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Numerical Modeling of Ice Nucleation Properties of Atmospheric Mineral Aerosol 

Abstract 

 Mineral dust particles are one of the most abundant aerosol species in the atmosphere. 
They are very efficient ice nucleating particles (INPs). A mineralogy-sensitive immersion 
freezing parameterization in presence of dust particles has been implemented in Dust Regional 
Atmospheric Model (DREAM). Ice nucleating particle concentration (INPC) was also 
parameterized using two mineralogy-indifferent immersion freezing, and two deposition 
nucleation parameterizations. A two-year model dataset of dust vertical profiles in Europe was 
contributed to a model evaluation study at the European scale. Selected cases in the 
Mediterranean in April 2016, were analyzed in more detail and compared with the lidar-derived 
vertical profiles of cloud relevant dust concentrations and INPC and in situ INPC 
measurements. Predicted INPC values were compared to the ice crystal number concentration 
(ICNC) vertical profiles product during satellite overpasses over the dust plume. Ground-based 
cloud radar observations of ice water content (IWC) and satellite observations of ice water path 
(IWP) were used in a qualitative assessment of INPC and observed cloud correlation. While 
all three model setups agreed within one order of magnitude, the mineralogy-sensitive setup 
presented a sharp maximum in INPC at -25°C and the sharpest decrease of INPC at 
temperatures higher than -20°C, due to sensitivity to feldspar. It showed agreement with the in 
situ measurements at temperatures lower than -20°. It was also the most successful in predicting 
the ICNC profile shape and extent in the presented cases. Variations in the feldspar content 
influence the effectiveness of dust as an INP but this effect is reduced by the sedimentation of 
feldspar silt particles. The horizontal distribution of INPs was well predicted by all the model 
setups. The differences due to deposition nucleation parameterizations and feldspar content 
were more pronounced above sea surfaces, over the Atlantic, the Mediterranean and the 
Caspian Sea. 

Keywords: Numerical Modeling, Atmospheric Modeling, Parameterizations, Aerosols, 
Mineral Dust, Ice Initiation, Lidar, Remote Sensing 
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Нумеричко моделирање нуклеационих особина атмосферског минералног 
аеросола 

Сажетак 

Честице минералног аеросола су један од најприсутнијих типова аеросола у 
атмосфери. Оне су веома ефикасна језгра нуклеације (INP). Параметризација 
имерзионог замрзавања у зависности од минералног састава честица песка је укључена 
у Dust Regional Atmospheric Model (DREAM). Концентрација језгара нуклеације (INPC) 
је такође параметризована коришћењем две параметризације имерзионог замрзавања и 
две параметризације депозиционе нуклеације које су индиферентне на састав песка. 
Подаци добијени двогодишњим симулацијама моделом су део студије евалуације 
модела регионалних размера у Европи. Одабрани случајеви у Медитерану током априла 
2016. године су детаљније анализирани и поређени са вертикалним профилима 
концентрација песка релевантним за коришћене параметризације и INPC добијеним 
мерењима лидаром и in situ мерењима INPC. Прогнозиране вредности INPC су поређене 
са вертикалним профилима концентрација ледених кристала (ICNC) добијених током 
сателитских прелета изнад перјанице песка. Извршено је квалитативно поређење INPC 
са осмотреним облацима на основу мерења садржаја леда (IWP) радаром са земље и 
сателитским осматрањима садржаја леда у стубу ваздуха (IWC). Сви избори 
параметризација у моделу се слажу до једног реда величине, међутим, минералошки 
осетљива параметризација показује оштар максимум у INPC на -25°C и најстрмији пад 
INPC на температурама изнад -20°C због осетљивости на активност фелдспара. Ова 
параметризација се слаже са in situ мерењима на температурама нижим од -20°C. Такође 
је најуспешнија у представљању облика и вертикалне распрострањености ICNC у 
приказаним случајевима. Промене у садржају фелдспара утичу на ефикасност песка као 
INP али овај ефекат је смањен седиментацијом фелдспара у честицама прашине. 
Хоризонтална распрострањеност INP је добро прогнозирана у свим подешавањима 
модела. Разлике због избора шеме за депозициону нуклеацију и због садржаја фелдспара 
су више изражене изнад водених површина, изнад Атлантика, Медитерана и Каспијског 
језера.  

Кључне речи: нумеричко моделирање, моделирање атмосфере, параметеризације, 
аеросоли, минерална прашина, иницијација ледене фазе, лидар, даљинска мерења 

Научна област: Геофизичка наука 
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1 Introduction 
Dust aerosols in the atmosphere are one of the main contributors to the global aerosol 

burden (Huneeus et al., 2011; Kok et al., 2017). Dust is emitted from the sources in arid regions 
across the world, mainly from the so-called dust belt (Wu et al., 2020; Kok et al., 2021). It is 
considered that the dust belt covers areas from northern Africa, covering the sources in the 
Middle East and Central Asia to northern India, also including areas in China and Mongolia 
(Ginoux et al., 2001). Separated from these areas by oceans, dust sources in the northern 
hemisphere are also present in North America (Vuković et al., 2014) and Iceland (Sanchez-
Marroquin et al., 2020). Dust regions are also present in the southern hemisphere, namely in 
Australia, South America, and southern Africa (Krätschmer et al, 2022). After emission, the 
dust particles in the atmosphere are distributed by the circulations of different scales and 
sometimes the particles originating from the Sahara are transported across the Atlantic reaching 
remote areas through long-range transport (Prospero et al., 2021). Dust can impact the Earth 
system and affect weather and climate through direct interaction with solar and terrestrial 
radiation (Ghan et al., 2012) and by influencing the cloud processes (Lohmann and Feichter, 
2005; Kanji et al., 2017). Furthermore, dust can impact visibility, which affects tourism, road 
transport, and aviation (Papagiannopoulos et al., 2020). When surface concentrations become 
high enough, they can pose serious health risks (Giannadaki et al., 2014). Long-range transport 
and the associated processing of dust particles and their subsequent deposition can be a source 
of nutrients in some ecosystems (Jickells and Moore 2015; Ravi et al. 2011). Airborne dust 
may also contribute to the transport of fungal and viral microbial pathogens, which can lead to 
disease outbreaks (Sprigg et al., 2014). 

One of the main drivers to increase interest in the dust research are conclusions of the 
Intergovernmental Panel on Climate Change (IPCC) Assessment Report 5 (AR5). It was 
reported that the role of dust in the Earth system is a source of significant uncertainties in 
climate modeling and numerical weather prediction, mainly due to its impact on radiation and 
clouds (Boucher et al., 2013). In the following years, studies of the role of dust in cloud 
microphysics led to an improved understanding of their impact (i.e., Villanueva et al., 2020) 
but future development is intended to ensure a more detailed representation of aerosol forcing 
in the Earth system models (Bellouin et al., 2020). The small-scale process of ice initiation in 
the presence of dust particles influences cloud extent, lifetime, particle size, and radiative 
properties (Cantrell and Heymsfield, 2005) and therefore affects the tropospheric composition 
(Abbatt, 2003) and hydrological cycle (Rogers and Yau 1989). Mineral dust particles have been 
shown to be one of the main reservoirs of ice-nucleating particles (INP) influencing ice 
initiation in areas distant from their sources (Cziczo et al., 2013). While the liquid water 
droplets in the atmosphere, without INPs present, can be supercooled to temperatures below 
about -37°C (Herbert et al., 2015; Ickes et al., 2015), INPs in the atmosphere can promote the 
heterogeneous freezing mechanisms (i.e. immersion freezing, contact freezing, condensation 
freezing, and deposition nucleation) at higher temperatures and therefore lower supercooling 
(Prupacher and Klett, 1997; Murray et al., 2012; Hoose and Möhler, 2012; Vali, 2015).  

