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Abstract. Dust particles originating from desert areas of
the planet have significant radiative impacts on the ground
and atmospheric column, changing the energy distribution of
the entire earth system, which cannot be underestimated, as
dust is considered a climatic regulator. The magnitude of the
dust radiative effect is dependent on the optical properties of
desert dust aerosols, which in turn is regulated by the compo-
sition and mineralogical content of desert dust plumes. The
mineralogical composition in atmospheric models is com-
monly related to the soil type at dust sources and the optical
properties needed are provided by observational campaigns
and dedicated measurements. In this work we upgrade the
METAL-WRF model to incorporate the direct radiative im-
pact of the minerals in dust and test the impact of the direct
radiative feedback on a 2-month simulation period, namely
March and April 2022, when consecutive intense dust out-
bursts affected the Mediterranean Basin. The simulation re-
sults were compared against Global Horizontal Irradiance
data and AERONET optical properties that were measured
at five sites. An improvement was observed in all sites, espe-
cially close to the sources, when the minerals and dust are
treated as interacting in the radiative transfer calculations,
thus improving the capabilities of METAL-WREF to simulate

the chemical composition of dust particles in the atmosphere
along with their contribution to radiative transfer processes.

1 Introduction

Natural dust aerosols are soil particles originating from arid
and semi-arid areas of the globe and they impact the cli-
mate system by changing the radiation budget of the atmo-
spheric column, cloud formation, precipitation and marine
and terrestrial biological cycles (Prospero et al., 2002; Levin
and Cotton, 2007; Solomos et al., 2011; Spyrou et al., 2013;
Creamean et al., 2013; Kallos et al., 2014; Ito et al., 2016;
Spyrou, 2018; Kok et al., 2023). At high concentrations,
dust particles have also considerable implications on human
health (Mitsakou et al., 2008; Esmaeil et al., 2014). The mag-
nitude of the links and feedbacks between desert dust parti-
cles and the earth system is dependent on the physiochemi-
cal properties of the aerosols at the dust source areas and on
their mineralogical composition (Li et al., 2021; Solomos et
al., 2023).

By modifying the radiative forcing on the ground as well
as the heating rates along the atmospheric column, the dust
aerosols affect the local atmospheric parameters and specif-
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ically temperature, cloud formation and precipitation due to
atmospheric energy redistribution (Spyrou et al., 2010; Rap
et al., 2013; Liu et al., 2014; Spyrou, 2018). Dust is among
the most significant factors impacting global climate, and
yet there are large gaps in our knowledge regarding its in-
teractions with solar radiation (Adeyemi and Kok, 2020; Li
et al., 2021). Over the deserts and arid regions, as well as
over regions that are in their proximity, the effect of dust
on the levels of surface solar radiation is comparable to, or
even dominant over, the effect of cloudiness (Derimian et al.,
2006; Chen et al., 2017; Gkikas et al., 2018). As a result, the
role of dust in these areas is particularly important for the re-
gional climate, as well as for solar radiation related processes
and applications. For example, dust is the main atmospheric
regulator for the levels of surface solar radiation, and subse-
quently for energy production from photovoltaic systems in
South Mediterranean countries (Kosmopoulos et al., 2018),
due to their proximity to the Saharan Desert. As we move
towards higher latitudes, for instance at the north parts of
Mediterranean and Central Europe, the concentration of dust
in the aerosol mixture varies spatially and temporally, how-
ever its role regarding the regulation of surface solar radiation
remains very significant, and occasionally more significant
than the effect of cloudiness (e.g., Fountoulakis et al., 2021;
Papachristopoulou et al., 2022).

The mineralogical composition of dust particles affects
the magnitude and spatiotemporal variability of their direct
radiative impact (Scanza et al., 2015; Li et al., 2021). For
instance, the dust direct radiative effect (DRE) in several
longwave bands is highly dependent on quartz, calcite and
hematite content (Mishra et al., 2008). Across many short-
wave bands dust DRE strongly depends on the iron-oxide
content and its mixing state with other minerals in the atmo-
sphere (Sokolik et al., 1996; Sokolik and Toon, 1996; Li et
al., 2021).

The dust mineralogical composition in atmospheric mod-
els is commonly related to the soil type at dust sources, as
provided by a global geological database (e.g., Claquin et al.,
1999; Nickovic et al., 2012; Scanza et al., 2015).

