iron at a global scale, and Chatziparaschos et al., 2023 [32], used the global soil
mineralogy atlas of Claquin et al. 1999 [30], to study the role of airborne mineral dust as a
precursor to ice-nucleating particles, accounting for both dust’s quartz and feldspar contents
in global-scale simulations. Contemporary modeling studies have been performed for the
dispersion of other pollutants, such as O3 and CO2 in China (Dai et al., 2023 a, b) [41,42].

This study presents the development of a regional atmospheric model capable of
simulating the mineral composition of dust across all atmospheric scales. This is a
new approach to limited-area dust modeling, and it will allow a more detailed descrip-
tion of dust processes in the atmosphere and the oceans. To this end, the WRF-Chem
(Grell et al., 2005 [43]; Skamarock et al., 2021 [44]) atmospheric model, version 4.4.1, was
used as a basis to develop a regional system capable of simulating the atmospheric lifecy-
cles of different minerals in the atmosphere. The paper is organized as follows: Section 2
describes the methodology for the development of METAL-WRF and the measurements of
dust minerals at the two stations. The implementation of mineralogical databases in the
model and the development of specific code modules to treat the lifecycle of the different
minerals (emission, transport, and dry and wet deposition) are described here, along with
the description of the methodologies followed to obtain the station measurements. In
Section 3, the results of two specific modeling simulations of Saharan dust-mineral trans-
port are analyzed, including comparisons of the modeled elemental composition of the dust
particles with the corresponding measurements at Izaña Observatory in Tenerife Island
and at Agia Marina Xyliatos in Cyprus. Section 4 contains the summary and conclusions.

2. Methodology
2.1. Development of METAL-WRF

The simulation of the dust cycle in the atmosphere was performed using the WRF
(Weather Research and Forecast) model (Skamarock et al., 2021 [44]) with ARW core
(Advanced Research WRF). WRF-ARW is designed to act as an atmospheric simulation
system that is flexible, highly portable, and efficient on available parallel computing
platforms and suitable for use in a broad range of applications across scales ranging from
meters to thousands of kilometers, making it ideal to be used as the basic tool for the
current work. WRF is also coupled with the Chem module (Grell et al., 2005 [43]), which
allows for the representation of various chemical species and aerosols in the atmosphere,
including desert dust. In this study, the GOCART (Ginoux, 2001 [45]) aerosol model and
the Air Force Weather Agency (AFWA) dust emission scheme (LeGrand et al., 2019 [46])
were applied to parameterize the desert dust production–transport–deposition cycle.

The dry deposition of dust was computed by calculating the forces acting on a dust
particle moving along the vertical direction, which are the gravitational force and the
aerodynamic drag force (LeGrand et al., 2019 [46]). Due to the importance of wet scavenging
mechanisms, which are often the only removal mechanisms away from sources, a wet
deposition module was also implemented in the model to handle the removal of dust due
to rain and clouds. The new model accounts for in-cloud and below-cloud scavenging via
cloud condensates, following the formulation of Seinfeld and Pandis (1998) [47] and earlier
modeling developments by Spyrou et al., 2010 [48], Solomos et al., 2011 [10], and Tsarpalis
et al., 2018 [49]. Both grid-scale and convective precipitation were considered. The wet
deposition scheme is complementary to the gravitational settling, and their combination
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provides a more realistic description of overall mineral depositions, including the stochastic
effects of cloud and precipitation processes in dust removal. The possible changes in the
scavenged mineral fractions due to the differences in mineral solubility were neglected
for simplicity.

As a first step in the development of the mineralogy module, we derived the soil
composition of dust sources using the GMINER30 dataset developed by Nickovic et al.,
2012 [31]. GMINER30 is a high-resolution global database of mineral fractions in potentially
erodible soils, and it has been specifically developed to support the parameterization of
mineral emissions in atmospheric numerical models. The database contains information on
illite, kaolinite, smectite, calcite, quartz, feldspar, hematite, gypsum, and phosphorus frac-
tions distributed over clay and silt aerosol populations on a 30-arc-second grid. GMINER30
is based on the mineral table specified by Claquin et al. (1999) [30], and it also includes
several mineral-carrying soil types in dust-productive regions that were not considered in
previous studies and also phosphorus (Nickovic et al., 2012 [31]). The mineral content in
clay and silt-sized fractions in selected soil types is presented in Table 1.

