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ABSTRACT

In order to meet global sustainability goals, in particular, the rapid decarbonisation of the energy sector in
combination with geopolitical energy security issues, as well as further improvement in regional air quality-the
so-called renewable energy sources are becoming increasingly critical and important. Photovoltaic power (PV)
generation is clearly the most widely deployed (non-hydro) renewable energy source globally, which still has a
significant growth potential in many countries, including Hungary.

However, due to the intermittent nature and the strong dependency of photovoltaic power production on
meteorological factors, continuous adjustment of electric power in the electric grid is needed. This, in turn,
requires the most accurate forecast of the photovoltaic energy to be produced in the ultra-short term (15 min)
and short term (1 day) in order to minimise last-minute and high-price energy acquisition or unplanned kicks-in
of gas-fired auxiliary power plants.

In this paper, we evaluate the impacts of large-scale dust transport episodes on the accuracy of forecasts of PV
power generation. The numbers and intensities of Saharan dust storm events reaching Central Europe have
increased over the last decade, hitting a new record in 2022 with 16 (!) African dust episodes observed over
Hungary. We have shown that the semi-direct effect of atmospheric dust particles on high-level cloud formation
rather than their direct irradiance-reducing effect is responsible for the reduced accuracies of e short-term (24-h)

PV energy production forecasts during these events.

1. Introduction

The energy crisis, fuelled by mitigation-focused climate policy, sus-
tainability concerns and global geopolitics, has fundamentally increased
the importance of renewable energy production [1,2]. This is particu-
larly true for countries with a high share of imported fossil fuels in their
energy mix exposed to geopolitical risks [3,4].

Beyond the geopolitical energy crisis, renewable energy investments
are of particular importance for the long-term prospects of zero-carbon
policies. Because of the unresolved storage of electricity at a large scale,
there must be a continuous balance between production and consump-
tion of electric energy [5]. This means that it is vital to have the best
possible estimate for electric energy production for the

short-to-mid-term, which poses a great challenge for strongly
weather-dependent renewables. Solar power forecasting is the process of
predicting the expected solar power output from a photovoltaic (PV)
system over a given time period. This process is important for energy
system operators and utility companies who need to ensure that they can
meet their consumers’ demand for electricity by balancing the supply
and demand of energy on the grid. Accurate forecasting is important not
only for maintaining grid stability, reducing greenhouse gas emissions,
and optimising operational costs. The latter includes heavy penalties
imposed upon the difference between the forecast and the energy
actually produced.

Proper forecasts can help utilities to reduce the need for kicking-in
expensive gas-fired backup power plants and improve grid stability.
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An accurate weather forecast is a prerequisite for predicting solar power
generation since the flux of solar radiation absorbed by panels is
dependent on the prevailing weather conditions [6]. These data are
gathered and predicted using a combination of observations, statistical
models, physical models, and artificial intelligence/machine learning
algorithms [5,7-11]. These methods can be used alone or in combina-
tion to improve accuracy on different time horizons, ranging from
short-term (hours) to medium-term (days) to long-term (weeks or
months). The time horizon depends on the application, with short-term
forecasts being useful for real-time grid operation, while long-term
forecasts are more relevant for energy market trading and system
planning. In this paper, 24-h PV forecast issues are discussed.

In addition to many other factors (temperature, precipitation, etc.),
clouds have by far the most important impact on the flux of solar radi-
ation that reaches the surface, which in turn affects the output of a PV
system [12,13]. Therefore, accurate cloud cover predictions are essen-
tial for accurate solar power forecasting. Forecast models that include
detailed cloud physics take into account factors such as cloud opacity,
altitude, and size. These models typically use data from satellite imag-
ery, radar, and ground-based sensors to obtain information on cloud
cover and information on cloud properties such as thickness, height, and
type.

Atmospheric mineral dust particles can also affect cloud properties
such as droplet size and cloud lifetime, which can in turn, affect the flux
of solar radiation that reaches the surface [14-21]. Winds can carry dust
over long distances and can act as cloud condensation nuclei, which are
tiny particles that serve as seeds for cloud droplet formation. However,
these effects are not represented in weather forecast models due to their
complexity, limited understanding and computer capacity constraints.
Aerosols may also have a significant direct impact on solar power
output, soiling causes production problems in areas with high levels of
air pollution or dust deposition [22,23]. In Central Europe (and Europe
in general), atmospheric dust is considered an important factor in the
problems of forecasting photovoltaic power generation primarily due to
its semi-direct effect on cloud formation; direct effects on radiation are
less significant due to the relatively low mass concentrations and low
aerosol optical depth values of the dust episodes.

In Europe, atmospheric dust intrusions are primarily connected to
Saharan dust events (apart from rare episodes from Central Asia or the
Middle East) [24-26]. However, Saharan dust is either ignored or poorly
parameterised in the forecast models. Research on these episodes in
recent years has shown that both the frequency and intensity of
long-range dust storm events in the region are increasing, thus, dust
climatological values cannot be reliably used in the models. According
to Varga [26], 218 Saharan dust events (SDEs) reached Hungary be-
tween 1979 and 2018. In this paper, we provide further information on
SDEs and their meteorological background in the area, classified by the
same methodology. The output-reducing effect of dust deposition on PV
panels is outside the scope of this work. However, it should be noted that
dust deposition fluxes have also been increasing in Central Europe in
recent years.

It will be shown that the study area has experienced an increase in
the number and intensity of Saharan dust storm events compared to the
last decades, which have an impact on the cloud formation conditions in
the region and thus on photovoltaic power generation. We discuss in
detail the extent to which photovoltaic power generation has been
reduced during intense dust storm events and how day-ahead forecasts
have been affected by errors during these periods. Our results suggest
that a deeper understanding of the amount and material composition of
particulate matter is needed to improve the accuracy of the forecasts and
that the results of short-term dust dispersion simulations should be used
in photovoltaic forecast models instead of aerosol climatological data.
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2. Material and methods
2.1. Area of study

Hungary, with an area of 93,000 km?, is located in the Carpathian
Basin, which can be described as a relatively closed geographical terri-
tory with a low, less segmented relief than its surroundings. As a
consequence, there is no significant hydroelectric or wind energy pro-
duction potential in the region. On the other hand, the relatively high
number of sunshine hours (2100-2600 hy ') supports a high develop-
ment potential for photovoltaic power generation. As an alternative,
only low-grade coal is available from domestic sources for energy
production.

At the same time, the country’s 20th-century history and the political
and economic influence of the former Soviet Union have also had an
impact on the energy sector today, with natural gas from Russia
continuing to play a significant role in the Hungarian energy mix. In
addition, Hungary’s single nuclear plant is powered by fuel imported
from Russia.

According to data from the Hungarian Energy and Public Utility
Regulatory Authority, electricity generation in 2022 was distributed as
follows: nuclear energy (15,812 GWh - 44.7 % share of total), gas (8658
GWh - 24.5 %), solar energy (4649 GWh - 13.1 %), coal (3052 GWh —
8.6 %), biomass/biogas (1932 GWh - 5.5 %) and wind energy (605 GWh
- 1.7 %).