The limited knowledge of mineral dust composition at the
dust sources worldwide hinders the ability of regional and
global models to provide reliable dust projections and afore-
mentioned impacts on radiative transfer (Rodriguez-Navarro
et al., 2018; Solomos et al., 2023). However, despite the un-
derlying uncertainties, taking into account the varying com-
position of dust particles, improves the accuracy in modeled
dust impacts (Obiso et al., 2025). Some attempts at handling
the lifecycle of minerals in the atmosphere include the work
by Scanza et al. (2015), who used a global soil mineralogy
atlas based on Claquin et al. (1999) to simulate minerals in
the Community Atmosphere Model version 4 (CAM4); Li
et al. (2021) who updated the simulations for the Commu-
nity Atmosphere Model version 5 (CAMS); Bergas-Masso
et al. (2023) who used the Earth System Model (ESM) EC-
Earth3-Iron; Gongalves Ageitos et al. (2023) who applied
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the Multiscale Online Nonhydrostatic AtmospheRe CHem-
istry (MONARCH) model in global scale and Hamilton et
al. (2019) who used the Community Earth System Model
(CESM) in order to assess the emission and atmospheric
processing of iron at global scale. Recently, Solomos et al.
(2023) developed the METAL-WRF model as an extension
to the WRF-Chem model, to include the production, trans-
port and deposition of different minerals originating from the
dust source areas.

Due to the inherent impact of physiological and chemi-
cal characteristics of minerals in estimating the DRE at both
shortwave and longwave bands, recent attempts have been
made in coupling the model radiative transfer processes with
specific mineral optical properties (Scanza et al.,2015; Perl-
witz et al., 2015; Li et al., 2021). In the work of Scanza
et al. (2015) the authors updated the CAM4 model to in-
clude the optical properties and radiative feedback of min-
erals, through the use of the proper refractive indexes. How-
ever, the CAM4 model neglects scattering in the longwave,
which leads to underestimation of the radiative forcing. Sim-
ilarly, Perlwitz et al. (2015) described the incorporation of
the eight minerals in the NASA Goddard Institute for Space
Studies (GISS) Earth System ModelE2 and followed closely
the developments of Scanza et al. (2015), with Li et al. (2021)
providing a review of the various numerical attempts in quan-
tifying the DRE of minerals. The aforementioned studies are
constrained by the use of global models, further aggravating
the existing uncertainties of mineralogy datasets (Solomos et
al., 2023), and an improved description of mineralogy par-
tition in the sources is needed. This kind of information is
planned in the Earth Surface Mineral Dust Source Investiga-
tion (EMIT) mission, through the use of satellite data.

In this work we further update the METAL-WRF Regional
Model (Solomos et al., 2023), which was specifically de-
veloped to simulate the mineral components of desert dust
particles, to include the radiative impact of dust particles.
The ability of the new model to accurately simulate sur-
face solar irradiance in terms of Global Horizontal Irradiance
(GHI) during dust outbreaks is evaluated over European and
African sites for a two-month period when all sites were af-
fected by several dust episodes. The manuscript is organized
as follows: Sect. 1 provides an introduction and state-of-the-
art. In Sect. 2 we present the developments made on the
framework of METAL-WREF in order to incorporate the im-
pact of minerals on radiative forcing and the data used in this
work. In Sect. 3 we present the sensitivity tests and results on
the comparison between modelled data and station measure-
ments and finally Sect. 4 contains concluding remarks of the
manuscript.
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2 Methodology and Data used
2.1 Optical Properties and Model Development

A new integrated system has been developed that is able to
simulate the mineral life cycle in the atmosphere and quan-
tify the direct radiative impacts of minerals contained in dust
particles. The host model is the METAL-WRF model de-
scribed in Solomos et al. (2023). The system is based on the
WRF (Weather Research and Forecast) model (Skamarock
et al., 2021) with the ARW core (Advanced Research WRF)
coupled with the chemistry module (WRF-Chem; Grell et
al., 2005) which allows for the representation of various
chemical species and aerosols in the atmosphere, including
desert dust. The dust model used is the GOCART module,
with the Air Force Weather Agency (AFWA) dust emission
scheme (Ginoux et al., 2001; LeGrand et al., 2019). For the
mineralogy of desert dust, the GMINER30 dataset devel-
oped by Nickovic et al. (2012) is used. The GMINER30 is a
very high-resolution global database which contains mineral
fractions in potentially erodible soils and has been specif-
ically designed to support the parameterization of mineral
emissions contained in desert dust in atmospheric numerical
models. The database contains information on illite, kaolin-
ite, smectite, calcite, quartz, feldspar, hematite, gypsum and
phosphorus fractions, distributed over clay and silt dust pop-
ulations on a 30 arcsec grid (Nickovic et al., 2012). The re-
sulting system, METAL-WRE, is capable of simulating ade-
quately the aforementioned mineral concentrations in the at-
mosphere and can be the basis of including the subsequent
feedback of these minerals in the atmospheric column.