Table 1. Mineral content in clay and silt-sized fractions in selected soil types (modified from
Nickovic et al., 2012 [31]).

FAO Soil Types in
Arid Regions

Mineral Content in Clay-Sized Fractions Normalized to 100% Mineral Content in Silt-Sized Fraction Normalized
to 100% Clay and Silt

Illite Kaolinite Smectite Calcite Quartz Hematite Feldspar Gypsum Calcite Quartz Hematite Phosphorus

Lithosols 40 20 29 4 7 1 40 1 6 53 1 0.049

Calcic Yermosols 57 13 16 11 3 2 7 1 14 78 2 0.031

Yermosols 34 31 24 6 5 1 32 2 8 59 1 0.031

Dunes/Shifting Sand 50 9 26 1 14 1 6 1 1 92 1 -

Haplic Yermosols 20 54 22 1 3 2 24 1 1 73 2 0.031

Luvic Yermosols 45 20 20 7 7 2 23 1 5 70 2 0.031

Calcic Xerosols 57 13 16 11 3 2 7 1 14 78 2 0.034

Calcaric Regosols 42 39 9 4 7 3 19 1 3 75 3 0.049

Cambic Arenosols 16 66 5 1 11 4 14 1 1 82 4 0.04

Eutric Regosols 32 53 10 1 5 2 38 1 1 59 2 0.049

Othic Solonchaks 31 6 46 11 7 1 43 6 22 31 1 0.034

Gypsic Yermosols 27 18 40 8 7 0 26 6 16 57 0 0.031

Luvic Xerosols 45 20 20 7 7 2 23 1 5 70 2 0.034

Ferralic Arenosols 23 48 23 1 5 1 15 1 1 84 1 0.04

Haplic Xerosols 20 54 22 1 3 2 24 1 1 73 2 0.034

Rock 50 9 26 1 14 1 6 1 1 92 1 -

Calcaric Fluvisols 22 9 46 11 12 0 39 2 30 31 0 0.03

Luvic Arenosols 10 78 3 1 9 3 22 1 1 70 5 0.04

Chromic Vertisols 16 27 48 4 5 4 62 1 3 31 4 0.079

Eutric Fluvisols 18 23 55 1 3 1 10 1 2 86 1 0.03

Salt 39 4 26 29 1 1 1 26 93 5 1 -

Takyric Yermosols 21 51 21 3 5 1 80 1 4 16 1 0.031

Orthic Solonetz 37 32 17 6 7 2 23 1 4 71 2 0.022

Gleyic Solonchaks 16 32 24 21 5 0 28 15 20 51 0 0.034

Xerosols 37 26 24 7 5 2 20 2 9 70 2 0.031

Gypsic Xerosols 27 18 40 8 7 0 26 6 16 57 0 0.034

Takyric Solonchaks 25 33 24 10 6 0 66 1 12 22 0 0.034

Albic Arenosols 21 53 21 0 4 1 15 1 0 84 1 0.04

Additionally, due to the particular importance of iron (Fe), the transport of iron
in the atmosphere was also simulated using the FERRUM30 dataset, a high-resolution
global database on iron fraction in potentially erodible soils. FERRUM30’s development
was based on the knowledge gathered from various papers on iron content in different
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minerals (Nickovic et al. 2013 [50]), and the spatial distribution of iron content is shown in
Figure 1. In general, the Sahara region contains iron ranging from 2–6% or more. For more
information on the GMINER30 and FERRUM30 databases, see Nickovic et al., 2012 [31]
and 2013 [50], and the references therein.

Atmosphere 2023, 14, 1615 6 of 23 
 

 

 
Figure 1. Global distribution of iron content (%) in arid soils. 