Our knowledge about dust and its role in ice initiation is being constantly improved 
through experimental and numerical modeling efforts (Kanji et al., 2017). Research in recent 
years was organized through laboratory studies (DeMott et al., 2010; 2015; Niemand et al., 
2012; Atkinson et al., 2013; Steinke et al., 2015; Ullrich et al., 2017; Harrison et al., 2019), 
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observational efforts (Schrod et al., 2017; Price et al., 2018; Marinou et al., 2019), and 
numerical modeling and prediction (Atkinson et al., 2013; Nickovic et al., 2016; Vergara-
Temprado et al., 2017; Suand Fung, 2018). Correct representation of dust in atmospheric 
models can lead to improvements in climate simulations, weather forecasts, and weather 
analysis and reanalysis. One direction in the model development regarding the dust role in the 
cloud process is oriented towards the use of cloud-microphysics schemes coupled with dust 
concentration and parameterization of dust INPC. In the atmospheric models in the past, 
parameterizations were proposed that would describe the INPC as a function of temperature 
(Fletcher et al., 1962; Bowdle et al., 1985; Dudhia 1989; Reisner et al., 1998; Rouder 2003). 
Meyers (1992) used a different approach and parameterized the ice crystal number 
concentrations (ICNC) as a function of temperature. In an atmospheric dust model, the INPC 
can be calculated as a function of cloud-relevant dust concentrations and meteorological 
parameters. In most cases, the mineral composition of dust is not considered in INPC 
parameterizations and those are referred to in the text as the mineralogy-indifferent 
parameterizations. In parallel, further investigation of the properties of dust responsible for its 
effectiveness as an INP has been conducted (Atkinson et al., 2013, Murray et al., 2017; Boose 
et al., 2016; Harrison et al., 2019; Holden et al., 2019). It was found that feldspars are the most 
effective minerals found in dust in the immersion freezing process at temperatures lower than 
-15 °C. Parameterizing feldspar INPC (Atkinson et al., 2013), Vergara-Temprado et al. (2017) 
found that feldspar particles were prevailing INPs near terrestrial sources, while marine organic 
aerosols (Wilson et al., 2015) were dominant INPs in remote ocean locations. 

Remote sensing observations provide valuable data sets that have been used for aerosol 
model evaluation in numerous studies in recent years. Tsikerdekis et al. (2017) compared 
results of the RegCM4 regional model (Alexandri et al., 2015) in northern Africa, the Middle 
East, and the Mediterranean with the aerosol optical depth (AOD) LIVAS product (Amiridis 
et al., 2015) based on observations from the Cloud-Aerosol Lidar and Infrared Pathfinder 
Satellite Observations (CALIPSO; Winker et al., 2013). LIVAS 3D product of dust extinction 
was used in the same region for model evaluations: simulations for the period 2007-2012 
(Georgoulias et al., 2018) with the MACC (Monitoring Atmospheric Composition and 
Climate) aerosol system of the European Centre for Medium-range Weather Forecasts 
(ECMWF) (Morcrette et al., 2009; Benedetti et al., 2009) and for the period 2009-2013 with 
the BSC-DREAM8b regional dust model (Konsta et al., 2018). Solomos et al. (2017) evaluated 
the Regional Atmospheric Modeling System (RAMS; Solomos et al., 2011) simulations of a 
dust storm that affected the Middle East and the eastern Mediterranean in September 2015. 
They used aerosol vertical profiling measurements from the European Aerosol Research Lidar 
Network (EARLINET; Pappalardo et al., 2014) and CALIPSO, and the qualitative dust RGB 
product from the geostationary Meteosat Second Generation (MSG) Spinning Enhanced 
Visible and Infrared Imager (SEVIRI) (Schmetz et al., 2002). Solomos et al. (2019) compared 
the AOD from the NMME-DREAM model (Nickovic et al., 2001, 2016; Pérez et al., 2006) 
simulations with MODIS AOD (Platnick et al., 2017) and the Aerosol Robotic Network 
(AERONET; Holben et al.,1998) AOD values for the mesoscale simulations in the Middle East 
in 2016. Kampouri et al. (2021) analyzed the development of a volcanic plume originating 
from Mt. Etna, Italy between 30 May and 6 June 2019. Lidar measurements performed at the 
PANhellenicGEophysical observatory of Antikythera (PANGEA) of the National Observatory 
of Athens (NOA), in Greece detected the particles of volcanic origin in the days following the 
eruption. FLEXiblePARTicle dispersion model (FLEXPART; Sthol et al., 2005) simulations 
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and satellite-based SO2 observations from the TROPOspheric Monitoring Instrument onboard 
the Sentinel-5 Precursor (TROPOMI/S5P) (Veefkind et al., 2012) confirmed the volcanic 
plume transport. Varlas et al. (2021) evaluated the coupled Chemical Hydrological 
Atmospheric Ocean wave modeling System (CHAOS). CHAOS encompasses the wave model 
(WAM) two-way coupled through the OASIS3-MCT coupler with the Advanced Weather 
Research and Forecasting model coupled with Chemistry (WRF-ARW-Chem) against in-situ 
PM10 and LIRIC lidar aerosol concentration retrievals at 2 stations in Greece (Finokalia on 4 
and 15 July 2014 and Antikythera-PANGEA on 15 September 2018).  

Dust models are routinely evaluated within the Sand and Dust Storm Warning Advisory 
and Assessment System (SDS-WAS) project (WMO,  http://www.wmo.int/sdswas; Basart et 
al., 2012; Gama et al., 2015). Within the SDS-WAS, aerosol optical depth is compared with 
observations from the AERONET (Holben et al.,1998). Synergistic approaches using both lidar 
and AERONET data have been developed within the (EARLINET (Pappalardo et al., 2014). 
These algorithms, namely the Generalized Aerosol Retrieval from Radiometer and Lidar 
Combined data algorithm (GARRLiC; Tsekeri et al., 2017); LIRIC algorithm (Lidar-
Radiometer Inversion Code; Chaikovsky et al., 2016; Tsekeri et al., 2017) and the POLIPHON 
algorithm (Polarization Lidar Photometer Networking; Ansmann 2011; 2012) can provide 
vertical profiles of dust concentrations (Binietoglou et al., 2015; Tsekeri et al., 2017; Ansmann 
et al., 2019b). Papayannis et al. (2014) retrieved and intercompared lidar-derived dust mass 
concentrations from two different synergistic methodologies, LIRIC and POLIPHON, 
highlighting that POLIPHON does not require spatiotemporally collocated lidar and 
AERONET measurements and that it can provide dust concentration profiles in presence of 
thin clouds, besides the cloud-free conditions. Having cloud-relevant dust concentration 
profiles as a product of remote sensing retrievals enabled applications of mineralogy-
indifferent INPC parameterizations (Mamouri and Ansmann 2015; 2016; Ansmann et al., 
2019a; Marinou et al., 2019; Haarig et al., 2019). The lidar-derived cloud-relevant dust 
concentrations have been intercompared with in situ measurements onboard unmanned aerial 
vehicles (UAVs), showing agreement within their uncertainties (Mamali et al., 2018; Marinou 
et al., 2019). Lidar INPC has also been compared to ICNC from ground-based and satellite-
born cloud radar observations (Ansmann et al., 2019b; Marinou et al., 2019). These findings 
further encouraged the use of remote sensing instruments in model evaluation in terms of dust 
concentrations and INPC. Lidar-derived vertical profiles of cloud-relevant dust concentrations 
and INPC values calculated based on them also have the potential to be used in the data 
assimilation cycle (Ansmann et al., 2019b).  

The main objective of this Thesis is to expand the capabilities of a regional atmosphere-
dust model to describe ice initiation in presence of dust particles as a process dependent on 
thermodynamic quantities, dust concentrations, and dust mineral composition (Barreto et al., 
2021; Ilić et al., 2021). Until now, parameterizations that can be applied to describe the 
immersion freezing in presence of mineral dust particles have been developed (Atkinson et a., 
2013; Harrison et al., 2019). Parameterizations that do not take the mineral composition of dust 
into account (DeMott et al., 2015; Steinke et al., 2015; Ullrich et al., 2017) have been used in 
this type of model (Ničković et al., 2016, 2021). This Thesis presents the results of the 
implementation of INPC parameterization schemes to describe atmospheric mineral dust ice 
initiation in a regional atmospheric model with fully coupled dust transport processes. Dust 
INPC is analyzed using parameterizations as a step toward coupling the predicted dust 
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concentrations with a microphysics scheme (Thompson et al., 2014; Ničković et al., 2016). The 
main concepts of numerical modeling of atmospheric dust processes with a dust mineralogy 
representation are presented as they are described in Dust Regional Atmospheric Model 
(DREAM). The main aspect of the new development is the implementation of INPC 
mineralogy-sensitive parameterization for the immersion freezing ice initiation process in 
DREAM. Parameterizations for the immersion freezing process in the presence of feldspar and 
quartz minerals are implemented as they are the most active in the ice initiation process. 
Mineralogy-indifferent parameterizations for immersion freezing and deposition nucleation are 
also included. The model results using mineralogy-sensitive and mineralogy-indifferent 
parameterizations are used to estimate the relative contribution and the importance of feldspar 
and quartz in total INPC. 