An important component of the WRF-chem model is the
ability to handle various atmospheric species on a sectional
approach, as this approach connects the various WRF-Chem
chemical modules with the optical properties’ module, al-
lowing for the calculation of the optical properties of mixed
air layers (Barnard et al., 2010; Zaveri et al., 2008). Each
constituent of the atmosphere is associated with a complex
refractive index and the Mie theory (Ackerman and Toon,
1981) is used to calculate the extinction efficiency, Qe, the
scattering efficiency, Qg, and the intermediate asymmetry
factor, g, as functions of the size parameter, which is the par-
ticle’s radius (Fast et al., 2006), along with the dust num-
ber density (Ukhov et al. 2021) and mineral number den-
sity.. Therefore, dust and various mineral refractive indexes
are needed over the entire radiation spectrum (both short and
long wave radiation) to perform these calculations. For dust,
the complex refractive index is set to 1.55 4 0.002; (Ukhov
et al., 2021). For the minerals, the complex refractive indices
are set using the work of Scanza et al. (2015). Illite and kaoli-
nite values originate from Egan and Hilgeman (1979) in the
shortwave and Querry (1987) in the longwave. Hematite data
is acknowledged as Scanza et al. (2015). Quartz is the aver-
age of O-ray and E-ray data from the HITRAN96 dataset
(Rothman et al., 1998). Calcite and Gypsum are calculated
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Table 1. Mass densities defined for each mineral in METAL-WREF.

Mineral Density

(kgm~3)
Kaolinite 2630
Ilite 2570
Smectite 2570
Quartz 2670
Feldspar 2680
Hematite 5210
Calcite 2710
Gypsum 2308
Iron 4770

from data presented in Long et al. (1993) and feldspar re-
fractive indices are given only for shortwave from Egan and
Hilgeman (1979). More information on the datasets used and
the values implemented is presented in the Supplement of
Scanza et al. (2015). The mixing of dust and minerals is han-
dled as described in Barnard et al. (2010), by using the spher-
ical shell/core configuration (Bond et al., 2006).
Computationally the process can be described as:

1. The mass of each mineral is calculated at each layer.
METAL-WREF calculates masses for each of the 8
minerals (kaolinite, illite, smectite, quartz, feldspar,
hematite, calcite and gypsum). Additionally, we account
for the mass of dust not included in the aforementioned
minerals. This “dust mass” retains the complex refrac-
tive index of 1.55 4+ 0.002i.

2. For each size bin the masses are converted to volumes,
by dividing by the density of each mineral. The assumed
densities are given in Gongalves Ageitos et al. (2023)
and presented here in Table 1.

The size distribution of the minerals is assumed to follow
the size distribution of dust, partitioned in 5 bins defined by
effective radii of 0.73, 1.4, 2.4, 4.5, and 8.0 um, correspond-
ing to particle diameter ranges of 0-1, 1-1.8, 1.8-3, 3—6 and
6—10 um (see Solomos et al., 2023, and LeGrand et al., 2019
for more information). The refractive index of the particles
in each size bin is calculated by volume averaging.

The total refractive index of the minerals and dust is then
calculated as per Eq. (1).

Atmos. Meas. Tech., 18, 7717-7734, 2025
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where refingex; 1S the complex refractive index of each min-
eral i at each wavelength A.

The refractive index of dust is then treated similarly to the
refractive index of the other atmospheric elements in the at-
mospheric column (i.e. NO3, water vapour etc.) for the cal-
culation of radiative transfer in the RRTMG radiative transfer
module (Iacono et al., 2008).

2.2 Experimental Design

In order to evaluate the impact of the presence of minerals in
the atmospheric column, two sets of simulations have been
performed using METAL-WRF: (i) In the first simulations
the dust and associated minerals are treated as passive trac-
ers and do not interact with shortwave or longwave radiation
(RADOFF). (ii) In the second set of simulations, the min-
erals are treated as active in the entire radiation spectrum
(RADON). The RADON simulations include only the direct
and semi-direct effects of particles in the atmospheric en-
ergy distribution. The indirect aerosol impacts are omitted in
this work. Then, the aerosol optical properties and the Global
Horizontal Irradiation (GHI) that were retrieved from the two
different sets were compared with the measurements. The
METAL-WRF domain for all the simulations (along with the
topography) is given in Fig. 1. The simulation domain was
selected to include the entirety of the Saharan dust with the
associated dust and mineral sources. The various fractions
for soil and silt soils are presented in Fig. 2.

The model is set up with a resolution of 15km x 15 km,
with 32 vertical hybrid-sigma levels stretching from the sur-

Atmos. Meas. Tech., 18, 7717-7734, 2025

C. Spyrou et al.: Implications of dust minerals on radiative transfer at regional scale

face to the top of the atmosphere (50 hPa), a runtime timestep
of 60s and hourly outputs. The physical parameterizations
used in these runs are presented in Table 2.

The physical parameterizations schemes chosen are se-
lected due to their previous performance in similar studies.
For instance, the same configuration was used in Solomos
et al. (2023) for the sensitivity simulations for the METAL-
WREF development. Additionally, the same parameterizations
were used in Spyrou et al. (2022) where a dust source map
was created for the Saharan desert (excluding the use of a
newer cumulus scheme in this work) and other similar works
(i.e. Drakaki et al., 2022). For the microphysics, surface and
radiative transfer schemes specifically, the choices made are
also suggested by the WRF-ARW user setup guide (Ska-
marock et al., 2021) and have been successfully used in a
number of other publications (Kampouri et al., 2021; Varlas
et al., 2021; and others)

The initial and boundary conditions are from the ERAS
reanalysis dataset (Hersbach et al., 2020), produced by the
Copernicus Climate Change Service (C3S) at the European
Centre for Medium-Range Weather Forecasts. Sea Surface
Temperature analysis datasets were provided by the Coper-
nicus Marine Environment Monitoring Service (CMEMS) at
aresolution of 1/12° (GLORYS12V1 product, 2023) and up-
dated daily in all the simulations. The use of CMEMS SST*s
has been found to improve the performance of WRF model
in Mediterranean simulations (Varlas et al., 2020; Spyrou et
al., 2022).