The total share of sectors with high greenhouse gas (GHG) emissions
is still high. Both EU and national climate policy legislation impose
obligations on member countries. Thus, Hungary is also required to
reduce GHG emissions (by 55 % by 2030 compared to 1990 levels and to
achieve net zero carbon emissions by 2050), which can only be imple-
mented by rapidly increasing the installed renewable energy capacities
in the overall energy mix (according to Hungary’s Climate Protection
Law, renewable energy production should make up at least 21 % of gross
energy consumption by 2030).

The share of photovoltaics in gross electricity generation in Hungary
has increased significantly in recent years. From 0.5 % (141 GWh) in
2015, it increased to 13.1 % (4649 GWh) in 2021, even while overall
electricity production increased from 30,360 GWh to 36,120 GWh
during the same period. With an eight-fold increase in installed photo-
voltaic capacities between 2017 and 2021, Hungary had the third
highest growth rate in the EU, behind Estonia and Poland which
increased from a very low base — IRENA, 2023). The boom in solar in-
vestment in Hungary in recent years has made the country having the
highest share of photovoltaic energy production in electricity generation
in the EU-27 in 2021, just over 10 %. In 2022, the annual photovoltaic
energy production amounted to 4.5 TWh (13 % of the total electricity
production), which was the third highest in the EU-27 (behind the
Netherlands and Greece — [27]).

The boom in weather-dependent intermittent energy production in
Hungary is accompanied with the installations of natural gas-fired
backup power plants. As there is no publicly available data on the
excess costs inferred by inaccurate forecasts of solar energy production,
we can only refer to personal communication by officials of the Hun-
garian Ministry for Technology and Industry supervising PV production.
In the year of 2021, the penalty was 372 million Euro for 2 GW of
installed solar capacity.

2.2. Identification of saharan dust episodes (SDEs)

To identify SDEs in Hungary, the previously developed and applied
databases were completed by using the same methodology. Based on the
satellite-borne aerosol data (the standardised values of Aerosol Index of
Ozone Monitoring Instrument (OMI—Daily Level 3 Gridded Products;
OMTO3d) and Aerosol Optical Depth data of Terra and Aqua satellites
(Combined Dark Target and Deep Blue AOD at 0.55 pm for land and
ocean - MOD08_D3_v6; MYD08_D3_v6)), possible SDEs were confirmed
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via a multi-step verification process: (1) the NASA MERRA-2 Area-
Averaged of Dust Column Mass Density (M2T1NXAER.5.12.4) numeri-
cal simulations to provide independent confirmation of the presence of
dust material in the atmosphere ([28] — data were obtained from Gio-
vanni application for visualisation and access Earth science remote
sensing data platform (https://giovanni.gsfc.nasa.gov/giovanni/) pro-
vided by NASA Goddard Earth Sciences Data Information Services
Center); (2) HYSPLIT (HYbrid Single-Particle Lagrangian Integrated
Trajectory — [29]) backward-trajectory calculations to prove the
Saharan origin; and (3) daily visibility-reducing surface weather reports
of the potential source areas by Naval Research Laboratory (https
://www.nrlmry.navy.mil/aerosol/#aerosolobservations). Aerosol
v3.41 subtype vertical profiles obtained from CALIPSO (https
://www-calipso.larc.nasa.gov/) were used as another independent
confirmation of the atmospheric presence of mineral dust over Central
Europe. As mentioned earlier, the methodology of our previous studies
was used in this research. It is similar to that used by Gkikas, A. et al.
[30], however the spatial resolution of the MERRA-2 Dust Column Mass
Density data is lower than that of ModIs Dust AeroSol (MIDAS) global
fine-resolution dust optical depth data set. This causes no concern in the
present study, as dust storm events have been identified for a relatively
large area.

Further information on atmospheric dust dispersion was provided by
the NMMB/BSC model dust load and deposition forecasts [31,32], made
available by the WMO Barcelona Dust Regional Center and the partners
of the Sand and Dust Storm Warning Advisory and Assessment System
(SDS-WAS) for Northern Africa, the Middle East and Europe.

The synoptic meteorological background of the SDEs were investi-
gated by using mean geopotential height and wind vector maps at 700
hPa via the daily mean composite application of the Earth System
Research Laboratory at the United States National Oceanic and Atmo-
spheric Association (NOAA) (http://www.esrl.noaa.gov/psd/) applying
the gridded National Centers for Environmental Protection/National
Center for Atmospheric Research (NCEP/NCAR) Reanalysis Project
dataset [33].

2.3. Granulometric characterisation of saharan dust material

Samples collected from some intense depositional events in recent
years provided the opportunity to get detailed particle size and shape
information on Saharan dust material. Malvern Morphologi G3-IDSE
automated static image analyser (automated optical microscope) was
applied. Mineral particles were dispersed by 4 bar compressed air onto
the glass slide of the automated microscope with 60 s settling time, and
the x 20 objective lens was used, which provided a 40 pixel per pm?
resolution of the acquired images of each individual particle.
50-100.000 individual mineral particles were characterised for every
sample, and circle-equivalent diameter, length, width, circularity, con-
vexity, solidity, and aspect ratio parameters were used in this study to
provide particle size and shape data. This granulometric database was
completed with light transmissivity values calculated from the grayscale
images of particles and correlation scores of measured Raman spectra of
selected grains and the mineral reference database, KnowlItAll. Size- and
shape-distribution curves were calculated on both number, surface and
volume basis. Grain number distribution curves are of interest for the
potential condensation nuclei involved in cloud formation, while the
surface-based ones are of importance for their reactivity [34], which
varies with the roughness of the particle surface. Volume (or nearly
equivalent mass) based distributions provide information on the amount
of particulate matter, which is relevant to determine the amount of
deposited dust (providing information on dust addition to soil formation
or nutrient transport into oceans, or even soiling [dust accumulation on
PV panels]). Simple mathematical operations can perform conversions
between the different approaches, but distributions derived from nu-
merical data of individual particles are typically more accurate than
those calculated from the data series of an inverse method (e.g.,
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volume-based distributions derived from laser scattering).

2.4. Clouds

It is known that in clouds with a given water content, increased fine-
grained dust concentrations lead to an increase in the number of
condensation and ice-forming nuclei, resulting in the formation of
smaller ice crystals. Their detection can be monitored from satellites.
EUMETSAT’s geostationary Meteosat Second Generation (MSG) Con-
vection RGB combines the brightness temperature difference (BTD)
between the WV6.2 and WV7.3 channels (on red), the BTD between the
IR3.9 and IR10.8 channels (on green) and the reflectance difference
between the NIR1.6 and the VIS0.6 channels (on blue). Small ice par-
ticles appear bright yellow in this colour scheme.

2.5. PV data sources

The ratio of actual electricity generation per production type based
on gross operation control measurement data and day-ahead forecast
and actual solar power plant generation data were obtained from the
publicly available official reports of Hungarian Independent Trans-
mission Operator Company Ltd (https://www.mavir.hu/web/mavir
-en/hungarian-power-system-actual-data).

3. Results
3.1. Identified SDEs in 2022

The previous data on Saharan dust storm events in Hungary
(1979-2018 in Ref. [26]) were updated and extended with additional
years (2019-2022) following the same methodology. Thus, we now have
information on the long-range dust storms affecting the region for the
period 1979-2022 (Fig. 1.). The 260 SDE data sets for the 43 years under
study show that the number of dust storm events has increased signifi-
cantly over the last decade, and there have been significant changes in
the seasonal distribution, with more and more intense winter dust
storms reaching Hungary. The annual number of SDEs increased
significantly after 2010 (n = 10-12) compared to the previous
(1979-2010) average (4.2). In comparison, 16 SDEs were identified in
2022, of which significant deposition events occurred several times and
were regularly reported in the Hungarian press.