A significant component of this Thesis is the evaluation of DREAM results with 
reference to observations. An overview is given of the remote sensing algorithms, datasets, as 
well as products, and in situ measurements used in model evaluation. The evaluation presented 
here goes beyond the operationally established methodologies. State-of-the-art remote sensing 
retrieval products are used to evaluate DREAM model performance in dust concentration 
prediction. Vertical profiles of dust concentration outputs of two-year simulations of DREAM 
were contributed to a systematic model evaluation in the frame of the EARLINET lidar 
network (Binietoglou et al., 2015). The model results are also compared with the retrievals of 
remote sensing observations for the numerical experiment performed in the Mediterranean in 
April 2016 (Ilić et al., 2022). During this period, INUIT-BACCHUS-ACTRIS experimental 
campaign was organized in Cyprus (Schrod et al., 2017; Mamali et al., 2018; Marinou et al., 
2019). The lidar retrieval dataset from the campaign was used in the evaluation of the prediction 
of cloud-relevant dust concentrations and the related INPC. Apart from the measurements 
organized within the framework of the campaign, ground-based lidar and ground-based radar 
in Potenza, Italy, were used in quantitative and qualitative model evaluation, respectively. In 
situ measurements performed during the campaign were used to evaluate model INPC in 
Cyprus. Aerosol classification from Cloud-Aerosol Lidar with Orthogonal Polarization 
(CALIOP) aboard the CALIPSO (Winker et al., 2013) and ICNC product from combined 
CALIOP and CloudSat retrievals were used to evaluate the model results during satellite 
overpasses over the dust plume (Delanoë and Hogan, 2010). The horizontal distribution of 
INPs was compared to ice water path (IWP) from the Spinning Enhanced Visible and InfraRed 
Imager (SEVIRI) sensor aboard the METEOSAT second-generation satellite (MSG) (Schmetz 
et al., 2002). While not all the measurements used in the evaluation are suitable for quantitative 
comparisons, they provide valuable insight into model performance and the potential for use 
of INPC parameterizations in dust models. 

The Thesis is organized into seven Chapters. The manuscript begins with the 
introduction with the motivation and objectives of the study in Chapter 1. In Chapter 2, the 
main concepts of dust modeling with reference to mineral composition representation are 
described as they are represented in the DREAM model. In Chapter 3, the observation 
methodologies, and datasets (both remote sensing and in situ) are described, as well as their 
applications in the model evaluation. Chapter 4 presents the validation of the model results for 
two years in several stations in Europe, and for selected cases in April 2016 in the 
Mediterranean. Chapter 5 presents the main results of the application of INPC 
parameterizations in the model and comparisons with the measurements.  The Thesis concludes 
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with a summary of the main findings and conclusions with an outlook for the future given in 
Chapter 6. References are listed in Chapter 7. 
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2 Numerical Modeling of Atmospheric Mineral Dust 
   Dust aerosols are abundant in the atmosphere with an estimated production of several 

thousand megatons per year (Tegen and Fung 1994). The main dust sources on Earth are 
deserts, dried-out rivers, and lake beds. It is estimated that almost half of the global dust 
emissions occur in Africa (Huneuus et al., 2011), the location of the Sahara, the largest desert 
in the world. The role of mineral dust has been recognized to be important in a broad range of 
atmospheric phenomena at different scales. The role and interactions of dust in the environment 
are influenced by its chemical and mineral composition. Adequate description of the mineral 
composition of dust in numerical models can improve the representation of certain processes 
in weather prediction and climate simulations (Nickovic et al., 2012). The mineral composition 
of dust affects radiation, cloud processes, deposition of nutrients, and human health. The direct 
impact of mineral dust on both shortwave and longwave radiation is significantly affected by 
its mineral composition (Sokolik and Toon, 1999, Claquin et al., 1998; Balkanski et al., 2007). 
As a consequence of interaction with radiation, large dust loads can reduce the surface 
temperature by a few degrees (Perez et al., 2006). The indirect impact of dust on radiation is 
related to its role in the cloud process. Dust particles can serve as CCN (Koehler et al., 2009; 
Kumar et al., 2009, 2011) and INPs (DeMott et al., 2010; 2015). Several field experiments and 
laboratory studies have shown that mineral dust can be the dominant source of INPs (Hoose 
and Möhler, 2012; Murray et al., 2012; Cziczo et al, 2013). Some minerals found in dust are 
more efficient in ice initiation. Particles containing K-feldspar are considered to be the most 
efficient INPs, while quartz as a major component of dust can also contribute to ice nucleation 
(Atkinson et al., 2013, Boose et al., 2016; Harrison et al., 2016, 2019). The interaction of dust 
with the biosphere is related to the transport of nutrients found in dust and the atmospheric 
processing which makes the nutrients usable by living organisms. Long-range transport of dust 
increases the solubility of iron present in dust through interactions with cloud processes and 
radiation, making it bioavailable to ocean phytoplankton (Baker and Jickells, 2006; Journet et 
al., 2008). Nickovic et al. (2013) developed a regional model for atmospheric transport and 
transformation of iron in dust and its deposition over the Atlantic. High surface concentrations 
of dust are associated with a significant risk of respiratory and cardiovascular diseases in 
humans (Giannadaki et al., 2014). Iron in dust may be a contributor to bacterial growth and 
epidemics of meningococcal meningitis in the African Sahel (Pérez et al., 2014). 

There are several modeling approaches to the exploration of the transport of mineral 
dust particles and their role in the atmosphere. Offline dust models rely on previously saved 
output with regular time intervals of meteorological fields from global or regional atmospheric 
models or reanalyses (Mahowald et al, 1999). Trajectory models can be used to calculate air 
mass trajectories and estimations can be made about air masses containing and transporting 
aerosol particles. Offline models can be more complex, including calculations of dust emission, 
transport, and wet and dry deposition. The first online models were focused on the analysis of 
specific events (Westphal et al., 1988). Several years later, global dust transport models were 
developed (Tegen and Fung 1994, 1995) to simulate long-range transport on seasonal scales. 
A more detailed view of the atmospheric dust process required higher spatial and temporal 
resolution available with regional models (Ničković and Dobričić 1996; Marticorena et al., 
1997; Nickovic et al., 2001). In online models, it is feasible to perform online simulations of 
dust and its interaction with clouds, radiation, or biosphere (Perez et al., 2006b, Nickovic et al., 
2013, Su et al., 2018). Resolution of the atmospheric driver of these models is chosen to 
describe a certain scale of the phenomena, several tens of kilometers for the global models, to 
several kilometers for high-resolution prediction of very strong smaller-scale dust events such 
as haboobs (Vuković et al., 2014).  
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2.1 Dust Regional Atmospheric Model (DREAM) 

The Dust Regional Atmospheric Model (DREAM) (Nickovic et al. 2001; Nickovic 
2005; Vuković et al. 2014) is an atmospheric dust cycle model, including emission, horizontal 
and vertical turbulent mixing, large scale transport, and deposition. It is coupled with an 
atmospheric driver model, the Nonhydrostatic Mesoscale Model (NMM) so that they share the 
same time step. In the coupled dust-atmosphere model, the dust cycle is driven by atmospheric 
variables, but dust does not influence the atmospheric variables as it is considered a passive 
tracer. Therefore, there are no parameterizations of dust interactions with the environment. 
NMM is a numerical atmospheric model capable of simulating atmospheric phenomena of 
different time and spatial scales, from high-resolution weather forecasts to regional climate 
studies. It was developed and run for several years operationally at National Centers for 
Environmental Prediction (NCEP) in Washington D.C., USA. It is being actively developed 
and used in operational forecasts and research in RHMSS/SEEVCCC 
(https://www.seevccc.rs). For the simulations used in this thesis, DREAM is set up with a 
domain covering Saharan and Middle Eastern dust sources and dust transport in the 
Mediterranean. The model is run with 0.1°×0.1° horizontal resolution and 28 vertical levels.  