Both datasets were obtained from the South-East European Climate Change Center 
(SEEVCCC) of the Republic Hydrometeorological Service of Serbia (RHMSS; 
http://www.seevccc.rs/ - access date: 1 September 2023). The data were provided on a 30-
s grid and organized into 27 tiles (4800 × 6000 points each). First, these geographic data 
were converted into the specific binary geogrid format so that they could be used as inputs 
to the model’s WPS geogrid processor. The input mineralogical data were stored as a reg-
ular 2D array of integers, row by row, beginning at the southernmost row. Every element 
was stored as a 4-byte integer in big-endian byte order (see Skamarock et al., 2021 [44], for 
further technical details). Therefore, all mineral-relevant data were first converted to inte-
gers as needed and then written in the geogrid binary format, along with a specific 
metadata index file. Afterwards, the lower boundary conditions table of the model (GE-
OGRID.TBL.ARW) was accordingly modified to handle the new files, and the new arrays 
were integrated into the WPS and WRF Registry and framework. This way, the new da-
tasets are handled by the model the same way as any other static dataset (e.g., vegetation 
or soil texture). Therefore, any changes in the WRF domain or resolution are automatically 
handled by the model, providing the necessary flexibility to simulate mineral processes at 
all atmospheric scales, from cloud-resolving scales to meso-γ, meso-β, meso-α, and global 
scales. 

Having defined the mineral content in arid soils, the next step was to design the pro-
duction and transport of minerals, along with desert dust. To this end, we built upon the 
earlier works of Perlwitz et al., 2015 [51], and Pérez et al., 2016 [52]. Therefore, we assumed 
that the soil mass fractions 𝑆𝑀𝐹𝑐𝑙𝑎𝑦  and 𝑆𝑀𝐹𝑠𝑖𝑙𝑡  of each mineral 𝑚  at clay and silt 
sizes in the 0–20 µm bin range could be defined as: 𝑆𝑀𝐹𝑐𝑙𝑎𝑦௠ = 𝑆𝐹𝑐𝑙𝑎𝑦௠ ∗ 𝑆𝐹𝑚𝑐𝑙𝑎𝑦௠ 𝑆𝑀𝐹𝑠𝑖𝑙𝑡௠ = 𝑆𝐹𝑠𝑖𝑙𝑡௠ ∗ 𝑆𝐹𝑚𝑠𝑖𝑙𝑡௠ 

where 𝑆𝐹𝑐𝑙𝑎𝑦 and 𝑆𝐹𝑠𝑖𝑙𝑡 represent the soil fraction of clay and silt particles as a function 
of the soil texture class, respectively, and 𝑆𝐹𝑚𝑐𝑙𝑎𝑦 and 𝑆𝐹𝑚𝑠𝑖𝑙𝑡 denote the soil fraction 
of each mineral provided via the GMINER30 and FERRUM30 datasets. The mineralogical 
composition of dust aerosol particles was assumed to be the same as at the source, mean-
ing that it remains unmodified during the dust production processes even though the 
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Both datasets were obtained from the South-East European Climate Change Center
(SEEVCCC) of the Republic Hydrometeorological Service of Serbia (RHMSS; http://www.
seevccc.rs/—access date: 1 September 2023). The data were provided on a 30-s grid
and organized into 27 tiles (4800 × 6000 points each). First, these geographic data were
converted into the specific binary geogrid format so that they could be used as inputs to the
model’s WPS geogrid processor. The input mineralogical data were stored as a regular 2D
array of integers, row by row, beginning at the southernmost row. Every element was stored
as a 4-byte integer in big-endian byte order (see Skamarock et al., 2021 [44], for further
technical details). Therefore, all mineral-relevant data were first converted to integers as
needed and then written in the geogrid binary format, along with a specific metadata index
file. Afterwards, the lower boundary conditions table of the model (GEOGRID.TBL.ARW)
was accordingly modified to handle the new files, and the new arrays were integrated into
the WPS and WRF Registry and framework. This way, the new datasets are handled by the
model the same way as any other static dataset (e.g., vegetation or soil texture). Therefore,
any changes in the WRF domain or resolution are automatically handled by the model,
providing the necessary flexibility to simulate mineral processes at all atmospheric scales,
from cloud-resolving scales to meso-γ, meso-β, meso-α, and global scales.