These dust storm events are typified by their synoptic meteorological
background. A detailed description of each type can be found in Refs.
[25,26]. Dust-laden air masses drifting towards Europe in the southerly
flow on the foreside of the atmospheric trough over western Europe are
classified as Type-1. Typically, dust transport episodes associated with
Mediterranean cyclone vortices are classified as Type-2, while the
relatively rare SDEs drifting over the Atlantic and arriving with westerly
winds are classified as Type-3.

The backward-trajectories calculated by the HYSPLIT model provide
the opportunity to determine the path, length and height of the dust
transport governed by the synoptic situation, as well as the possible
source areas (Fig. 2 and Appendix-Fig. 1.). The dust sources were typi-
cally associated with the north-western Sahara, with the intramontane
basins of the Atlas, the dust sources of the southern foothills of the
mountain range, and the area around the Tunisian chotts being the main
dust-emitting regions during these events. Dust transport was sometimes
along seemingly unusual paths, with dust material reaching Central
Europe not directly from the south but typically at higher altitudes from
the NW. Previously, the frequency of these Type-3 events was estimated
to be about 10 % of all SDEs [26].

In the context of synoptic meteorological situations, it should be
emphasised that the dust flows were mainly associated with large-scale
cyclones, which caused intense cloud formation in the affected regions.
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Fig. 1. Annual and monthly frequencies and deposition rates of Saharan dust events in Hungary.

Fig. 2. Backward trajectories of SDEs in 2022; episodes with intense effect on PV production (INT PV episodes) have been highlighted and numbered.
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3.2. Transported dust material

The typical grain size of mineral dust samples collected during
Saharan dust depositional events in the Carpathian Basin is rather var-
iable. The relatively wide intervals of grain size distribution ranged from
a few microns to more than 100 pm. In terms of magnitude, the mode
sizes also varied between 10 and 100, indicating granulometric het-
erogeneity (the distribution curves of 10 samples from the spalled dust
from recent years are shown in Fig. 3.).

The particle shapes of the transported and deposited particulate
matter were also variable. The images of selected individual particles are
shown in Fig. 4 clearly reflect that the silt-sized windblown particles are
far from spherical. The shape distributions also fell within a relatively
wide range (typical values for recent years: aspect ratio, circularity,
convexity).

Raman spectroscopic results of individual grains indicate that quartz
and feldspar grains dominate the deposited dust samples, and dolomite,
calcite and gypsum grains were also identified. A close relationship
between mineral composition and shape parameters has not yet been
detected, with all mineral phases being characterised by a non-spherical
character.

3.3. PV power production and SDEs

PV power production data, the difference in PV power output be-
tween 24-h forecast and actual values, and area averaged dust column
mass loads are shown in Fig. 5. (The photovoltaic production data are
presented in hourly resolution so that the power output and energy
produced can be more easily read from the graphs.) It can be seen that,
at times, relatively stable (with a specific seasonal pattern) output values
fall back significantly. This is a natural process, depending primarily on
the cloud cover. However, it is also striking that in almost all cases, there
are large declines in PV power production during SDEs, and it is also
apparent that the forecasts during these events show significant dis-
crepancies; during almost all SDEs, higher PV power outputs were
forecast than actually realised (see in detail in Fig. 6).

For some SDEs, both the decline in PV power output and, in almost
all of these cases, the inaccuracy of the forecast were significant. These
intense episodes occurred on 15-16 March; 29-31 March; 21-22 April;
5-6 May; 18-20 August; 14-15 September; 24-25 October (Fig. 6.). In
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some cases, power output declined by more than 1 GWh from one day to
the next. During the March and May episodes, the forecast bias exceeded
4 GWh (over the 72-h periods analysed per episode), which required
vast-scale interventions from grid operators.

3.4. Cloud cover and solar irradiance attenuation

Of the atmospheric processes underlying the decline in PV produc-
tion, the impact of cloud cover is of particular importance. The dust load
maps of the Barcelona Supercomputing Center’s Monarch model clearly
show the regions affected by dusty air masses, while satellite images
show the presence of thin cirrus clouds right in the foreground of the air
masses with the highest dust concentrations. In the vast majority of the
intense dust storm events studied light yellow and orange areas could
clearly be observed in the Meteosat 0° RGB Composites Convection
images, indicating the presence of large amounts of small ice particles in
the cloud cover over the study area (Fig. 7.).

4. Discussion

4.1. Saharan dust material in Central Europe (granulometry and
mineralogy)

The role of mineral dust in cloud formation depends on the particles’
size, shape and mineral properties, with many uncertainties. This paper
discusses in detail how different meteorological conditions, seasonality,
source area and material quality of dust storm events affect PV fore-
casting. Saharan dust storm events can have seasonally different effects
on cloud formation, mainly due to the heterogeneous nature of local
weather conditions and dust storm events. The source regions of the
Saharan dust storm events that reached Hungary and Central Europe are
relatively well known, but the general sedimentary geology, soil, and
geochemistry of these emission regions cannot be said to be fully
documented. The main sources of dust are associated with areas in the
north-western Sahara, which are located in the endorheic basins of the
Atlas Mountains, on the foothill surfaces of the southern foreland of the
mountain range, and in the chotts region to the east. Occasional dust
storm events, which periodically transport dust towards Europe from the
dust source areas fed by wadies on the eastern foothills of mountain
ranges running parallel to the Western Saharan coastline, are observed.
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Fig. 3. Volume-based grain size distribution of samples from 10 different Saharan dust depositional events.
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Although the source rocks have heterogeneous characteristics, the
most common minerals found in the literature are quartz, feldspars,
calcite, dolomite, gypsum and clay minerals (kaolinite, illite, smectite,
palygorskite) [35-37].

Granulometric analyses of the collected Saharan dust samples have
shown that the simplified dust parameterisation used in dust dispersion
and deposition models and in meteorological and cloud physics calcu-
lations of Saharan dust in general does not reflect reality. In the vast
majority of dust models, mineral dust particles are assumed to be
spherical and typically less than 20 pm in diameter. In contrast, in re-
ality, much larger dust particles can travel up to thousands of kilometres
from the source areas. And their shape is non-spherical.

Previous descriptions of the dust material of SDEs in Hungary are
almost identical to the list of mineral phases listed above [38].
Regarding the granulometric characteristics, the typical grain size en-
compasses a large range. Sometimes, the equivalent diameter of the

settled particulate is less than 10 pm, while in other cases, a high pro-
portion of grains larger than 60 pm can be observed. This value is
significantly higher than previous Saharan dust particle size data
recorded in Europe [39-42]. However, over the last decade, a number of
publications have reported the presence of large dust particles over long
distances [43-47], and this research also confirms their presence.