DREAM, as a fully coupled atmospheric dust cycle model, solves an Eulerian type dust 
mass (C) continuity prognostic equation: 
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(2. 1) 

where u and v are horizontal components of velocity, w is vertical velocity, wt is particle 
terminal velocity, Kh is the horizontal diffusion coefficient, Kh is the vertical diffusion 
coefficient. The first two right-hand side terms represent horizontal advection of dust, and the 
third is vertical advection. The fourth and fifth terms represent horizontal and vertical turbulent 
diffusion, respectively. The remaining two terms represent dust source and sink.  

In DREAM, dust particle size distribution has been discretized and the particles are 
distributed in 8 size bins (Table 2.1) (Perez et al., 2006a). The size distribution in each size bin 
is considered to be log-normal with a mass median diameter of 2.524 mm (Shettle, 1984) and 
geometric standard deviation of 2.0 (Schulz et al., 1998). The sub-bin distribution is maintained 
throughout the model simulation (Zender et al., 2003). The analytic sub-bin distribution allows 
accurate prescription of physical and optical properties known to vary across the bin width 
(Perez et al., 2006). The first four bins with smaller effective radii represent clay particles, and 
the larger particles are in the silt category according to the United States Department of 
Agriculture (USDA) classification. Each of the size bins is represented by one mass continuity 
equation in the model. 

The particle emission in the model is parameterized by an emission scheme. The 
particles can be injected into the atmosphere from the grid points in the model which are 
considered to be dust productive source points. To determine the dust productivity factor in 
dust sources in the model domain, land cover and soil type databases are used. USGS (United 
States Geological Survey, Olson 1994 a, b) land cover dataset provides information about 
vegetation cover which distinguishes between the desert and non-desert areas (Nickovic et al., 
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2001; Walker et al., 2009). Land cover sources are combined with preferential sources 
originating from sediments in paleo-lake and riverine beds (Ginoux et al., 2001; Nickovic et 
al., 2016). Soil type information is used from a hybrid STATSGO (State Soil Geographic 
Database) – FAO (Food and Agriculture Organization of the United Nations) database (USDA, 
1994), with 30s spatial resolution and 12 USDA soil type classes. In an atmospheric mineral 
dust regional model, clay and silt soil types are considered. Clay and silt soil type correspond 
to the particle bins 1-4 and 5-8 respectively (Table 2.1). Land cover and soil type maps are 
interpolated to the DREAM grid, creating source masks. Source masks provide land cover and 
soil type information in terms of fractions of area for which each model grid point is 
representative. Another parameter important for defining dust sources is the effectiveness of 
the dust source, the fraction of mass of particles available for emission as described by Tegen 
and Fung (1994). Additional parameters may be added when mineral-specific source masks are 
defined (Nickovic et al. 2013; Ilic et al., 2021). This parameter will be described in the next 
chapter. 

Table 2.1 Effective radii and size limits for 8 bins in DREAM 

Size fraction Bin Size limits (μm) Effective radius (μm) 

Clay 

1 0.1-0.18 0.15 

2 0.18 - 0.3 0.25 

3 0.3 - 0.6 0.45 

4 0.6 - 1.0 0.78 

Silt 

5 1.0 - 1.8 1.3 

6 1.8 - 3.0 2.2 

7 3.0 - 6.0 3.8 

8 6.0 - 10.0 7.1 

Dust productivity factor can be calculated for all potential source points and is defined 
for each size bin k as  

𝛿 = 𝛼𝛽 𝛾  

(2. 2) 

where 𝛼 is the fraction of the area from which emission is possible, 𝛽 defines clay or silt 
fraction, and γ represents mass fraction available for emission (Nickovic et al., 2001). 

In this model, dust emission parameterization includes a viscous sublayer between the 
surface and the lowest model layer (Janjic, 1994). The turbulent vertical transfer of dust into 
the lowest model layer is parameterized following different turbulent regimes (laminar, 
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transient, and turbulent mixing). When the particles are lifted through the boundary layer and 
into the free troposphere, they are transported by horizontal and vertical advection and 
horizontal and vertical turbulent diffusion processes. The particles’ removal from the 
atmosphere (the sink term in the dust mass continuity equation 2.1) is described by dry and wet 
deposition processes. The dry deposition scheme includes processes of deposition by surface 
turbulent diffusion and Brownian diffusion, gravitational settlement, and interception and 
impaction on the surface roughness elements (Georgi, 1986). The wet dust deposition is 
proportional to the rainfall rate (Nickovic et al., 2001). Rainfall in the NMM atmospheric model 
can be produced by a convective cloud scheme (Janjic, 1994) and by the Ferrier et al. (2002) 
grid-scale cloud microphysics. The Ferrier et al. (2002) scheme is not aerosol-friendly, which 
means that it does not take forecasted aerosol concentrations as an input to cloud process 
calculations.  

2.2 Mineral Composition of Atmospheric Dust 

Capability of the dust model to reproduce the mineral content of atmospheric dust was 
enhanced with the development of mineralogical databases with estimates of mineral content 
in the dust (Claquin et al., 1999; Nickovic et al. 2012). GMINER30 gridded database has global 
coverage and is convenient for interpolation into various model grids (Figure 2.1). The minerals 
in the database are mapped based on the hybrid STATSGO – FAO soil type database and 
mineralogical tables of Claquin et al. (1999) which relate soil types to surface mineralogy. 
GMINER30 provides mineral fractions of illite, kaolinite, smectite, calcite, quartz, and 
hematite in clay fraction, and feldspar, gypsum, calcite, quartz, and hematite in silt fraction. 
For each of the minerals used in model simulations, source masks are created for clay and silt 
fractions and added as additional terms in the dust productivity equation. Each simulated 
mineral requires additional eight mass continuity equations for the eight size bins, and minerals 
are assumed to be externally mixed. Therefore, this type of model simulation can significantly 
increase the computational demands, even if the minerals are transported as passive tracers. 
Parameterizations of dust interactions with the environment would increase the computational 
complexity even further. 

In simulations presented in this thesis, it was analyzed how the mineral composition of 
dust affects INPC. This is achieved by implementing appropriate INPC parameterizations in 
DREAM. Most of the INPC parameterizations presented in the literature do not take the 
mineral composition of dust into account (mineralogy-indifferent parameterizations). On the 
other hand, a study by Atkinson et al. (2013) showed that the main contributor to the 
effectiveness of dust as an immersion freezing INP is K-feldspar. They provided a mineralogy 
sensitive INPC parameterization, developed for several minerals present in dust. Further 
investigation confirmed that K-feldspars are generally very efficient ice nuclei although some 
alkali feldspars may have high nucleating abilities with implications on INPC prediction 
(Harrison et al., 2016). K-feldspar concentrations were found to be correlated with the ice-
nucleating ability of nine desert dust samples (Boose et al., 2016). Quartz, as a major 
component of atmospheric mineral dust (Glaccum and Prospero, 1980), has been studied as a 
potential INP contributor and has proven to be active as an INP as well (Zolles et al., 2015; 
Holden et al., 2019; 2021). Several laboratory studies continued the development of mineralogy 
sensitive INPC parameterizations (Zolles et al., 2015; Harrison et al., 2016; Harrison et al., 
2019). Harrison et al. (2019) analyzed the relative importance of quartz to feldspars in 
immersion ice nucleation, and as a result, developed new INP parameterizations for feldspar 
and quartz concentrations as main INPC contributors: feldspar due to its effectiveness, and 
quartz as a less effective but abundant mineral.  
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Figure 2.1 DREAM dust source masks for total dust, feldspar, and quartz in the model domain. 
Feldspar and quartz source masks are interpolated to model grid points from the GMINER30. 
Adapted from Ilić et al. (2022). 