2.3 Ground Measurements

To evaluate the ability of the model to simulate surface
solar radiation, the Global Horizontal Irradiance (GHI) as
well as key optical properties were compared with actual
measurements. The ground-based datasets that were used
for the comparison are discussed in the sections below. For
the comparison, we choose a 2-month period (March—April
2022) when consecutive intense dust outbursts affected the
Mediterranean Basin. For specific days during this period,
more than 90 % of the Aerosol Optical Depth (AOD) can be
attributed to the presence of desert dust particles over ex-
tended areas of the Mediterranean region.

2.3.1 GHI Measurements

The Ground-based Global Horizontal Irradiance (GHI) that
was measured by pyranometers operating at five sites (see
Table 3) with quite different characteristics has been used
for this study. In addition to the reliable (quality assured)
ground-based GHI measurements, measurements of aerosol
optical properties were also available at these locations and
have also been used. The GHI at three of the stations (Taman-
rasset, Magurele, Lampedusa) is quality assured by follow-
ing the strict protocols of the Baseline Surface Radiation
Network (BSRN; Driemel et al., 2018). Although Lampe-
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Figure 1. Domain of METAL-WREF used in the simulations. The topography in meters is also defined.

Table 2. Physical Schemes and used in the METAL-WREF setup.

Parameterization Scheme Reference

Microphysics Thompson Scheme Thompson et al. (2008)
Cumulus Grell-Freitas Scheme Grell and Freitas (2014)
Shortwave/Longwave radiation ~RRTMG scheme Tacono et al. (2008)

Surface Layer physics Eta similarity scheme Janji¢ (2001)

Land Surface Noah Land Surface Model Tewari et al. (2004)

Planetary Boundary layer Mellor-Yamada-Janjic scheme Mesinger (1993), Janji¢ (1994)

Dust module

Dust emission scheme AFWA

GOCART simple aerosol scheme

Ginoux et al. (2001)
LeGrand et al. (2019)

Table 3. The five sites used for this study and their coordinates.

Site Coordinates

22.79°N, 5.53°E, 1377m
40.63°N, 22.96°E, 60 m
44.35°N, 26.03°E, 90m
46.81°N, 9.84°E, 1589 m
35.52°N, 12.63°E, 45m

Tamanrasset, Algeria
Thessaloniki, Greece
Magurele (INOE), Romania
Davos, Switzerland
Lampedusa, Italy

dusa was not member of the BSRN in 2022, the strict BSRN
criteria were already followed at the station. At the stations
of Davos and Thessaloniki, strict quality control/quality as-
surance protocols are also followed (Natsis et al., 2024),
even though these sites are not BSRN members. At all five
sites, measurements of columnar aerosol optical properties
are available from CIMEL sunphotometers that participate
in the AERONET network (Holben et al., 1998; Giles et al.,
2019).

The station located at Tamanrasset belongs to the Na-
tional Meteorological Office of Algeria and is located in
the Sahara Desert. The Lampedusa station is a remote ma-
rine site belonging to the Italian National Agency for New

https://doi.org/10.5194/amt-18-7717-2025

Technologies, Energy and Sustainable Economic Develop-
ment (ENEA) and the measurements are carried out at the
Lampedusa Atmospheric Observatory. Due to the position of
the island, relatively close to the Saharan desert, the cases of
desert dust transport are frequently detected, particularly in
spring and summer (Meloni et al., 2007). The urban station
of Magurele, Romania is hosted at the National Institute of
Research and Development for Optoelectronics (INOE). The
station of Thessaloniki is located at the campus of the Aristo-
tle University of Thessaloniki, Greece. The Thessaloniki site
is a typical urban Mediterranean site. The alpine station of
Davos is hosted at the facilities of the Physical Meteorolog-
ical Observatory in Davos, that is part of the world radiation
center (PMOD/WRC).

For all sites, the effective altitude for which METAL-WRF
provides the GHI differs by less than 100 m from the real
altitude of the stations that are listed in Table 3. Thus, it is
considered that any altitude differences between the model
and the stations do not have a significant impact, neither on
GHLI, nor on aerosol optical properties.