4.2. Cloud formation and mineral dust

During the dust storm events, it was not the direct effect of atmo-
spheric dust (i.e. increased aerosol optical depth) that was assumed to
play a major role in the drops in PV power output but primarily their
indirect effect (i.e. the dust particles as ice nucleating particles (INPs),
and cloud condensation nuclei (CCNs) [48-52]. Increased atmospheric
mineral particle number concentrations can lead to the formation of
more, but smaller, ice particles and cloud droplets for a given amount of
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Fig. 6. Actual PV power output and forecast values, and dust column mass loads on specific SDE days in 2022.

water vapour [48,53-56]. However, if the amount of dust, its properties
and the dominant mechanisms of the different mineral particles in cloud
formation are incorrectly parameterised in the models, the predictions
will not be accurate [57].

For the quantification of atmospheric particulate matter, accurate
knowledge of the particle size is of particular importance since errors in
quantification will most likely be caused by underestimation of particle
size due to the cubic relation between diameter and volume [16,58].
Mineral grains larger than 20 pm in diameter) are notparameterised in
most dust models [26,59]. Furthermore, the assumption that dust grains
are spherical can also affect the volume estimates [34,60,61]. A number
of studies have been published in recent years, which, together with our
results above, illustrate that the size of mineral dust particles carried by
winds, sometimes over large distances, can exceed the upper limit used
in dust models by an order of magnitude.

The assumption that dust particles blown out of desert areas cannot
play a major role in cloud formation also comes from an oversimplified
view that only quartz particles are able to be transported over long
distances. This, being insoluble in water and non-wettable, can only play

a role in the formation of ice crystals and, hence, cirrus clouds. Our
results show that the Saharan dust reaching the Carpathian Basin has a
wide range of mineralogical characteristics, similar to the results of
other studies.

The problem of cirrus formation and dusty cirrus in Saharan dust-
bearing air masses is described in detail by Ref. [57] Seifert et al.
(2023). Referring to EUMETSAT case studies [62-64], the authors
analyse that extended cirrus cloud decks form during Saharan dust
events in Europe, which are not observed during similar synoptic pat-
terns without SDEs. These are challenges in numerical weather predic-
tion and climate models, they are not able to predict dusty cirrus at all,
which is due to the fact that they are not run with real-time atmospheric
dust data, but they are fed from aerosol climatological databases. Global
aerosol and chemistry models predict dust reasonably well, but they do
not take into account aerosol-cloud interactions. Research has also
shown that quartz grains affect not only ice formation and cirrus for-
mation, but also mixed-phase clouds [65].

In addition to the poorly quantified effect of quartz (the dominant
Saharan dust component in cloud formation), we can see from the



G. Varga et al.

Renewable and Sustainable Energy Reviews 193 (2024) 114289

Fig. 7. BSC Monarch dust load numerical forecast (WMO Barcelona Dust Regional Center and SDS-WAS), NASA Terra MODIS True Color and Meteosat 0° RGB
Composites Convection images of selected SDE days with significant PV production decline and enhanced cloud formation.

mineral composition data that it is not the only component to be
considered [66,67]. The feldspars, calcite, dolomite and clay minerals
also have an effect on indirect effects of the particles. Clay minerals are
minerals long recognised as cloud and ice-forming nuclei due to their
smaller size and, hence, longer atmospheric residence time and hydro-
philic properties [54,68,69]. Carbonates are also active condensation
nuclei due to their water solubility and wettability, and their atmo-
spheric residence time makes them even more suitable for cloud for-
mation. Reactive trace gases, via their heterogeneous reactions, can
increase the CCN activity of carbonate minerals; the hygroscopicity
parameters of products of calcite ageing (e.g. calcium nitrate) are
significantly higher than those of pure minerals [70].

In recent years, a number of studies have been carried out on the
importance of INP and CCN of different feldspars [65,71,72]. Given their
relatively high abundance and the ice nucleation ability of K-feldspar
(about two orders of magnitude greater than that of quartz grains —
[731), it is clear that they have a significant impact on cloud formation.

Effects of atmospheric ageing of mineral particles resulted a signifi-
cant overall increase in the ice-nucleating activity of single grains in
laboratory experiments [73], while the contribution to INP concentra-
tion of the most abundant quartz particles increased significantly at low

temperatures. During the meridional Saharan dust transport to higher
latitudes, the dust-saturated air masses affect increasingly cooler re-
gions, reaching the critical temperature of —30 °C quickly, especially at
higher altitudes. In this range, quartz will become dominant. The SDEs
associated with the observed most intense PV production drops typically
did not occur in summer, making it even easier to reach critical
temperatures.

The importance of non-spherical grain shapes in cloud formation
may be similar to that of atmospheric ageing since an increase in the
reactive surface area of the grains is associated with the irregular shape.
Compared to the number of papers on the mineralogical properties of
Saharan dust, the number of papers on the shape properties of dust
particles is significantly smaller. The effect of the shape of the desert
dust-derived INPs and CCNs on cloud formation has not yet been
explored in the scientific literature.

Overall, our results suggest that a deeper understanding of the
changing transport patterns and properties of Saharan dust reaching
Europe, the amount and material composition (size, shape and miner-
alogy) of particulate matter is needed to improve the accuracy of day-
ahead PV production forecasts. Instead of aerosol climatology data,
the results of short-term dust load and transport simulations should be
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used in photovoltaic forecast models.
5. Conclusions

In this paper, we have demonstrated a negative correlation between
national PV power output and the occurrence of Saharan dust episodes
in Hungary in the calendar year of 2022, which was characterised by
record-high photovoltaic energy production as well as the highest
number of Saharan dust episodes in the records. Our work highlights one
of the major sources of concern for accurately predicting PV energy
generation over the mid-term (24 h): the effects of wind-borne mineral
dust. We point out the need to improve the parameterisation of factors
that have not been taken into account or have been poorly/overlooked
in order to improve the forecast accuracy, which is essential for grid
stability, greenhouse gas emission control, as well as sustainability and
profitability of PV energy production.

Of the 16 SDEs identified in Hungary in 2022, about half of the
events showed a marked (up to a few GWh over the period of 72 h) drop
in PV generation compared to similar synoptic conditions without dust
episodes, all of which were significantly underestimated in the 24-h
forecasts. We showed that atmospheric dust loads (concentration,
aerosol optical depth) alone would not explain such drops in power
production, but rather, the indirect effect of dust (i.e. its role in high
cloud formation) may be more significant.

Particles of different sizes, shapes, and mineral compositions, such as
ice and cloud-forming nuclei, are active components of the atmosphere.
In this article, we have shown that the Saharan dust that reaches Europe
has a wide variety of properties. This is important because the param-
eterisation of dust in both climate and direct PV production forecast
models is fraught with uncertainties in many aspects. The amount and
particle size of transported dust are typically grossly underestimated,
and the mineral compositions and particle sizes are overly simplified in
the simulations. But an even more severe shortcoming is that the models
are not fed by actual atmospheric dust observations (forecasts) but only
by date from aerosol climatological databases. This in itself causes
problems in the projections, but the problem is further compounded by
the changing patterns of Saharan dust transport to Europe due to climate
change. Both the frequency and intensity of dust storm events have been
increasing in recent years. The increasing meridional transport of dust
towards higher latitudes enhancing the formation of high-level clouds
and the lack of their real-time parameterisation into weather forecast
models lead to higher inaccuracies in the 24-h forecast of PV power
output rendering grid operations less effective and costlier in the future.
According to the communication of Hungarian Ministry for Technology
and Industry supervising PV production, in 2021 the penalty was 372
million Euro for 2 GW of installed solar capacity. These costs are ex-
pected to increase further in the future as capacity increases.