Therefore, feldspar and quartz minerals are considered in DREAM, since they are 
proven to be significant contributors to INPC. Mineralogy-sensitive parameterization by 
Harrison et al. (2019) is used. GMINER30 database does not provide feldspar fraction in the 
clay soil type but there is observational evidence of its presence (Kandler et al., 2009). 
Therefore, the same quartz-to-feldspar ratio as considered for silt-sized particles is used in silt 
to estimate feldspar fraction (Atkinson et al., 2013). Feldspar and quartz mineral fraction for 
clay and silt are created for the model domain (Figure 2.1). Fractions of feldspar and quartz 
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and their standard deviations across the whole model domain are given in Table 2.2. 
Considering the two mineral fractions and total dust concentrations in eight size bins, a total of 
24 dust mass continuity equations are calculated in the model.  

Table 2.2 Mean fractions and standard deviations for feldspar and quartz source masks for clay 
and silt, based on dust source grid points in the model domain used. Adapted from Ilic et al. 
(2022). 

Mineral fraction Mean fraction Standard deviation 

Feldspar in clay 0.03 0.02 

Feldspar in silt 0.22 0.14 

Quartz in clay 0.06 0.03 

Quartz in silt 0.59 0.22 
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3 Remote Sensing and In Situ Observations of Dust and Clouds 
To improve the prediction of clouds and the atmospheric cycle of aerosols, enhanced 

information is needed on aerosol horizontal and vertical distribution in the atmosphere and 
their interaction with weather systems. Such information has been made available through 
efforts in establishing ground-based remote sensing instrument networks for aerosol and cloud 
research (e.g., the Aerosol Robotic Network (AERONET; Holben et al. 1998), Cloudnet cloud 
radar observation network (Illingworth et al., 2007), the European network of ground-based 
aerosol lidars (EARLINET; Pappalardo et al., 2014). Satellite-borne sensors have also been 
used to observe aerosols and clouds. Products from selected sensors are used in this Thesis: 
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) onboard Cloud-Aerosol Lidar 
and Infrared Pathfinder Satellite Observation (CALIPSO) provides information on the vertical 
profiles and optical properties of aerosols and clouds (Winker et al., 2013); Cloud Radar aboard 
CloudSat provides the altitude and microphysical properties of clouds (Delanoë and Hogan, 
2010); the Spinning Enhanced Visible and InfraRed Imager (SEVIRI) sensor aboard the 
METEOSAT second-generation satellite (MSG), among other products, provides cloud 
imaging and tracking (Schmetz et al., 2002). 

Important properties of satellite or ground-based remote sensing observations are their 
spatial and temporal coverages and resolutions depending on the observation platform and 
instruments used. Satellite measurements can provide long-term observation data with global 
coverage or with a relatively high vertical resolution compared to conventional radio-sounding 
measurements. Ground-based remote sensing stations can provide global coverage but can be 
sparse in some geographical areas. On the other hand, they can also provide long-term higher 
vertical and temporal resolution measurements. However, besides the operational observations, 
field campaigns are organized to observe dust events in limited time periods, often using a 
variety of instruments for remote sensing and in situ measurements, based on the ground or 
aboard unmanned aerial vehicles (UAVs) and airplanes (Schrod et al., 2017; Price et al, 2018; 
Konsta et al., 2020). Regardless of the measurement platform, the characterization of aerosols 
in the elevated layers is important in studies of aerosol long-range transport and their role in 
the cloud process. A number of experimental campaigns were organized, for which one of the 
objectives was to investigate the role of dust in ice initiation: e.g., the Ice in Clouds Experiment 
– Tropical (ICE-T), based in St. Croix, US Virgin Islands in June 2011 (Heymsfield et al., 
2014); the Ice in Clouds Experiment-Dust (ICE-D) field campaign, organized in the region of 
the Cape Verde archipelago in August 2015 (Price et al., 2018). The INUIT-BACCHUS-
ACTRIS campaign in Cyprus in April 2016 was organized within the framework of three 
projects: Ice Nuclei Research Unit (INUIT); Impact of Biogenic versus Anthropogenic 
emissions on Clouds and Climate: towards a Holistic UnderStanding (BACCHUS); and 
Aerosols, Clouds, and Trace gases Research Infrastructure (ACTRIS) (Schrod et al., 2017; 
Marinou et al., 2019). 

In aerosol research, lidar, as an active remote sensing instrument, can be used for the 
vertically resolved characterization of aerosols, necessary in the investigation of their impact 
on the Earth’s environment. Atmospheric lidars have high vertical resolution when compared 
to common meteorological measurements such as radiosondes. This enables lidars to provide 
information about the fine features of elevated aerosol layers. It should be considered that thick 
cloud layers limit the altitudes from which the signal can be retrieved and consequently limit 
the lidar data analysis. The use of lidar data in model evaluation and the data assimilation cycle 
can lead to improvements in the quality of forecasts (Konsta et al., 2021; Escribano et al., 
2022). Ground-based lidar measurements are organized in the frame of the GAW Aerosol Lidar 
Observation Network (GALION) initiative of WMO to form a global observational capacity 
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(Hoff and Pappalardo, 2010). Individual networks which compose the GALION are the 
European Aerosol Research Lidar Network (EARLINET; Pappalardo et al., 2014), the 
Micropulse Lidar Network (MPLNET; https://mplnet.gsfc.nasa.gov/; Welton et al., 2001), a 
NASA-supported network of comparatively low-cost micropulse backscatter lidars, the Latin 
America Lidar Network (LALINET; http://www.lalinet.org/; Antuña-Marrero et al., 2017) in 
Latin America, and the Asian dust and aerosol lidar observation network (AD-Net; Nishizawa 
et al., 2017). 

 

Figure 3.1 The EARLINET network in Europe. The green squares indicate the active stations, 
the yellow squares indicate the joining stations, and the red square indicates the non-active 
Finokalia, Greece, station. Adapted from Papagiannopoulos et al., 2020. 

EARLINET is a European network of ground-based aerosol lidars (Bösenberg et al., 
2001; Pappalardo et al., 2014). The lidar systems within EARLINET have diverse technical 
characteristics (Matthias et al., 2004). To overcome possible discrepancies in the lidar data 
analysis, standardization is established through a set of quality assurance tests (Freudenthaler 
et al., 2018) and inter-comparison campaigns (Wandinger et al., 2016). Significant efforts have 
been made toward an automated lidar data analysis through the development of the Single 
Calculus Chain tool (SCC) (D’Amico et al., 2015). Lidar observations within EARLINET are 
performed on a regular schedule which provides long-term, quality-assured aerosol data on a 
European scale (Bösenberg et al., 2003). In addition to the routine measurements, additional 
observations are organized to monitor Saharan dust episodes, volcanic eruptions, forest fires, 
and satellite overpasses (CALIOP, AEOLUS). Leibniz Institute for Tropospheric Research 
(TROPOS) made an effort to develop a lidar network with the advantages of using standardized 
instrument design, automated continuous operation during day and night in a wide range of 
weather conditions, and unified data processing (Althausen et al., 2009; Baars et al., 2016; 
Engelmann et al., 2016). This resulted in the development of multi-wavelength polarization 
Raman lidars called PollyXT lidars, which have been used within the so-called PollyNET 
international network of independent, voluntary, measurement stations (Althausen et al., 2013). 
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The map of the stations is shown in Figure 3.2. Some of the PollyNET stations have been part 
of EARLINET and the associated lidars have been used in experimental campaigns organized 
close to Sahara dust source regions (e.g., SAMUM-1 and SAMUM-2, Ansmann et al., 2011b; 
INUIT-BACCHUS-ACTRIS; Schrod et al., 2017; SALTRACE, Weinzierl et al. 2017; PRE-
TECT, Konsta et al., 2021) and aboard the research vessel Polarstern (Rittmeaister et al., 2017; 
Ansmann et al., 2017).  

 

Figure 3.2 Operational (green) and non-operational (red) PollyNet lidar stations. Adopted from 
https://polly.tropos.de (last access: 18 March 2022). 