Having defined the mineral content in arid soils, the next step was to design the
production and transport of minerals, along with desert dust. To this end, we built upon
the earlier works of Perlwitz et al., 2015 [51], and Pérez et al., 2016 [52]. Therefore, we
assumed that the soil mass fractions SMFclay and SMFsilt of each mineral m at clay and
silt sizes in the 0–20 µm bin range could be defined as:

SMFclaym = SFclaym ∗ SFmclaym

SMFsiltm = SFsiltm ∗ SFmsiltm

where SFclay and SFsilt represent the soil fraction of clay and silt particles as a function
of the soil texture class, respectively, and SFmclay and SFmsilt denote the soil fraction of

http://www.seevccc.rs/
http://www.seevccc.rs/
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each mineral provided via the GMINER30 and FERRUM30 datasets. The mineralogical
composition of dust aerosol particles was assumed to be the same as at the source, meaning
that it remains unmodified during the dust production processes even though the mineral
size distributions change during emission in actual events (Perlwitz et al., 2015 [51]).

2.2. Measurements of Dust Composition

The chemical composition of atmospheric aerosols measured at Izaña Observatory
(subtropical North Atlantic) and Agia Marina Xyliatos station (eastern Mediterranean) was
used to compare with the model’s simulations.

Izaña Observatory (28.309◦ N, 16.5◦ W) is located in Tenerife (Canary Islands) at
2400 m a.s.l. This site is typically located above the mantle of stratocumulus clouds
typical of the subtropics, so it is representative of the free troposphere. In daylight, the
free tropospheric air is often alternated with the arrival of trace amounts of gases and
aerosols from the boundary layer due to upslope winds, whereas measurements at night are
representative of the free troposphere. Izaña Observatory is within the Global Atmospheric
Watch Program and ACTRIS Research Infrastructure, so its long-term monitoring program
includes aerosols’ chemistry in the PM10 fraction (particles smaller than 10 microns), optical
properties, and size distribution via methods described in Rodríguez et al., 2012 [53].
Briefly, aerosol chemical characterization is performed by sampling via quartz filters and
subsequent chemical analysis in the laboratory, which includes (1) elemental composition
via acid digestion and ICP-AES and ICP-MS analysis, (2) ion determination via extraction
in deionized water and ion chromatography analysis, and (3) the determination of organic
carbon and elemental carbon using TOR/TOT techniques. The sampling is performed
at night (10:00 p.m. to 06:00 a.m. GMT) to avoid the daylight upslope winds and obtain
samples representative of the free troposphere.

The Ayia Marina (AM) station is considered a background station in the southeast
Mediterranean. The station is situated in the village of Ayia Marina Xyliatos, Cyprus
(Ayia Marina Xyliatos Nicosia background station; 35◦02′ N, 33◦03′ E; 450 m a.s.l.), 40 km
southwest of the city of Nicosia, far away from anthropogenic activities. The Air Quality
Section of the Department of Labour Inspection operates the AM station, which is part of
the Cyprus Air Quality Monitoring Network and the European Monitoring and Evaluation
Program (EMEP). Cyprus has an intense Mediterranean climate with hot and dry summers
(May–September) and mild winters (November–March). Dust storms typically occur at
the end of winter and spring (February–May) (Achilleos et al., 2020 [54]; Pikridas et al.,
2018 [55]). Dust transport from both the Saharan and Arabian deserts has a significant
impact on the station (Mouzourides et al., 2015 [56]). Gravimetric particulate matter sam-
pling devices with a low-volume sampler (LVS) are used with a sampling duration of 24 h,
as recommended by EU-related directives, and tapered element oscillating microbalance
(TEOM) analyzers are used to record continuous PM10 and PM2.5 concentrations.

3. Results
3.1. Configuration of METAL-WRF for Dust Transport Simulations

The simulation of dust and mineral transport in METAL-WRF was tested for particles
originating from the Saharan desert towards the Mediterranean and Europe (Figure 2).
The model was set up with a resolution of 12 km × 12 km, 32 vertical hybrid-sigma levels
stretching from the surface to the top of the atmosphere (about 20 km), and a timestep
of 60 s. The physical parameterizations used in these runs are presented in Table 2. The
mineral fractions in clay and silt soils were defined by the GMINER30 and FERRUM30
datasets, as described in Section 2. The mineral fractions for the minerals used here are
presented in Figure 3.
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Table 2. Physical schemes and parameterizations used in the METAL-WRF setup.