Atmos. Meas. Tech., 18, 7717-7734, 2025
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Figure 2. Mineral fractions in arid soils in the selected METAL-WRF configuration. The fractions are given for illite (a), kaolinite (b),
smectite (c), calcite (d), quartz (e), hematite (f) in clay soils and feldspar (g), gypsum (h), calcite (i), quartz (j), hematite (k) and iron (1) in
silt soils (source Solomos et al., 2023).
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2.3.2 AERONET optical properties

AERONET was created in the late 1990s and is currently
composed of more than 600 sun-photometers (type CIMEL
CE318, commonly referred as CIMEL sun-photometers) that
have been deployed world-wide. The CIMEL measures sun
and sky radiance spectrally, at nine distinct wavelengths
(340, 380, 440, 500, 675, 870, 940, and 1020 nm). Most re-
cent CIMEL models include one more channel (at 1640 nm).
The 940 nm channel is used to retrieve columnar water va-
por, while the remaining eight channels are used to retrieve
aerosol optical properties (Holben et al., 1998). The direct
sun measurements are used to derive spectral Aerosol Optical
Depth (AOD) at the eight wavelengths, the Angstrom Expo-
nent (AE) for different wavelength couples, and the colum-
nar water vapor (Giles et al., 2019). Sky radiance measure-
ments are performed for solar zenith angles 50-75° and are
then processed using an inversion algorithm (Dubovik and
King, 2000) to derive size distribution (SD), spectral Single
Scattering Albedo (SSA), Asymmetry Parameter (ASY), and
other products, that are derived either from the sky radiance
measurements, or by combining direct sun and sky-radiance
measurements (O’Neill et al., 2003).

AERONET products have been widely used for climato-
logical studies (e.g., Holben et al., 2021; Toledano et al.,
2007; Kaskaoutis et al., 2009) and satellite validation (e.g.,
Fan et al., 2023; Cheng et al., 2012). For this study, the
AERONET version 3, level 2 (V3L2) product has been used
(Giles et al., 2019; Sinyuk et al., 2020).

2.3.3 METAL-WREF calculations

METAL-WREF provides directly the GHI as calculated by the
RRTMG radiative transfer algorithm (Mlawer et al., 1997;
Tacono et al., 2008), including also the profiles of aerosol
optical properties, as described in Sect. 2.1. To attribute the
GHI from the model to the columnar aerosol optical proper-
ties we calculated the integrals of the profiles (i.e., the AOD
was calculated by integrating the vertical distribution of the
extinction coefficient), and also the effective values of op-
tical parameters. Effective Single Scattering Albedo (SSA),
Asymmetry Parameter (ASY) and Angstrom Exponent (AE)
have been calculated as the average of the profiles of these
properties that have been weighted with the vertical distri-
bution of the aerosol extinction coefficient. For example, the
effective SSA is calculated as:

ZSSA,‘ - ext;

SSA =+ 2
> ext; @
i

The effective ASY and AE have been calculated similarly
as the SSA. All optical properties from the model have been
calculated at 400, 500, 600, and 1000 nm.
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2.3.4 Comparison between the GHI from the model
and the measurements

To evaluate the ability of METAL-WREF to simulate the GHI
for RADON (dust interacts with solar radiation) with respect
to RADOFF (dust does not interact with solar radiation) we
compared: (i) daily integrals of the GHI from the measure-
ments and the model, and (ii) individual GHI measurements
corresponding to the time of the model outputs (the model
temporal resolution is one hour). In the latter case we tried
to assess the differences in aerosol optical properties and
cloudiness for the two modes, as well as the improvement
in the modelled GHI when radiation interacts with dust. The
optical properties that are used for the analysis have been cal-
culated as the 30 min averages (15 min) around the time of
the GHI measurements. Daily integrals were calculated when
all measurements in a day were available. The results of the
comparison between the daily GHI integrals are indicative
for the improvements in the ability of the model to simulate
daily GHI at sites that are strongly affected by dust.

For the comparison between the hourly GHI values we
considered the following cases:

a. Unobstructed solar disk during dust events (clear-skies):
To make data selection we considered only cases where
neither the model nor AERONET consider clouds in
front of the sun. Regarding ground-based measure-
ments, we only considered GHI values where at least
four AERONET (direct sun) AOD measurements were
available within the selected 30 min period. For Taman-
rasset and Lampedusa we considered all cases with at
least one (instead of eight) AOD measurements in an
hour because at these sites many AOD measurements
are filtered out (erroneously considered as clouds) be-
cause of the large AOD temporal variability during in-
tense dust events. Additionally, we only used the pre-
viously selected data when the 440-675 nm AE mea-
sured by the CIMEL was below 1 (i.e., large parti-
cles were dominant in the aerosol mixture). Under such
conditions we can evaluate whether the addition of in-
teractive dust chemistry (RADON) improved the mod-
eled GHI or not, under cloudless sky conditions, dur-
ing dust events (assuming that in all cases, AE < 1 rep-
resents dust dominated aerosol mixtures). Obviously,
even when AE < 1 the aerosol mixture includes various
aerosol species, especially at the sites that are at longer
distances from the Sahara Desert, and that are also af-
fected by local aerosol sources. Nevertheless, this study
aims to evaluate whether the inclusion of dust-radiation
interactions improves the model ability to simulate GHI
during realistic dust events, and the extent at which it
alters the properties of atmospheric constituents that af-
fect radiative transfer processes in the atmosphere (i.e.,
the aerosol properties, water vapor and cloudiness) con-
sidered by the model over the different sites. For the
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analysis we considered only cases when solar zenith an-
gle (SZA) is below 70° (i.e., when the levels of GHI are
higher, and thus errors are more significant).