A global network of sun photometers, the AERONET, has been in operation since the 
1990s (Holben et al. 1998). AERONET provides globally distributed observations of spectral 
aerosol optical depth (AOD) at seven wavelengths in the range 340 - 1020 nm, precipitable 
water vapor, and inversion products including aerosol size distributions and refractive indices 
at four wavelengths in the range 440 - 1020 nm.  AERONET sun photometer measurements 
provide volume concentration for 22 size classes in particle size range from 0.05 µm to 15 µm. 
AERONET data analysis is centralized at the NASA processing facility, providing operational 
products several hours after measurements are performed. The near real-time quality control 
algorithm for sun photometer AOD measurements is described by Giles et al. (2019). The 
algorithm for retrieval of inversion products is described in Dubovik and King (2000) and 
Dubovik et al. (2006).  

Multiwavelength lidar systems, with Raman and depolarization capabilities, can be 
used to differentiate the layers in terms of dominant aerosol type (e.g., smoke, dust, marine, 
volcanic, continental) (Nicolae et al, 2018). In synergy with columnar photometer 
measurements, lidars are used to retrieve dust concentration profiles (Lopatin et al., 2013; 
Mamouri and Ansmann, 2015, 2016; Chaikovsky et al., 2016), as explained in more detail later 
in this chapter. In this Thesis, vertical profiles of dust concentration, retrieved from ground-
based measurements using lidar and sun photometer, which are parts of EARLINET and 
PollyNET lidar networks and AERONET photometer network, respectively, are used in model 
evaluation. Additional insight into the dust plumes and associated cloud formation is provided 
by other remote sensing systems (i.e., CALIOP, Cloudsat, MSG-SEVIRI, Cloudnet), described 
later in this chapter.  
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3.1 Aerosol Lidar Remote Sensing and Dust Mass Concentrations 
Retrievals 

Evaluation of dust model outputs can be performed by calculation of vertical profiles 
of dust extinction coefficient and their comparison with lidar measurements (Perez et al., 2006 
a, b; Mona et al., 2014). Another approach relies on retrieval algorithms to calculate dust 
concentration profiles based on lidar and sun photometer measurements, which are then used 
for the evaluation of modeled dust concentrations. The latter approach is used in this Thesis, 
since it focuses on ice nucleating particle concentrations (INPC) and cloud-relevant dust 
concentrations are necessary input parameters for parameterization schemes (along with 
thermodynamic quantities).  

In this Thesis, the results of the evaluation of the model by comparison with dust 
concentration retrievals by two retrieval algorithms are shown: LIRIC (Chaikovsky et al., 
2016) and POLIHPON (Mamouri and Ansmann 2015; 2016). LIRIC and POLIPHON belong 
to two different categories of algorithms. LIRIC is used to find the optimal aerosol profile 
which fits both the vertically resolved lidar measurements and the columnar sun photometer 
measurements. This approach requires the measurements to be collocated and simultaneous, 
thus limiting the number of available measurements. Moreover, since sun photometer 
measurements require daylight and a clear sky, it makes the use of LIRIC impossible in case 
of nighttime lidar measurements or in presence of clouds. As opposed to LIRIC, the 
POLIPHON algorithm does not require the lidar and sunphotometer measurements to be 
collocated and simultaneous. A comparison of LIRIC and POLIPHON algorithms regarding 
the retrieved aerosol concentrations was performed in earlier studies. A good agreement 
between LIRIC and POLIPHON non-spherical particle mass concentration was reported for a 
Saharan dust case at Leipzig in 2008 (Wagner et al., 2013). Papayannis et al. (2014) analyzed 
vertical profiles of the aerosol optical, size, and mass properties retrieved from lidar and 
sunphotometer measurements in EARLINET/AERONET stations in Greece and Romania 
during a two-day experiment in September 2012. They found that aerosol mass concentrations 
obtained using LIRIC and POLIPHON retrievals over Bucharest differed by less than 20% for 
layers with significant non-spherical aerosol loads, indicative of dust. The two algorithms are 
described in more detail in further text.  

3.1.1 LIRIC Algorithm 

LIRIC algorithm is used to derive vertical profiles of aerosol volume and mass 
concentrations (Kokkalis et al., 2013; Tsekeri et al., 2013; Wagner et al., 2013; Chaikovsky et 
al., 2016) separately for fine, coarse spherical, and coarse spheroidal particles. Thus, it allows 
differentiation of contributions of different aerosol types to the aerosol vertical profile. 
Irregularly shaped dust particles are represented in LIRIC algorithm as spheroidal particles. 
The coarse spheroidal particles are of primary interest in this Thesis as they represent the dust. 
LIRIC is based on coincident lidar and AERONET sunphotometer measurements. It uses the 
elastically backscattered lidar signals at three wavelengths (355, 532, 1064 nm) as input and 
makes use of the AERONET inversion products: aerosol columnar size distribution, refractive 
index, and sphericity parameter (which represents the percentage of spherical particles). It is 
assumed in LIRIC that the microphysical properties of aerosols above the measurement station 
do not change with altitude. Moreover, the aerosol complex refractive index and the sphericity 
parameter are assumed to be the same for fine and coarse-mode aerosols. The lidar signals are 
cut off at the altitude of full overlap between the laser beam and the receiver field of view of 
the instruments. Based on the assumption that the particles below the full overlap height are 
well mixed, it is assumed that the vertical profiles of aerosol concentrations are constant at 
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these altitudes. Above the altitude of full overlap, the concentration profiles are dependent on 
height. Using a least squares algorithm, LIRIC optimizes volume concentration profiles to fit 
the lidar signals, AERONET columnar volume concentration and user-defined smoothness 
constraints. Since the scattering of polarized laser beam by non-spherical particles can result 
in depolarization of the incident light, the distinction between the spherical and non-spherical 
components of the coarse mode particles is based on depolarization measurements at 532 nm 
(Chaikovsky et al., 2016). Some lidar instruments do not provide depolarization measurements, 
and therefore they lack the capability to separate between the non-spherical and spherical 
components, so the coarse mode would be representative of both the marine and dust particles. 
While important in individual cases, in systematic statistical comparisons, such as the 
systematic study by Binietoglou et al., (2015) this limitation does not significantly affect the 
outcome of the whole study.  

3.1.2 POLIPHON Algorithm 

POLIPHON algorithm can be applied to lidar profiles from both ground-based and 
space-borne instruments. Based on the particle depolarization ratio the desert dust particles can 
be separated from marine and other continental particles. As previously mentioned, desert dust 
particles can be identified because of the high depolarization of backscattered linearly polarized 
laser light. On the other hand, typical mixtures of non-desert aerosols cause very low 
depolarization (Mamouri and Ansmann, 2015; 2016). In this Thesis, cloud-relevant dust 
concentrations retrieved from ground-based lidar are discussed. In the first part of the 
POLIPHON algorithm, the lidar observations are analyzed to calculate the vertical profiles of 
the backscatter coefficient at the wavelength of 532 nm. The height-dependent volume 
depolarization ratio (δv,532) can be expressed as: 

 

𝛿 , =
𝛽

𝛽∥ =  
𝛽 , + 𝛽 ,

𝛽 ,
∥ + 𝛽 ,

∥  

(3. 2) 

where β║ and β┴ are the vertical profiles of parallel- and cross-polarized components of the 
backscatter coefficient, respectively. The indexes p and m denote particle and molecular 
contributions, respectively.  The particle and molecular depolarization ratios can be expressed 
by similar equations (Tesche et al., 2009). The expression for the particle depolarization ratio 
is:  

𝛿 , =
𝛽 ,

𝛽 ,
∥ =  

𝛽 , + 𝛽 ,

𝛽 ,
∥ + 𝛽 ,

∥  

(3. 3) 

where the indexes n and d denote non-dust and dust contributions, respectively. The particle 
depolarization ratio is then used to separate the contributions of dust and non-dust particles to 
the particle backscatter coefficient. The separation method is based on changes in the 
polarization of an emitted laser beam as it interacts with a dust layer (Tesche et al., 2009; Groß 
et al., 2011). After rearrangement and appropriate substitutions, described in detail by Tesche 
et al. (2009), the following expression is obtained: 
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𝛿 , =  
𝛽 , 𝛿 , (1 + 𝛿 , ) + 𝛽 , 𝛿 , (1 + 𝛿 , )