Parameterization Scheme Reference

Microphysics Goddard microphysics scheme Tao et al., 2016 [57]

Cumulus Tiedtke scheme Zhang et al., 2011 [58]

Shortwave/Longwave radiation RRTMG scheme Iacono et al., 2008 [59]

Surface layer Eta similarity scheme Janjic, 1996, 2002 [60,61]

Land surface Noah Land Surface Model Tewari et al., 2004 [62]

Planetary boundary layer Mellor–Yamada–Janjic scheme Mesinger 1993 [63]; Janjic 1994 [64]

Dust module GOCART simple aerosol scheme Ginoux, 2001 [45]

Dust emission scheme AFWA LeGrand et al., 2019 [46]
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The distribution of mineral fractions in the computational domain of WRF-METAL is
displayed in Figure 3 over clay-sized and silt-sized soil populations. For example, as seen
in these plots, high illite content (exceeding 50%) was evident both in the northern part of
the Sahara (north of 20◦N), as well as at subregions of Mauritania, Mali, and Niger. Calcite
concentrations are higher at the northernmost Saharan regions of Libya and Egypt with
maximum percentages over the Nile delta, while the highest percentages of hematite in
clay soil are clustered along a belt spanning across the 10◦N and eastern Sudan.

Additionally, the percentage abundances of Si, Al, Mg, and Ca (%) for each mineral
(Table 3) were used to extract the elemental composition of dust from the mineral com-
position. Iron concentrations are calculated directly from the FERRUM30 dataset. The
calculation of elemental composition facilitates the direct comparison between modeled
particles and station elemental measurements. Two different model runs were performed
to describe the elemental composition of mineral dust in the Atlantic Ocean (Izaña Obser-
vatory in Tenerife) and the eastern Mediterranean (Ayia Marina Xyliatos Station in Cyprus).
The locations of the two stations are shown in Figure 2.

Table 3. Percentage abundance of Si, Al, Mg, and Ca (%) for each mineral simulated in this work
(source: Pérez et al., 2016 [52]).

Silicon (Si) Aluminum (Al) Magnesium (Mg) Calcium (Ca)

Illite 24.11 10.47 0.85 1.45

Kaolinite 20.27 20.42 0.02 0.03

Smectite 27.44 8.57 1.21 0.91

Calcite 40.04

Quartz 46.74

Feldspar 25.24 10.96 0.15 3.84

Gypsum 23.28

3.2. Dust Transport to the Atlantic in the Saharan Air Layer (SAL)—August 2017

We studied the case of dust transport from North Africa to the Atlantic in the Sahara
Air Layer (SAL), the most important transport pathway of Saharan dust (Prospero et al.,
2021 [65]). In summer, the SAL expands along the subtropic, affecting the Canary Islands,
and occurs at altitudes within the range 1000–1500 m a.s.l. Thus, in this period, the Izaña
free-troposphere Observatory, which is located at 2400 m a.s.l., is within the SAL (Rodríguez
et al., 2015 [66]). The case of August 2017 was studied as representative of the summer SAL,
and the dust simulations were compared with the elemental composition measurements
in different size ranges that are regularly performed at Izaña as part of the long-term
monitoring program (Rodríguez et al., 2012 [53]). This type of measurement data has also
been used in earlier modeling studies (Pérez et al., 2016 [52]).

The transport of Saharan dust towards the Canary Islands is driven by synoptic
circulation. In summer, the subtropical highs are shifted to the north, and the monsoon
develops, resulting in a northward shift of the intertropical convergence zone (ITCZ). This
type of circulation intensifies the easterly Harmattan winds and favors the transport of
dust towards the Atlantic (Kallos et al., 2006 [67]). In this period, Saharan dust export
is modulated via the NAFDI, i.e., the North African Dipole Intensity, calculated as the
difference in the anomalies of the subtropical high pressure over Morocco with respect to
the tropical low pressures over Nigeria (Rodríguez et al., 2015 [66], 2020 [22]; Cuevas et al.,
2017 [68]). Saharan dust export to the Atlantic is activated via the westward propagating
Harmattan wind pulses linked to the change of the phase of the NAFDI (negative to
positive), the associated westward shifts of the Saharan Heat Low, and the convective
monsoon inflow (Rodríguez et al., 2020 [22]). In contrast, Saharan dust export to the
western Mediterranean occurs during the negative phases of the NAFDI (Cuevas et al.,
2022 [69]). The change of phase of the NAFDI influences the activation of the different
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regional dust sources, thus influencing the composition of dust over the North Atlantic, as
indicated by the correlation between the NAFDI and the ratios of Fe, Ca, K, Na, Mg, and S
to Al (Rodríguez et al., 2020 [22]).