b. All-sky conditions during dust events (all-skies): To
make the data selection we considered two sub-cases:
(1) dust optical depth (DOD) from the model above 0.05,
and (ii) dust optical depth from the model below 0.05.
The two sub-cases have been chosen to investigate (also
by comparing with case a) if improved representation of
the semi-direct dust effect (when the model considers
the presence of a non-negligible amount of dust) results
in improved GHI modelling, in addition to the consid-
eration of the interactions between dust and solar radia-
tion.

3 Results and discussion

3.1 Comparison between daily GHI from
measurements and the model

The results of the comparison between the daily GHI from
the measurements and the model are presented in Fig. 3 for
Tamanrasset. This station is selected due to its critical po-
sition inside the Saharan desert, close to the dust and min-
eral sources. The results for the other four sites that were de-
scribed in Sect. 2 are presented in the Supplement (Figs. S1—
S4). The slope (a) and the intercept (b) of the linear fits that
represent the relationship between the measurements and the
simulations, as well as the correlation coefficient (r) are pre-
sented in Table 4. For the RADOFF simulations the model
tends to overestimate the daily GHI mainly since it does
not consider the interaction (scattering/absorption) of the so-
lar radiation with dust and mineral particles. Additionally,
as discussed in the following sections, the effect of cloudi-
ness is represented more accurately in RADON. In all cases,
RADON results in smaller differences and a better corre-
lation between the modelled and measured daily integrals,
since the radiative links and feedbacks are taken into account
in the simulations, providing a better representation of the en-
ergy distribution in the atmospheric column and the surface.
The improvement is, as expected, larger over sites where
aerosol mixture is dominated by dust aerosols. Though, even
at sites where many species contribute to the aerosol mix-
ture, the improvement in the agreement between the model
and the measurements is clear.

The lowest correlation coefficient was found for Davos,
where although it improves significantly for RADON it is
still of the order of 0.4 (while for all other stations it is above
0.75), mainly because the model cannot capture accurately
the variable cloudiness conditions at Davos. The biggest im-
provement has been found for the sites that are affected more
strongly by dust (i.e., for Lampedusa and Tamanrasset). In
all cases the slope of the linear fit is getting closer to unity
and the intercept is getting closer to zero for RADON.
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Table 4. Slope (a), intercept (b), and correlation coefficient (r) of
the linear fits that were used to describe the relationship between
the daily GHI integrals from the measurements and the model.

RADOFF RADON
a b r a b r
INOE 070 2.19 085 | 0.74 174 0.86

Lampedusa 048 3.78 0.52
Tamanrasset 0.61 2.77 0.71
Thessaloniki  0.63 3.39 0.78

075 1.19 0.77
0.61 247 0.75

Davos 029 501 029 | 035 4.04 038
0.75 170 0.79

3.2 Comparison between instantaneous GHI from
measurements and the model

3.2.1 Clear-sky

To estimate the extent of the improvement of the parame-
terization of aerosol optical properties for the RADON sim-
ulations, and how this contributes to the stronger correla-
tion between the measured and the modeled GHI (in ad-
dition to the dust-radiation interactions), we compared the
measured and modeled GHI under clear-skies (as defined in
Sect. 2.3.4). The comparison between measured and mod-
eled GHI is presented in Fig. 4. The correlation coefficient
is similar for RADON and RADOFF for four out of the five
stations, except the Davos station. However, for RADON the
linear fit that describes the relationship between the measured
and modeled GHI is in all cases closer to the y = x line.
The average dust optical properties considered in the
model are presented in Table 5, while the average measured
aerosol optical properties are shown in Table 6. It should be
noted that the optical properties in Table 6 are representative
of the overall aerosol load over the sites (and not only for
dust). By comparing data in Tables 5 and 6 we conclude that:

— Over INOE the AOD from AERONET is larger than the
DOD from the model. Over the other four sites the dust
optical depth is generally overestimated by METAL-
WREF. The overestimation is similar for RADON and
RADOFF with the exception of Tamanrasset where
RADON gives more realistic DOD values. Given that
during the selected period most of the measured AOD
over the stations is due to dust, the differences between
the measured and modeled DOD seem to be site depen-
dent.

— The values of SSA, ASY or AE remain practically sim-
ilar between RADOFF and RADON simulations.