𝛽 , (1 + 𝛿 , ) + 𝛽 , (1 + 𝛿 , )
 

(3. 4) 

where βp,532 the total particle backscatter coefficient, βd,532 is the dust backscatter coefficient, 
δp,532 is total particle depolarization ratio, δd,532 is dust depolarization ratio, δnd,532 is non-dust 
particle depolarization ratio and. After substitution the expression for dust backscatter 
coefficient is obtained:  

𝛽
,

= 𝛽 ,

𝛿 , − 𝛿 , 1 + 𝛿 ,

𝛿 , − 𝛿 , 1 + 𝛿 ,

 

(3. 5) 

For the separation criteria, a dust particle depolarization ratio needs to be used. The dust 
depolarization ratio values measured at several locations have been reported in literature. The 
average value of 0.31 ± 0.02 at 532 nm was reported for 19 dust cases near the dust sources in 
Morocco during SAMUM-1 campaign (Freudenthaler et al., 2009). The values obtained for 
transported but pure Saharan dust from measurements during SAMUM-2 at Cape Verde were 
0.30 ± 0.01 (Groß et al., 2011). Depolarization ratio values of other aerosol types at different 
locations are also reported in literature. The comprehensive study by Baars et al. (2016) gives 
an overview of the observations on four continents and two research vessels obtained with eight 
Polly systems and analyzed particle depolarization ratio values (along with other optical 
properties), of several aerosol types (mineral dust, smoke, dust-smoke and other dusty 
mixtures, urban haze, and volcanic ash) at multiple locations. Groß et al. (2013) analyzed 
optical properties of continental pollution aerosol EUCAARI-LONGREX field experiment 
over Europe in May 2008. Ansmann et al. (2010) measured particle depolarization ratios at 
several locations in central Europe during eruptions of the Icelandic Eyjafjallajökull volcano 
in 2010. Haarig et al., 2017 performed profiling the the Saharan dust during the SALTRACE 
campaign in the Caribbean in 2013 and 2014. In the retrievals performed to provide data used 
in this Thesis dust depolarization ratio of 0.31 ± 0.04 and a non-dust aerosol depolarization 
ratio of 0.05 ± 0.03 were assumed, based on data from the literature and long-term 
measurements at the measurement stations in focus. Then, the dust extinction coefficient was 
calculated as follows: 

𝜎 , = 𝐿𝑅 , × 𝛽 ,  

(3. 6) 

where σd,532 is the dust extinction coefficient, LRd,532 is the dust lidar ratio and βd,532 is the dust 
backscatter coefficient at 532 nm wavelength. The assumed value of lidar ratio was 45 ± 10 sr 
for Saharan dust at 532 nm. This value was estimated based on analyses of several years of 
lidar measurements in Europe (Müller et al., 2007), Cape Verde (Tesche et al., 2011), Middle 
East (Nisantzi et al., 2015) and Africa (Veselovskii et al., 2016).  

The obtained dust extinction profiles have been converted to dust particle number, surface area 
and volume concentrations using AERONET-based parameterizations (Ansmann et al., 2011a; 
2012; Mamouri and Ansmann 2015; 2016).  The dust volume concentration is calculated as: 

 
𝑣 (𝑧) = 𝑐 , , × 𝜎 , (𝑧) 

(3. 5) 
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where vd is height-dependent dust volume concentration, cv,d,532 is dust extinction-to-volume 
conversion factor at 532 nm wavelength and σd,532 is the dust extinction coefficient at the same 
wavelength. Dust mass concentrations are calculated by multiplication of Equation 3.5 with 
the dust particle density ρd of 2.6 g/cm3 (Ansmann et al., 2012): 

𝑀 (𝑧) = 𝜌 × 𝑣 (𝑧) 

(3. 6) 

In this Thesis, results of POLIPHON algorithm are used to derive vertical profiles of cloud-
relevant dust concentrations, necessary as inputs to INPC parameterizations. Thus, the profiles 
of concentrations of dust particles with radii greater than 250 nm (n250) and dust dry particle 
surface area concentrations (Sd) are calculated similarly to Equation 3.5, based on appropriate 
conversion factors given in Ansmann et al (2019).  

 The conversion factors are based on good correlation found between columnar particle 
concentration values from appropriate class to AOD at 500 nm, at stations dominantly under 
the influence of dust aerosol (Ansmann et al., 2019a). From that relationship the dust 
extinction-to-volume conversion factors are determined. To select AERONET data pertaining 
to dust, Ansmann et al (2019) used the following criteria: 440-870 nm Ångström exponent 
value less than 0.3 and AOD value at 532 nm greater than 0.1. POLIPHON retrieval dataset of 
extinction coefficients for Nicosia on April 2016, used in this Thesis, has been obtained from 
NOA (Eleni Marinou, personal communication, 2020) and appropriate conversion factors have 
been applied. POLIPHON retrieval data for Potenza on April 18, 2016, used in this Thesis has 
been obtained from CIAO (Fabio Madona, personal communication, 2021). Conversion factors 
used for provision of the POLIPHON data were provided in work by Ansmann et al. (2019). 
For the Nicosia, Cyprus station, conversion factors obtained using observation data for the 
closest AERONET station at Limassol, Cyprus were used. The stations are at around 60 km 
distance. For the Potenza station, conversion factors based on AERONET data from the North 
African stations at Tamanrasset, Izana, Tenerife, Sal, Cabo Verde; Dakar, Banizoumbou, and 
Ilorin have been used. 

3.2 The CALIOP instrument 

CALIOP is a nadir-viewing standard dual-wavelength (532 and 1064 nm) elastic 
backscatter lidar with a polarization channel at 532 nm, operating aboard the CALIPSO 
satellite. CALIPSO was launched in 2006 as the first satellite to carry a lidar specifically 
designed to study aerosols and clouds (Winker et al., 2009). In the period analyzed in this 
Thesis, CALIPSO and CloudSat were among five satellites in the A-train satellite constellation 
(Figure 3.3). All the satellites in the A-train are in a 705 km sun-synchronous polar orbit with 
a 16-day repeat cycle. Polar-orbiting satellites in the A-train provide observations of aerosols 
and clouds globally. The A-train constellation enables the use of products derived from 
synergies of instruments aboard several satellites. CALIPSO and CloudSat provide vertically 
resolved observations of aerosols and clouds. More information on CALIPSO and CloudSat 
synergetic products related to ice clouds is given later in this chapter. 

CALIOP lidar measures vertical profiles of the attenuated backscatter of aerosols and 
clouds at 532 and 1064 nm with a resolution of 1/3 km in the horizontal direction and 30 m in 
the vertical direction (Winker et al., 2009). The retrieval algorithm uses altitude, location, 
surface type, depolarization measurements at 532 nm, and integrated attenuated backscatter to 
classify aerosols (Omar et al., 2009). Aerosols layers are classified into layer types and sub-
types: dust, marine, smoke, polluted dust, polluted continental, and clean continental (Liu et 
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al., 2009; Omar et al., 2009). The products used in this thesis are the Level 2 products, version 
4.20 (Kim et al., 2018). Specifically, the aerosol subtype product was used to provide 
qualitative observations of types of the aerosol present in the dust plume cross section. 

 

Figure 3.3. An illustration of the A-Train satellite constellation. CALIOP measurements are 
depicted as a quicklook image of the lidar range corrected signal along the satellite ground 
track. The image was adapted from https://www-calipso.larc.nasa.gov/.  