The METAL-WRF simulation was initialized on 15 July to allow a 15-day spin-up
period and develop an adequate desert dust background. We performed sequential warm-
start simulations ranging from the 1st of August to the 31st of August 2017 at 3-day intervals
(a total of 84-h in simulations with a 12-h spin-up time). The initial and boundary conditions
were obtained from NCEP FNL’s (National Centers for Environmental Prediction Final
Analysis) operational global analysis on a 0.25◦ × 0.25◦ grid. This state-of-the-art gridded
product originated from the Global Data Assimilation System (GDAS), which continuously
collects observational data and creates analyses for numerical simulations and other studies
(National Centers for Environmental Prediction/National Weather Service/NOAA/U.S.
Department of Commerce, 2015 [70]). For the sea surface temperature (SST), we used the
Copernicus Marine Environment Monitoring Service—CMEMS—and specifically the GLO-
RYS12V1 product, which is CMEMS’s global ocean eddy-resolving model at a 1/12◦ hori-
zontal resolution and 50 vertical levels (GLOBAL_MULTIYEAR_PHY_001_030 2023 [71]).

The modeling results for the mineral dust transport are shown in Figure 4. Figure 4a
shows the accumulated dust load (i.e., the vertically integrated dust at all model layers)
in the atmospheric column for August 2017. The main dust outflows from the Sahara
Desert were observed towards the Atlantic in the SAL (>1000 gm−2) and towards the
western Mediterranean (>500 gm−2). Significant dust loads exceeding 700 gm−2 were also
present over the Red Sea and Arabian Peninsula. The distribution of the iron column load
(Figure 4b), iron dry deposition (Figure 4c), and iron wet deposition (Figure 4d) is also
shown. For simplicity, we included only the results for iron due to the high importance of
this element in radiation absorption and its role as a limiting micronutrient in the marine
ecosystem. The spatial distribution of the other elements in dust was rather similar. In
August 2017, high column loads of iron (>30 gm−2) were observed over the Saharan and
Sahelian deserts, the Atlantic in the SAL, the Red Sea, and the Arabian Peninsula, tracking
the location of the main dust sources and the dust transport routes due to atmospheric
circulation (Figure 4b). High dry deposition rates were also observed near the dust sources
in the Atlantic Ocean underlying the SAL, in the Red Sea, and in the Persian Gulf. Away
from the dust sources, iron dry deposition was observed at high elevations, such as in
the Alps (Figure 4c), implying the possible role of these particles in the melting of snow
in this area due to the absorption of solar radiation via iron. The highest values of iron
wet deposition were observed along the tropical rain band in North Africa, associated
with the ITCZ. Hot spots (>450 mgm−2) were evident in the areas of frequent intense
precipitation due to mesoscale convective systems (MCS), as well as over southeast Spain
and central Europe, associated with the summer cutoff lows (Figure 4d). The ability of the
model to provide estimations of both dry and wet iron deposition is extremely important
for the marine ecosystem. A recent study showed that, off northwest Africa, fisheries
of the Atlantic skipjack are mainly located in tropical waters affected by the massive
wet deposition of iron in winter and in subtropical waters affected by the massive dry
deposition of iron in summer (Rodríguez et al., 2023 [15]).
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(mg m−2).

The model outputs for the concentrations of each element in dust were compared
with the measurements from Izaña Observatory in Figure 5 while making sure to extract
the model’s elemental data only during the PM10 sampling period under background-
free troposphere conditions, i.e., from 10:00 PM to 06:00 AM GMT. As shown in Figure 5,
the results were in good agreement with the corresponding measurements for August
2017. The modeled calcium concentration at Izaña Observatory was 2.63 µg/m3, whereas
the measured value was 2.37 µg/m3. The modeled iron concentration was 3.81 µg/m3,
which was also in very good agreement with the station measurement of 3.12 µg/m3.
This is particularly important due to the crucial role of iron in solar radiative transfer and
ocean productivity processes. The modeled concentrations of aluminum (4.40 mg/m3)
also agreed very well with the measured aluminum at Izaña (3.05 mg/m3). In contrast,
the model overestimated the concentrations of silicon (18.9 mg/m3) compared to the
measurements (6.2 mg/m3), probably due to an overestimation of the amount of quartz
in the model. Measurements in the North Atlantic typically find Si/Al ratios in Saharan
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dust within the range of 1.9–2.2 and a value of 2.05 at Izaña (Rodríguez et al., 2020 [22], and
references therein). The simulated Si/Al ratio in the model was 4.3, which clearly suggests
an overestimation of quartz in the model’s output for Izaña. Also, the concentrations of
magnesium were clearly underestimated at Izaña (0.18 mg/m3 modeled vs. 1.14 mg/m3