Thus, further research is needed in order to reduce the bias associ-
ated with PV power production forecasts and make the energy sector
more sustainable. In addition to expanding our knowledge of dust vol-
ume and composition (size, shape, mineralogy), the focus should be on
refining the mineral dust parameterisation in models. Short-term at-
mospheric dust forecast products, which could be used in a cost-effective
way, should be used instead of the aerosol climatology data generally
used.

CRediT authorship contribution statement

Gyorgy Varga: Conceptualization, Formal analysis, Writing — orig-
inal draft. Fruzsina Gresina: Formal analysis, Investigation. J6zsef
Szeberényi: Methodology, Resources. Andras Gelencsér: Conceptual-
ization, Writing — original draft. Agnes Rostasi: Conceptualization,
Formal analysis.

Renewable and Sustainable Energy Reviews 193 (2024) 114289
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgement

The research was supported by the NRDI projects FK138692 and
RRF-2.3.1-21-2021. The research was funded by the Sustainable
Development and Technologies National Programme of the Hungarian
Academy of Sciences (FFT NP FTA). Images were provided by the WMO
Barcelona Dust Regional Center and the partners of the Sand and Dust
Storm Warning Advisory and Assessment System (SDS-WAS) for
Northern Africa, the Middle East and Europe.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.rser.2024.1142809.

References

[1] Zakeri B, Paulavets K, Barreto-Gomez L, Echeverri LG, Pachauri S, Boza-Kiss B,
et al. Pandemic, war, and global energy transitions. Energies 2022;15. https://doi.
0rg/10.3390/en15176114.

[2] Farghali M, Osman Al, Mohamed IMA, Chen Z, Chen L, Ihara [, et al. Strategies to
save energy in the context of the energy crisis: a review. Environ Chem Lett 2023;
21:2003-39. https://doi.org/10.1007/5s10311-023-01591-5.

[3] Rynska E. Review of PV solar energy development 2011-2021 in central European
countries. Energies 2022;15. https://doi.org/10.3390/en15218307.

[4] Campos J, Csontos C, Munkécsy B. Electricity scenarios for Hungary: possible role
of wind and solar resources in the energy transition. Energy 2023;278:127971.
https://doi.org/10.1016/j.energy.2023.127971.

[5] Antonanzas J, Osorio N, Escobar R, Urraca R, Martinez-de-Pison FJ, Antonanzas-
Torres F. Review of photovoltaic power forecasting. Sol Energy 2016;136:78-111.
https://doi.org/10.1016/j.solener.2016.06.069.

[6] Ahmed R, Sreeram V, Mishra Y, Arif MD. A review and evaluation of the state-of-
the-art in PV solar power forecasting: techniques and optimization. Renew Sustain
Energy Rev 2020;124:109792. https://doi.org/10.1016/j.rser.2020.109792.

[7] Shivashankar S, Mekhilef S, Mokhlis H, Karimi M. Mitigating methods of power
fluctuation of photovoltaic (PV) sources — a review. Renew Sustain Energy Rev
2016;59:1170-84. https://doi.org/10.1016/j.rser.2016.01.059.

[8] Notton G, Nivet M-L, Voyant C, Paoli C, Darras C, Motte F, et al. Intermittent and
stochastic character of renewable energy sources: consequences, cost of
intermittence and benefit of forecasting. Renew Sustain Energy Rev 2018;87:
96-105. https://doi.org/10.1016/j.rser.2018.02.007.

[9] Alcaniz A, Grzebyk D, Ziar H, Isabella O. Trends and gaps in photovoltaic power
forecasting with machine learning. Energy Rep 2023;9:447-71. https://doi.org/
10.1016/j.egyr.2022.11.208.

[10] Jobayer M, Shaikat MAH, Naimur Rashid M, Hasan MR. A systematic review on
predicting PV system parameters using machine learning. Heliyon 2023;9:e16815.
https://doi.org/10.1016/j.heliyon.2023.e16815.

[11] Sengupta M, Habte A, Gueymard C, Wilbert S, Renné D, Stoffel T. Best practices
handbook for the collection and use of solar resource data for solar energy
applications. second ed. National Renewable Energy Laboratory (NREL); 2017.
Technical Report.

[12] Barbieri F, Rajakaruna S, Ghosh A. Very short-term photovoltaic power forecasting
with cloud modeling: a review. Renew Sustain Energy Rev 2017;75:242-63.
https://doi.org/10.1016/j.rser.2016.10.068.

[13] Gandoman FH, Abdel Aleem SHE, Omar N, Ahmadi A, Alenezi FQ. Short-term solar
power forecasting considering cloud coverage and ambient temperature variation
effects. Renew Energy 2018;123:793-805. https://doi.org/10.1016/j.
renene.2018.02.102.

[14] Rieger D, Steiner A, Bachmann V, Gasch P, Forstner J, Deetz K, et al. Impact of the
4 April 2014 Saharan dust outbreak on the photovoltaic power generation in
Germany. Atmos Chem Phys 2017;17:13391-415. https://doi.org/10.5194/acp-
17-13391-2017.

[15] Weger M, Heinold B, Engler C, Schumann U, Seifert A, FoBig R, et al. The impact of
mineral dust on cloud formation during the Saharan dust event in April 2014 over
Europe. Atmos Chem Phys 2018;18:17545-72. https://doi.org/10.5194/acp-18-
17545-2018.

[16] Adebiyi AA, Kok JF. Climate models miss most of the coarse dust in the
atmosphere. Sci Adv 2020;6. https://doi.org/10.1126/sciadv.aaz9507.


https://doi.org/10.1016/j.rser.2024.114289
https://doi.org/10.1016/j.rser.2024.114289
https://doi.org/10.3390/en15176114
https://doi.org/10.3390/en15176114
https://doi.org/10.1007/s10311-023-01591-5
https://doi.org/10.3390/en15218307
https://doi.org/10.1016/j.energy.2023.127971
https://doi.org/10.1016/j.solener.2016.06.069
https://doi.org/10.1016/j.rser.2020.109792
https://doi.org/10.1016/j.rser.2016.01.059
https://doi.org/10.1016/j.rser.2018.02.007
https://doi.org/10.1016/j.egyr.2022.11.208
https://doi.org/10.1016/j.egyr.2022.11.208
https://doi.org/10.1016/j.heliyon.2023.e16815
http://refhub.elsevier.com/S1364-0321(24)00012-1/sref11
http://refhub.elsevier.com/S1364-0321(24)00012-1/sref11
http://refhub.elsevier.com/S1364-0321(24)00012-1/sref11
http://refhub.elsevier.com/S1364-0321(24)00012-1/sref11
https://doi.org/10.1016/j.rser.2016.10.068
https://doi.org/10.1016/j.renene.2018.02.102
https://doi.org/10.1016/j.renene.2018.02.102
https://doi.org/10.5194/acp-17-13391-2017
https://doi.org/10.5194/acp-17-13391-2017
https://doi.org/10.5194/acp-18-17545-2018
https://doi.org/10.5194/acp-18-17545-2018
https://doi.org/10.1126/sciadv.aaz9507

G. Varga et al.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

Mona L, Amiridis V, Cuevas E, Gkikas A, Trippetta S, Vandenbussche S, et al.
Observing mineral dust in northern Africa, the Middle East, and Europe: current
capabilities and challenges ahead for the development of dust Services. Bull Am
Meteorol Soc 2023;104:E2223-64. https://doi.org/10.1175/BAMS-D-23-0005.1.
Monteiro A, Basart S, Kazadzis S, Votsis A, Gkikas A, Vandenbussche S, et al. Multi-
sectoral impact assessment of an extreme African dust episode in the Eastern
Mediterranean in March 2018. Sci Total Environ 2022;843:156861. https://doi.
org/10.1016/j.scitotenv.2022.156861.