— The SSA from the model is in good agreement with the
measured SSA for all sites except Davos, where the dif-
ference is ~ 0.07. This is possibly because in Davos dust
has a relatively smaller contribution in the aerosol mix-
ture relative to the other sites. The SSA from the model
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Figure 3. Left: Daily GHI with respect to the day of year (DOY) of 2022, as it was calculated from the pyranometer measurements (blue),
the METAL-WRF RADOFF (red), and the METAL-WRF RADON (green). Right: Correlation between the daily GHI from the pyranometer
and the METAL-WRF RADON (green). Right: Correlation between the daily GHI from the pyranometer and the model for RADOFF (red)
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Figure 4. Correlation between the GHI from the pyranometer and the model for RADOFF (red) and RADON (green) for the five sites under

clear-sky conditions.
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Table 5. Average dust optical properties that were used by the model to simulate GHI for RADON and RADOFF for the period of study.

mode Davos INOE Lampedusa Tamanrasset Thessaloniki
AOD at 500 nm RADON  0.32+041 0.09+0.18 042+0.53 0.36+0.27 0.18+0.26
RADOFF 0.35+0.50 0.11+021 044+0.55 0454041 0.21+0.30
SSA at 400 nm RADON  0914+0.01 091£0.01 0904+0.01 0.90+£0.01 0.91£0.01
RADOFF 091+0.01 091+0.01 0.90+0.01 0.90+0.01 0.90+0.01
ASY at 400 nm RADON  0.71+0.01 0.71+0.01 0.71+0.01 0.71+0.01 0.71+0.01
RADOFF 0.71+£0.01 0.71£0.01 0.71+£0.01 0.71£0.01 0.71+£0.01
AE (400-600nm) RADON  0.29+0.20 0.18£0.22 0.31+0.21 0.39+£0.13 0.26 £0.20
RADOFF 0.31+0.18 0.18+0.21 0.28+020 0.39+0.12 0.27+0.20

Table 6. Average aerosol optical properties that from AERONET that correspond to RADON and RADOFF for the period of study.

mode Davos INOE Lampedusa Tamanrasset Thessaloniki
AOD at 500 nm RADON  0.07£0.04 0.184+0.14 042+£035 026£0.20 0.18+0.09
RADOFF 0.07+0.04 0.18+0.14 042+036 026+020  0.18+0.09
SSA at 440 nm RADON  0.84+0.08 093+0.01 091+£0.02 090+0.02 0.92+0.05
RADOFF 0.84+£0.09 0.934+0.01 091£0.02 0904£0.02 0.92+£0.05
ASY at 440 nm RADON  0.72+£0.04 0.694+0.03 0.70£0.04 0.82£0.02 0.69+0.04
RADOFF 0.72+0.05 0.69+0.03 0.70+£0.04 0.824+0.02  0.69+0.04
AE (440-675nm) RADON 1394026 1244005 0.69+052 0.14+0.08 1.114+0.50
RADOFF 139+0.26 1.264+0.05 0.69+£0.52 0.14£0.08 1.11£0.50

and the measurements correspond to slightly different
wavelengths (400 and 440 nm respectively), which how-
ever does not significantly affect the comparison. Com-
parison for other wavelengths in the range 500—1000 nm
yielded similar results.

— The ASY from the model is in good agreement (within
0.02) with the measured ASY for all sites except
Tamanrasset, where the difference is of the order of
0.1. This is possibly because the model cannot cap-
ture accurately the bigger dust particles sizes that are
abundant at such a short distance from the source. The
ASY from the model and the measurements correspond
to slightly different wavelengths (400 and 440 nm re-
spectively) which again does not affect the comparison
significantly. Comparison for other wavelengths in the
range 500—1000 nm (as for the SSA) yielded similar re-
sults.

— With the exception of Tamanrasset, the model underes-
timates the AE values at the measuring stations, which
is logical given that the model considers only dust
aerosols, while the measurements are also affected by
smaller particles from local sources. The larger AE val-
ues by the model at Tamanrasset are probably related to
the very large particles over the area that are not consid-
ered by the model (e.g., Fountoulakis et al., 2024).

https://doi.org/10.5194/amt-18-7717-2025

— At Davos, the model overestimates the DOD, because
the rather coarse spatial grid of 15km x 15km cannot
properly resolve the impacts of local topography to the
atmospheric flow (see Solomos et al., 2018 for more de-
tails on orographic impact in dust simulations).

The improved agreement between the measured and mod-
elled GHI for RADON shown in Fig. 4, is related to the dust-
radiation interactions considered in RADON, which provides
simulations closest to reality, with improved radiative trans-
fer in the atmospheric column, improved atmospheric dy-
namics and ultimately DOD. Changes in water vapor be-
tween the two runs have minor effects on the overall differ-
ence in simulated GHI.