measured) due to the lack of Mg-bearing minerals such as chlorite, vermiculite, and
dolomite in the current mineralogical dataset. Additionally, there was missing detailed
information on certain source areas, as well as missing information on the seasonality and
regional variation of the composition of arid soils and even agricultural soils (Nickovic et al.,
2012 [31]), weaknesses which are encountered in every static global dataset. Overall, the
modeling results are very promising and provide a solid base for further developments.
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Figure 5. Monthly elemental concentrations (µg m−3) of Si, Al, Fe, Mg, and Ca in August 2017
measured in PM10 at Izaña Observatory (nocturnal sampling: 10:00 PM–06:00 AM) and the METAL-
WRF simulation.

3.3. Dust Transport towards the Eastern Mediterranean—December 2017

For the second sensitivity test, a comparison between model results and measurements
for December 2017 is presented for an Eastern Mediterranean monitoring station located in
Ayia Marina Xyliatos in Cyprus. This station is located in the Nicosia district and is part
of the air quality monitoring network operated by the Air Quality Section of the Cyprus
Department of Labor Inspection (Achilleos et al., 2020 [54]). The area is very often affected
by dust transport from both the Saharan and Arabian deserts (Pikridas et al., 2018 [55]).
Continuous PM10 concentrations were recorded every 2 min using a tapered element
oscillating microbalance instrument. The elemental concentration in the measured minerals
is provided for Al, Ca, and Fe. METAL-WRF was initialized 15 days before the period of
interest to allow a 15-day spin-up period. The sensitivity simulations range from the 1st of
December to the 31st of December 2017. Initial and boundary conditions were obtained
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from the NCEP GDAS data, and SST was obtained from the Copernicus CMEMS analysis
datasets, similar to the Atlantic Ocean case study.

The modeled accumulated total dust and iron results for December 2017 are shown
in Figure 6. The dust load pattern (Figure 6a) shows dust outflows towards the tropical
North Atlantic in the winter SAL and the East Mediterranean, whereas Western Europe
was dust-free. The pattern of the modeled iron load and iron dry deposition was similar
to that of the dust load tracking the main transport pathways (Figure 6b,c). High wet
deposition rates of iron (exceeding 75 mg m−2) were observed across northwest Africa, the
central-eastern Mediterranean, and the Balkans (Figure 6d). However, iron depositions
through precipitation were also evident in Figure 6d over the central Mediterranean and
Western Europe. Such results reveal the importance of the new wet deposition scheme for
dust elements in METAL-WRF since the washout via precipitation is the primary removal
mechanism of elevated aerosol plumes away from their sources.
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The time series of the daily average modeled and measured concentrations of Al, Ca,
and Fe at Ayia Marina Xyliatos during December 2017 are presented in Figure 7. As shown
in these results, there was a generally good agreement between the daily measurements and
the modeled elemental composition of transported dust. The daily modeled concentrations
of Al, Ca, and Fe were close to the observations, especially at smaller abundances, i.e.,
less than 2000 ngr/m3. For instance, on the 29th of December, METAL-WRF simulated
449 ngr/m3 of Al, 453 ngr/m3 of Ca, and 527 ngr/m3 of Fe, while the corresponding
measurements were 408 ngr/m3 of Al, 834 ngr/m3 of Ca, and 320 ngr/m3 of Fe, respectively.
The abrupt increase in dust elements during 21–23 December was also reproduced by the
model—however, not at its full magnitude. This was due to the relatively coarse grid
space of the simulation, which cannot accurately resolve the local winds and downflows
induced by the complex station topography. These local flows are responsible for abrupt
increases in surface dust concentrations when the dust plumes approach the Mediterranean
islands. As shown in earlier relevant studies for Crete and Cyprus (Solomos et al., 2017,
2018 [16,72]), Foehn winds are generated at the lee side of the mountains, favoring the
downward mixing of dust towards the surface. The monthly accumulated values of
modeled and measured elements are shown in Figure 8. As shown in this plot, the model
reproduced the relative concentrations of the elements, especially when we excluded the
three outlier values of 21–23 December. In this case, the modeled concentrations of Al
(6.41 µgm−3) and Fe (6.92 µgm−3) were comparable to the measured ones (8.02 µgm−3 and
6.66 µgm−3, respectively). Calcium (Ca) was still underestimated (6.40 µgm−3 modeled
versus 19.20 µgm−3 measured) due to the lack of certain Ca-containing minerals from the
current database, as explained also for the Atlantic Ocean simulation.
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4. Summary and Conclusions