Gkikas A, Basart S, Hatzianastassiou N, Marinou E, Amiridis V, Kazadzis S, et al.
Mediterranean intense desert dust outbreaks and their vertical structure based on
remote sensing data. Atmos Chem Phys 2016;16:8609-42. https://doi.org/
10.5194/acp-16-8609-2016.

Papachristopoulou K, Fountoulakis I, Gkikas A, Kosmopoulos PG, Nastos PT,
Hatzaki M, et al. 15-Year analysis of direct effects of total and dust aerosols in solar
radiation/energy over the mediterranean basin. Rem Sens 2022;14. https://doi.
org/10.3390/rs14071535.

Kosmopoulos PG, Kazadzis S, Taylor M, Athanasopoulou E, Speyer O, Raptis PI,
et al. Dust impact on surface solar irradiance assessed with model simulations,
satellite observations and ground-based measurements. Atmos Meas Tech 2017;10:
2435-53. https://doi.org/10.5194/amt-10-2435-2017.

Massi Pavan A, Mellit A, De Pieri D. The effect of soiling on energy production for
large-scale photovoltaic plants. Sol Energy 2011;85:1128-36. https://doi.org/
10.1016/j.solener.2011.03.006.

Maghami MR, Hizam H, Gomes C, Radzi MA, Rezadad MI, Hajighorbani S. Power
loss due to soiling on solar panel: a review. Renew Sustain Energy Rev 2016;59:
1307-16. https://doi.org/10.1016/j.rser.2016.01.044.

Stuut JB, Smalley I, O’'Hara-Dhand K. Aeolian dust in Europe: African sources and
European deposits. Quat Int 2009;198:234-45. https://doi.org/10.1016/j.
quaint.2008.10.007.

Varga G, Kovacs J, Ujvari G. Analysis of saharan dust intrusions into the Carpathian
Basin (central Europe) over the period of 1979-2011. Global Planet Change 2013;
100. https://doi.org/10.1016/j.gloplacha.2012.11.007.

Varga G. Changing nature of saharan dust deposition in the Carpathian Basin
(central Europe): 40 years of identified north african dust events (1979-2018).
Environ Int 2020;139. https://doi.org/10.1016/j.envint.2020.105712.

Jones, D. (2023). European Electricity Review 2023. URL: https://ember-climate.
org/app/uploads/2023/01/Report-European-Electricity-Review-2023.pdf
(accessed on 10.10. 2023).

Gelaro R, McCarty W, Sudrez MJ, Todling R, Molod A, Takacs L, et al. The modern-
era retrospective analysis for research and applications, version 2 (MERRA-2).

J Clim 2017;30:5419-54. https://doi.org/10.1175/JCLI-D-16-0758.1.

Stein AF, Draxler RR, Rolph GD, Stunder BJB, Cohen MD, Ngan F. Noaa’s hysplit
atmospheric transport and dispersion modeling system. Bull Am Meteorol Soc
2015;96:2059-77. https://doi.org/10.1175/BAMS-D-14-00110.1.

Gkikas A, Proestakis E, Amiridis V, Kazadzis S, Di Tomaso E, Tsekeri A, et al. ModIs
Dust AeroSol (MIDAS): a global fine-resolution dust optical depth data set. Atmos
Meas Tech 2021;14:309-34. https://doi.org/10.5194/amt-14-309-2021.

Pérez C, Haustein K, Janjic Z, Jorba O, Huneeus N, Baldasano JM, et al.
Atmospheric dust modeling from meso to global scales with the online NMMB/
BSC-Dust model-Part 1: model description, annual simulations and evaluation.
Atmos Chem Phys 2011;11:13001-27. https://doi.org/10.5194/acp-11-13001-
2011.

Klose M, Jorba O, Gongalves Ageitos M, Escribano J, Dawson ML, Obiso V, et al.
Mineral dust cycle in the multiscale online nonhydrostatic AtmospheRe CHemistry
model (MONARCH) version 2.0. Geosci Model Dev (GMD) 2021;14:6403-44.
https://doi.org/10.5194/gmd-14-6403-2021.

Kalnay E, Kanamitsu M, Kistler R, Collins W, Deaven D, Gandin L, et al. The NCEP/
NCAR 40-year reanalysis project. Bull Am Meteorol Soc 1996;77:437-71. https://
doi.org/10.1175/1520-0477(1996)077 <0437:TNYRP>2.0.CO;2.

Mahowald N, Albani S, Kok JF, Engelstaeder S, Scanza R, Ward DS, et al. The size
distribution of desert dust aerosols and its impact on the Earth system. Aeolian Res
2014;15:53-71. https://doi.org/10.1016/j.aeolia.2013.09.002.

Kandler K, SchiiTZ L, Deutscher C, Ebert M, Hofmann H, JACKEL S, et al. Size
distribution, mass concentration, chemical and mineralogical composition and
derived optical parameters of the boundary layer aerosol at Tinfou, Morocco,
during SAMUM 2006. Tellus B Chem Phys Meteorol 2009;61:32-50. https://doi.
org/10.1111/j.1600-0889.2008.00385.x.

Nickovic S, Vukovic A, Vujadinovic M, Djurdjevic V, Pejanovic G. Technical Note:
high-resolution mineralogical database of dust-productive soils for atmospheric
dust modeling. Atmos Chem Phys 2012;12:845-55. https://doi.org/10.5194/acp-
12-845-2012.

Scheuvens D, Schiitz L, Kandler K, Ebert M, Weinbruch S. Bulk composition of
northern African dust and its source sediments — a compilation. Earth Sci Rev
2013;116:170-94. https://doi.org/10.1016/j.earscirev.2012.08.005.

A Rostasi, Topa BA, Gresina F, Weiszburg TG, Gelencsér A, Varga G. Saharan dust
deposition in central Europe in 2016—a representative year of the increased north
african dust removal over the last decade. Front Earth Sci 2022;10:1-18. https://
doi.org/10.3389/feart.2022.869902.

Mattsson JO, Nihlén T. The transport of Saharan dust to southern Europe: a
scenario. J Arid Environ 1996;32:111-9. https://doi.org/10.1006/jare.1996.0011.
Coude-Gaussen G, Rognon P, Bergametti G, Gomes L, Strauss B, Gros JM, et al.
Saharan dust on Fuerteventura Island (Canaries): chemical and mineralogical
characteristics, air mass trajectories, and probable sources. J Geophys Res 1987;92:
9753. https://doi.org/10.1029/JD092iD08p09753.

Sala JQ, Cantos JO, Chiva EM. Red dust rain within the Spanish Mediterranean
area. Clim Change 1996;32:215-28. https://doi.org/10.1007/BF00143711.