3.2.2  All-sky

The comparison between the measured and modelled GHI,
for cases when METAL-WRF simulates DOD (at 500 nm)
that is larger than 0.05 is shown in Fig. 5. In Fig. 6 the same
comparison is performed for the cases when DOD < 0.05
(i.e., when the contribution of dust is not very significant).
In general, METAL-WRF overestimates GHI under cloudy
conditions, but the comparison is improved for RADON
when a significant amount of dust is present (Fig. 5). This
improvement is larger compared to the improvement for the
clear-sky cases, which is due to the more accurate represen-
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saloniki.

tation of cloud properties in the RADON runs (see Fig. 7 as
an example). For small dust amounts, switching from RAD-
OFF to RADON does not have any significant impact on the
GHI (Fig. 6). Comparing the two figures (Figs. 5 and 6) fur-
ther confirms that the main improvement between the two
sensitivity runs, is the improved representation of the im-
pact of dust on radiative transfer processes, either directly
through dust-radiation interactions, or semi-directly through
the improved representation of clouds. Since the dust par-
ticles are not considered as CCN or IN in any of our sim-
ulations, the more accurate description of cloudiness in the
model is attributed to the more accurate calculation of heat-
ing rates and energy flux distribution along the atmospheric
column (semi-direct effect; Spyrou et al., 2010, 2013). The
correlation between the precipitable water atmospheric con-
tent (i.e., the amount of water vapor in the atmosphere) from
measurements and the model is shown indicatively in Fig. 8
for Lampedusa. Differences in water vapor content for the
two modes (RADON/RADOFF) were in all cases found to
be small and are estimated to have a much smaller impact
compared to the differences in the DOD, as expected for sta-
tions away from the dust sources (Spyrou 2018).

4 Conclusions

In this study we present the implementation of radiative
transfer calculations for each mineral-dust type using the
METAL-WRF model. The first step was to update the
RRTMG radiative transfer scheme of the model by including
the optical properties of the prognostic minerals. The opti-
cal properties were based on previous measuring studies and
are the state-of-the-art of existing data for the entire radia-
tive spectrum needed by the RT algorithm. After the success-
ful implementation of the new radiative transfer scheme, two
sets of simulations were performed, in order to examine the

https://doi.org/10.5194/amt-18-7717-2025

Lampedusa

3 T
O  RADON

RADOFF

r=0.82
y =0.96*x +0.13

N
S}

N

Water Vapor METAL-WRF (cm)
-~ @

o
2

0 1 1 1 L 1
0 0.5 1 1.5 2 25 3

Water Vapor AERONET (cm)

Figure 8. Correlation between the precipitable water content from
AERONET and the METAL-WRF for RADON and RADOFFE.

validity of the methodology and quantify the potential bene-
fits from the process: The RADON set of simulations, where
mineral radiative impacts are included in the calculations,
and the RADOFF, where dust and minerals are considered as
passive tracers. A two-month simulation period was selected,
namely March and April 2022, which was a very active pe-
riod, with a series of dust/mineral transport events from the
Saharan desert, over the Mediterranean and towards Europe.

The simulation results were compared against ground-
based GHI data and AERONET optical properties that were
measured at five sites, namely Tamanrasset in Algeria, Thes-
saloniki in Greece, Magurele (INOE) in Romania, Davos in
Switzerland and Lampedusa in Italy. At all five sites, the GHI
is overestimated when the dust-radiation interactions are not
considered. An improvement (values are closer to the y = x
line) was observed in all sites for RADON runs, especially
for Tamanrasset, due to its proximity to the source areas,
since the improvement is larger over sites where aerosol mix-
ture is dominated by dust aerosols. Though, even at sites
where many species contribute to the aerosol mixture, the
improvement in the agreement between the model and the
measurements is clear.

In general, METAL-WRF overestimates GHI under
cloudy conditions, which makes the simulations more uncer-
tain when the stations are strongly affected by clouds. Al-
though a small improvement is evident for RADON com-
pared to RADOFF, the overestimation of the GHI under
cloudy conditions remains large. The most problematic site is
Davos, where the relatively coarse model resolution used in
the current study makes it difficult to accurately represent the
orographic variability and the resulting implications on local
atmospheric circulation and phenomena. The use of finer res-
olution nested grids could probably improve the model per-
formance at this station.

For the dust optical depth, the RADON simulations still
provide more realistic values in all simulations of METAL-
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WRE. The largest overestimation was found over the moun-
tainous site of Davos (~ 0.25), and was less significant over
lower altitude sites. This discrepancy can be attributed to
the resolution issues discussed above. Changing from radia-
tive passive (RADOFF) to radiative active minerals does not
practically change single scattering albedo, asymmetry pa-
rameter or Angstrom exponent.

This work is the first step towards the direction of more
accurate radiative transfer calculations, by considering the
separate optical properties of the different minerals in the at-
mospheric mixture. Further improvements that will be built
upon the current version of METAL-WREF include more de-
tailed aerosol sources and satellite derived dust mineralogy
(e.g. from EMIT mission) as well as more detailed mea-
sured optical properties of all the mineral components of
desert dust. The model developments and sensitivity tests
that are shown in this work present the improved capabilities
of METAL-WREF to simulate the chemical composition of
dust particles in the atmosphere along with their contribution
to radiative transfer processes. The new developments im-
prove the capability of the model to describe the air-quality
and meteorological conditions and also to provide detailed
forecasts for solar energy applications, especially at areas
that are often affected by dust intrusions such as the North
Africa and the Mediterranean.
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