This work presents the development of METAL-WRF, a regional atmospheric model
to reproduce the mineralogical composition of desert dust particles and describe the full
cycle of dust minerals in the atmosphere, i.e., their emission, transport, and dry and wet
deposition. To this end, the framework of the WRF-Chem model, v. 4.4.1, was used to
calculate the mass concentrations of minerals in the atmospheric column based on the
GMINER30 and FERRUM30 mineralogical datasets. A comparison of the modeled results
for the elemental composition of dust with the corresponding measurements in Izaña—the
North Atlantic—and Agia Marina Xyliatos—the eastern Mediterranean—observatories
indicates the overall good performance of the model for iron (Fe), calcium (Ca), and
aluminum (Al) concentrations, considering the complexity of the involved physical and
chemical processes. The relevant abundances of the different minerals and their magnitudes
were reproduced by the model. The modeled concentrations of aluminum (Al), iron (Fe),
and calcium (Ca) were overestimated by 44%, 22%, and 11%, respectively, in Izaña, while
iron (Fe) was overestimated by 4% in Agia Marina Xyliatos. The relatively good results,
particularly for iron, are encouraging for further studies since this element is an important
limiting micronutrient in the ocean and also modulates the ability of dust to absorb light. At
Izaña, silicon was overestimated by 200%, probably due to an overestimation of quartz in
the model. On the other hand, magnesium (Mg) was underestimated in Izaña by 84% due
to the lack of certain Mg-bearing minerals in the model. In Agia Marina Xyliatos, aluminum
(Al) was underestimated by 20% and calcium (Ca) by 67%. Such underestimations were
expected for these elements because several minerals, such as chlorite, goethite, and
vermiculite, that contain these elements are not yet included in the mineralogical database
of METAL-WRF. The current model configuration can support the implementation of
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any newer datasets of surface mineralogical compositions from recent satellite missions,
such as the NASA-EMIT mission. Improving the completeness and the detail in the
input mineralogical dataset could provide the missing components for the underestimated
elements and improve the model’s performance in future studies.

The overall assessment of the model’s performance suggests the capability of METAL-
WRF to reproduce the elemental composition of long-range transported dust particles.
These results provide a solid basis for future relevant studies and set the directions for
forthcoming research on the role of dust particles in various environmental processes. This
is the first step towards further studies on the role of dust composition for a plethora of
physical mechanisms that are already resolved in the model, such as radiative transfer and
cloud microphysics. Due to the nesting capabilities of the computational core, METAL-WRF
can be used for the seamless description of dust-related phenomena and the impact of
different minerals at all spatiotemporal scales. For example, cloud-resolving simulations
at the order of a 1×1 km grid space can be used to describe the participation of different
minerals in ice and liquid nucleation processes for cloud formation. Convection-resolving
simulations (e.g., at a 3×3 km grid space) can describe the roles of different minerals during
the generation of dust fronts (haboobs) via the convective downdrafts over source areas.
Mesoscale simulations at meso-γ scales, such as that in the present study, can describe the
long-range transport of dust elements at different regions worldwide, and coarser model
setups can be used for long-term global and climatic runs. Finally, an important component
of METAL-WRF’s development is the implementation of a wet deposition scheme for the
GOCART-AFWA dust module. The description of in-cloud and below-cloud scavenging
of dust particles was missing in previous WRF-Chem versions, and such mechanisms are
crucial for the deposition of minerals over land and ocean bodies worldwide.
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