10

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Renewable and Sustainable Energy Reviews 193 (2024) 114289

Wagenbach D, Geis K. In: Leinen M, Sarnthein M, editors. The mineral dust record
in a high altitude alpine glacier (colle gnifetti, Swiss alps) BT - paleoclimatology
and paleometeorology: modern and past patterns of global atmospheric transport.
Dordrecht: Springer Netherlands; 1989. p. 543-64. https://doi.org/10.1007/978-
94-009-0995-3_23.

van der Does M, Knippertz P, Zschenderlein P, Giles Harrison R, Stuut J-BW. The
mysterious long-range transport of giant mineral dust particles. Sci Adv 2018;4:
eaau2768. https://doi.org/10.1126/sciadv.aau2768.

Adebiyi A, Kok JF, Murray BJ, Ryder CL, Stuut J-BW, Kahn RA, et al. A review of
coarse mineral dust in the Earth system. Aeolian Res 2023;60:100849. https://doi.
org/10.1016/j.aeolia.2022.100849.

Ryder CL, Marenco F, Brooke JK, Estelles V, Cotton R, Formenti P, et al. Coarse-
mode mineral dust size distributions, composition and optical properties from AER-
D aircraft measurements over the tropical eastern Atlantic. Atmos Chem Phys
2018;18:17225-57. https://doi.org/10.5194/acp-18-17225-2018.

Adebiyi AA, Kok JF. Climate models miss most of the coarse dust in the
atmosphere. Sci Adv 2020;6:eaaz9507. https://doi.org/10.1126/sciadv.aaz9507.
Kok JF, Ridley DA, Zhou Q, Miller RL, Zhao C, Heald CL, et al. Smaller desert dust
cooling effect estimated from analysis of dust size and abundance. Nat Geosci
2017;10:274-8. https://doi.org/10.1038/ngeo2912.

Nickovic S, Cvetkovic B, Madonna F, Rosoldi M, Pejanovic G, Petkovic S, et al.
Cloud ice caused by atmospheric mineral dust — Part 1: parameterization of ice
nuclei concentration in the NMME-DREAM model. Atmos Chem Phys 2016;16:
11367-78. https://doi.org/10.5194/acp-16-11367-2016.

Rieger D, Steiner A, Bachmann V, Gasch P, Forstner J, Deetz K, et al. Impact of the
4 April 2014 Saharan dust outbreak on the photovoltaic power generation in
Germany. Atmos Chem Phys 2017;17:13391-415. https://doi.org/10.5194/acp-
17-13391-2017.

Zimmermann F, Weinbruch S, Schiitz L, Hofmann H, Ebert M, Kandler K, et al. Ice
nucleation properties of the most abundant mineral dust phases. J Geophys Res
2008;113:D23204. https://doi.org/10.1029/2008JD010655.

Klein H, Nickovic S, Haunold W, Bundke U, Nillius B, Ebert M, et al. Saharan dust
and ice nuclei over Central Europe. Atmos Chem Phys 2010;10:10211-21. https://
doi.org/10.5194/acp-10-10211-2010.

Weinzier] B, Ansmann A, Prospero JM, Althausen D, Benker N, Chouza F, et al. The
Saharan aerosol long-range transport and aerosol-cloud-interaction experiment:
overview and selected highlights. Bull Am Meteorol Soc 2017;98:1427-51. https://
doi.org/10.1175/BAMS-D-15-00142.1.

Hoose C, Lohmann U, Erdin R, Tegen I. The global influence of dust mineralogical
composition on heterogeneous ice nucleation in mixed-phase clouds. Environ Res
Lett 2008;3:025003. https://doi.org/10.1088/1748-9326/3/2/025003.

Ginoux P. Warming or cooling dust? Nat Geosci 2017;10:246-8. https://doi.org/
10.1038/nge02923.

Kok JF, Ridley DA, Zhou Q, Miller RL, Zhao C, Heald CL, et al. Smaller desert dust
cooling effect estimated from analysis of dust size and abundance. Nat Geosci 2017
104 2017;10:274-8. https://doi.org/10.1038/nge0o2912.

Ansmann A, Mamouri R-E, Biihl J, Seifert P, Engelmann R, Hofer J, et al. Ice-
nucleating particle versus ice crystal number concentration in altocumulus and
cirrus layers embedded in Saharan dust:a closure study. Atmos Chem Phys 2019;
19:15087-115. https://doi.org/10.5194/acp-19-15087-2019.

Seifert A, Bachmann V, Filipitsch F, Forstner J, Grams CM, Hoshyaripour GA, et al.
Aerosol-cloud-radiation interaction during Saharan dust episodes: the dusty cirrus
puzzle. Atmos Chem Phys 2023;23:6409-30. https://doi.org/10.5194/acp-23-
6409-2023.

Menut L, Forét G, Bergametti G. Sensitivity of mineral dust concentrations to the
model size distribution accuracy. J Geophys Res Atmos 2007;112. https://doi.org/
10.1029/2006JD007766.

Benedetti A, Baldasano JM, Basart S, Benincasa F, Boucher O, Brooks ME, et al. In:
Knippertz P, Stuut J-BW, editors. Operational dust prediction bt - mineral dust: a
key player in the Earth system. Dordrecht: Springer Netherlands; 2014. p. 223-65.
https://doi.org/10.1007/978-94-017-8978-3_10.

Huang Y, Kok JF, Kandler K, Lindqvist H, Nousiainen T, Sakai T, et al. Climate
models and remote sensing retrievals neglect substantial desert dust asphericity.
Geophys Res Lett 2020;47:e2019GL086592. https://doi.org/10.1029/
2019GL086592.

Kandler K, Schneiders K, Heuser J, Waza A, Aryasree S, Althausen D, et al.
Differences and similarities of central asian, african, and arctic dust composition
from a single particle perspective. Atmosphere 2020;11. https://doi.org/10.3390/
atmos11030269.

Kollath K. Cellular convection in cirrus clouds as a possible effect of dust aerosols.
EUMETSAT; 2010.

Roesli H-P, Putsay M, Smiljanic I. Extensive DIBS in the deformation zone.
EUMETSAT; 2020.

Fierli F, Martinez M-A, Asmus J, Roesli H-P. Widespread dust intrusion across
Europe. EUMETSAT; 2022.

Chatziparaschos M, Daskalakis N, Myriokefalitakis S, Kalivitis N, Nenes A,
Gongalves Ageitos M, et al. Role of K-feldspar and quartz in global ice nucleation
by mineral dust in mixed-phase clouds. Atmos Chem Phys 2023;23:1785-801.
https://doi.org/10.5194/acp-23-1785-2023.

Murray BJ, O’Sullivan D, Atkinson JD, Webb ME. Ice nucleation by particles
immersed in supercooled cloud droplets. Chem Soc Rev 2012;41:6519. https://doi.
org/10.1039/c2cs35200a.

Seinfeld JH, Bretherton C, Carslaw KS, Coe H, DeMott PJ, Dunlea EJ, et al.
Improving our fundamental understanding of the role of aerosol—cloud
interactions in the climate system. Proc Natl Acad Sci USA 2016;113:5781-90.
https://doi.org/10.1073/pnas.1514043113.


https://doi.org/10.1175/BAMS-D-23-0005.1
https://doi.org/10.1016/j.scitotenv.2022.156861
https://doi.org/10.1016/j.scitotenv.2022.156861
https://doi.org/10.5194/acp-16-8609-2016
https://doi.org/10.5194/acp-16-8609-2016
https://doi.org/10.3390/rs14071535
https://doi.org/10.3390/rs14071535
https://doi.org/10.5194/amt-10-2435-2017
https://doi.org/10.1016/j.solener.2011.03.006
https://doi.org/10.1016/j.solener.2011.03.006
https://doi.org/10.1016/j.rser.2016.01.044
https://doi.org/10.1016/j.quaint.2008.10.007
https://doi.org/10.1016/j.quaint.2008.10.007
https://doi.org/10.1016/j.gloplacha.2012.11.007
https://doi.org/10.1016/j.envint.2020.105712
https://ember-climate.org/app/uploads/2023/01/Report-European-Electricity-Review-2023.pdf
https://ember-climate.org/app/uploads/2023/01/Report-European-Electricity-Review-2023.pdf
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.1175/BAMS-D-14-00110.1
https://doi.org/10.5194/amt-14-309-2021
https://doi.org/10.5194/acp-11-13001-2011
https://doi.org/10.5194/acp-11-13001-2011
https://doi.org/10.5194/gmd-14-6403-2021
https://doi.org/10.1175/1520-0477(1996)077<0437:TNYRP>2.0.CO;2
https://doi.org/10.1175/1520-0477(1996)077<0437:TNYRP>2.0.CO;2
https://doi.org/10.1016/j.aeolia.2013.09.002
https://doi.org/10.1111/j.1600-0889.2008.00385.x
https://doi.org/10.1111/j.1600-0889.2008.00385.x
https://doi.org/10.5194/acp-12-845-2012
https://doi.org/10.5194/acp-12-845-2012
https://doi.org/10.1016/j.earscirev.2012.08.005
https://doi.org/10.3389/feart.2022.869902
https://doi.org/10.3389/feart.2022.869902
https://doi.org/10.1006/jare.1996.0011
https://doi.org/10.1029/JD092iD08p09753
https://doi.org/10.1007/BF00143711
https://doi.org/10.1007/978-94-009-0995-3_23
https://doi.org/10.1007/978-94-009-0995-3_23
https://doi.org/10.1126/sciadv.aau2768
https://doi.org/10.1016/j.aeolia.2022.100849
https://doi.org/10.1016/j.aeolia.2022.100849
https://doi.org/10.5194/acp-18-17225-2018
https://doi.org/10.1126/sciadv.aaz9507
https://doi.org/10.1038/ngeo2912
https://doi.org/10.5194/acp-16-11367-2016
https://doi.org/10.5194/acp-17-13391-2017
https://doi.org/10.5194/acp-17-13391-2017
https://doi.org/10.1029/2008JD010655
https://doi.org/10.5194/acp-10-10211-2010
https://doi.org/10.5194/acp-10-10211-2010
https://doi.org/10.1175/BAMS-D-15-00142.1
https://doi.org/10.1175/BAMS-D-15-00142.1
https://doi.org/10.1088/1748-9326/3/2/025003
https://doi.org/10.1038/ngeo2923
https://doi.org/10.1038/ngeo2923
https://doi.org/10.1038/ngeo2912
https://doi.org/10.5194/acp-19-15087-2019
https://doi.org/10.5194/acp-23-6409-2023
https://doi.org/10.5194/acp-23-6409-2023
https://doi.org/10.1029/2006JD007766
https://doi.org/10.1029/2006JD007766
https://doi.org/10.1007/978-94-017-8978-3_10
https://doi.org/10.1029/2019GL086592
https://doi.org/10.1029/2019GL086592
https://doi.org/10.3390/atmos11030269
https://doi.org/10.3390/atmos11030269
http://refhub.elsevier.com/S1364-0321(24)00012-1/sref62
http://refhub.elsevier.com/S1364-0321(24)00012-1/sref62
http://refhub.elsevier.com/S1364-0321(24)00012-1/sref63
http://refhub.elsevier.com/S1364-0321(24)00012-1/sref63
http://refhub.elsevier.com/S1364-0321(24)00012-1/sref64
http://refhub.elsevier.com/S1364-0321(24)00012-1/sref64
https://doi.org/10.5194/acp-23-1785-2023
https://doi.org/10.1039/c2cs35200a
https://doi.org/10.1039/c2cs35200a
https://doi.org/10.1073/pnas.1514043113

G. Varga et al.

[68]

[69]

[70]

Kumar P, Sokolik IN, Nenes A. Cloud condensation nuclei activity and droplet
activation kinetics of wet processed regional dust samples and minerals. Atmos
Chem Phys 2011;11:8661-76. https://doi.org/10.5194/acp-11-8661-2011.

Kok JF, Ridley DA, Zhou Q, Miller RL, Zhao C, Heald CL, et al. Smaller desert dust
cooling effect estimated from analysis of dust size and abundance. Nat Geosci
2017;10:274-8. https://doi.org/10.1038/nge02912.

Tang MJ, Whitehead J, Davidson NM, Pope FD, Alfarra MR, McFiggans G, et al.
Cloud condensation nucleation activities of calcium carbonate and its atmospheric
ageing products. Phys Chem Chem Phys 2015;17:32194-203. https://doi.org/
10.1039/c5cp03795f.

11

[71]

[72]

[73]

Renewable and Sustainable Energy Reviews 193 (2024) 114289

Atkinson JD, Murray BJ, Woodhouse MT, Whale TF, Baustian KJ, Carslaw KS, et al.
The importance of feldspar for ice nucleation by mineral dust in mixed-phase
clouds. Nature 2013;498:355-8. https://doi.org/10.1038/nature12278.

Harrison AD, Whale TF, Carpenter MA, Holden MA, Neve L, O’Sullivan D, et al. Not
all feldspars are equal: a survey of ice nucleating properties across the feldspar
group of minerals. Atmos Chem Phys 2016;16:10927-40. https://doi.org/
10.5194/acp-16-10927-2016.

Harrison AD, Lever K, Sanchez-Marroquin A, Holden MA, Whale TF, Tarn MD,

et al. The ice-nucleating ability of quartz immersed in water and its atmospheric
importance compared to K-feldspar. Atmos Chem Phys 2019;19:11343-61.
https://doi.org/10.5194/acp-19-11343-2019.


https://doi.org/10.5194/acp-11-8661-2011
https://doi.org/10.1038/ngeo2912
https://doi.org/10.1039/c5cp03795f
https://doi.org/10.1039/c5cp03795f
https://doi.org/10.1038/nature12278
https://doi.org/10.5194/acp-16-10927-2016
https://doi.org/10.5194/acp-16-10927-2016
https://doi.org/10.5194/acp-19-11343-2019

	Effect of Saharan dust episodes on the accuracy of photovoltaic energy production forecast in Hungary (Central Europe)
	1 Introduction
	2 Material and methods
	2.1 Area of study
	2.2 Identification of saharan dust episodes (SDEs)
	2.3 Granulometric characterisation of saharan dust material
	2.4 Clouds
	2.5 PV data sources

	3 Results
	3.1 Identified SDEs in 2022
	3.2 Transported dust material
	3.3 PV power production and SDEs
	3.4 Cloud cover and solar irradiance attenuation

	4 Discussion
	4.1 Saharan dust material in Central Europe (granulometry and mineralogy)
	4.2 Cloud formation and mineral dust

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	Appendix A Supplementary data
	References