3.3 Cloud Radar Observations 

Numerical models typically do not fully resolve clouds as they are a phenomenon of 
subgrid-scale. Therefore, the cloud processes are parameterized. To contribute to numerical 
weather prediction and improve our knowledge of cloud processes, the Cloudnet cloud radar 
observation network (Stephens et al., 2002; https://cloudnet.fmi.fi) provides data that is 
designed for systematic evaluation of weather forecast models and cloud research. Cloudnet 
algorithm uses observational data retrieved by several instruments: cloud radars, ceilometers, 
microwave radiometers, and radiosondes (e.g., water vapor path, liquid water path, cloud base 
height) to calculate the liquid water content (LWC) and ice water content (IWC). The 
observations are supplemented by the vertical profiles of temperature, wind speed, and 
humidity from an operational model. These quantities are interpolated to a common grid at the 
cloud radar resolution and used as input to the Cloudnet algorithm. To retrieve LWC and IWC 
profiles, a target categorization is performed. Several different target categories can be 
determined: hydrometeors forming clouds and precipitation (liquid droplets, ice crystals, 
drizzle, and rain), aerosols, and insects.  

In this Thesis, IWC data from CNR-IMAA Atmospheric Observatory (CIAO), a 
Cloudnet station located in Potenza, Italy (Madonna et al., 2011), are used. The datasets were 
provided by CIAO (Fabio Madona, personal communication, 2020). CIAO is equipped with 
near-infrared ceilometers (Vaisala CT25k and Jenoptik CHM15k), a microwave radiometer 
(Radiometrics MP3014), and a Ka-band pulsed polarimetric Doppler radar (Metek Mira 36). 
All datasets from instruments are processed using the Cloudnet algorithm (Illingworth et al., 
2007), interpolated to the radar time and height resolution at a common grid of 30 s and 30 m 
in height. IWC is estimated using the approach by Hogan et al. (2006) from measured radar 
reflectivity and temperature from the ECMWF forecast model, using a power-law relationship 
between IWC and radar reflectivity at 36 GHz. The formula is only applied when the target is 
composed of ice, according to the target categorization. The retrieval is not reliable above rain 
or melting ice when attenuation cannot be estimated accurately.  
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3.4 DARDAR Satellite Products 

DARDAR satellite products provide ice cloud properties derived from Cloud Profiling 
Radar measurements aboard CloudSat and CALIOP observations aboard CALIPSO (Delanoë 
and Hogan, 2010). Both CloudSat and CALIPSO satellites were parts of the A-Train satellite 
constellation during the period from which the data are used in this analysis. DARDAR 
variational framework uses collocated observations from the instruments aboard the A-train 
satellite platforms to produce vertical profiles of ice cloud properties. The number 
concentration of ice crystals (ICNC) in clouds (DARDAR-Nice) is a product intended for use 
in studies of aerosol-cloud interactions and it is used in this Thesis. DARDAR-Nice product is 
available at a 60 m vertical and 1.7 km horizontal resolution (Delanoë et al., 2014). This product 
is only available for ice clouds with an IWC larger than 10-8 kg/m3. Delanoë et al. (2005) 
compared the DARDAR retrievals with the in situ measurements from mid-latitude and 
tropical regions and concluded that a four-parameter modified gamma distribution allows the 
parameterization to properly fit the observations. Two of the parameters are fixed to best fit 
with the in situ measurements from mid-latitude and tropical regions. The remaining two are 
iteratively adjusted during retrieval to fit the observational constraints (Sourdeval et al., 2018). 
The choice of one of the fixed parameters puts a limitation on the retrievals. The analytical 
solution for ICNC can only be found when the minimum particle diameter is set and not equal 
to zero. To overcome the resulting discontinuity in ICNC when the diameter equals zero, the 
ice crystal size distribution is integrated from three minimum size thresholds of 5, 25, and 100 
μm. The thresholds are chosen to be within the validity range of the in situ measurements used 
for the algorithm evaluation (Sourdeval et al., 2018). Different physical processes can influence 
the ICNC uncertainty depending on the integration threshold. If homogeneous nucleation rates 
are very high, the number of ice crystals can be underestimated. Also, the shattering of ice 
crystals can significantly increase their number. If aggregation of ice crystals is the dominant 
process, their number can be overestimated. These processes increase the retrieval uncertainty 
by an additional 50 % due to deviations from the assumed particle size distribution. Smaller 
minimum radii, which are considered when a 5 µm threshold is used, can be affected by the 
instrumental uncertainties of the in situ measurements used in validation (Jensen et al., 2013; 
Gurganus and Lawson, 2018). The moderate size crystals are represented with the use of the 
25 µm threshold. The data from the in situ measurements is considered to be of higher 
confidence in this size range of the ice crystals. The most accurate in situ measurements are for 
the largest minimum size threshold used in the DARDAR product. Therefore, for the 100 µm 
threshold the assumed ice crystal particle size distribution (PSD) is a correct representation of 
the ICNC (Sourdeval et al., 2018).  

DARDAR-Nice has been evaluated against theoretical considerations and a large 
amount of in situ measurements and its estimates are expected to have uncertainties from 25% 
up to 50% (Sourdeval et al., 2018). Larger uncertainties are expected in mixed-phase cloud 
retrievals. Therefore, these retrievals are flagged in the dataset to inform the users to consider 
them in their analyses. In this Thesis, mixed-phase clouds are of interest, especially because 
the mineralogy-sensitive immersion freezing parameterization is analyzed. DARDAR-Nice 
product has been used in the evaluation of INPC applied to cloud-relevant dust concentrations 
retrieved using POLIPHON and predicted by DREAM (Marinou et al., 2019; Ilić et al., 2022). 

3.5 CLAAS-2 dataset 

The Satellite Application Facility for Climate Monitoring (CM SAF) provides products 
related to climate from geostationary satellites. CM SAF cloud products are based on 
observations from EUMETSAT Meteosat Second Generation satellites (MSG). The Spinning 
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Enhanced Visible and InfraRed Imager (SEVIRI) sensor aboard the MSG performs 
measurements in 12 spectral bands: four in the visible and near-infrared (0.4 – 1.6 µm) 
wavelength range and 8 in the infrared range (3.9 – 13.4 µm). SEVIRI is used to derive the 
CLAAS-2 (CLoud property dAtAset using SEVIRI, Edition 2) cloud property dataset. The 
cloud products available from CLAAS-2 are cloud mask/type, cloud top temperature, pressure, 
and height, cloud phase, as well as cloud microphysical properties such as optical thickness, 
effective droplet radius and cloud water path. Uniformity of the CLAAS-2 dataset was 
achieved by inter-calibration of the SEVIRI solar channels of MSG-1, MSG-2, and MSG-3 
(Meirink et al., 2013) with MODIS Aqua before performing the cloud retrievals. The results of 
the comprehensive evaluation of CLAAS-2, with the data and documentation are provided in 
Benas et al. (2016). The SEVIRI products are available with a 15-minute repeat cycle and 
around 4 km spatial resolution in the domain covered by DREAM (Stengel et al., 2014). The 
comprehensive dataset can be used in regional and large-scale cloud process studies with a 
wide range of temporal scales, from minutes to years. Ničković et al. (2016) used the ice water 
path (IWP) from the CLAAS-2 dataset to evaluate the model prediction of the horizontal 
distribution of cold clouds. Although the dust particles are efficient ice nuclei, their results 
show that the patterns of horizontal distribution of dust do not necessarily coincide with the 
patterns of clouds indicated by IWP. Therefore, they used INPC parameterizations within the 
model to consider the thermodynamic conditions needed for cloud development. They 
concluded that the qualitative comparison of horizontal distribution of predicted INPC and 
observed IWP showed considerable similarity to the pattern shapes and locations. In this 
Thesis, a qualitative comparison was performed between the IWP product and integrated 
columnar values of INPC predictions from DREAM as a proxy for cloud ice.  

3.6 In Situ Measurements 

Unmanned Aerial Vehicles (UAVs) can be used to collect samples up to a few 
kilometers height due to legal and technical limitations in operating these measurement 
platforms. In this Thesis, INPC data were used from the INUIT-BACCHUS-ACTRIS 
campaign. The samples were collected using onboard miniaturized electrostatic precipitators 
(Schrod et al., 2017; Marinou et al., 2019). Immediately after collection they were analyzed in 
the FRankfurt Ice nucleation Deposition freezinG Experiment (FRIDGE) (Bundke et al., 2008) 
chamber to estimate sample efficiency as an INP source. In the FRIDGE, the samples were 
exposed to water saturation of 101% and temperatures within the immersion freezing 
temperature regime. UAV-FRIDGE data and uncertainties presented here are adopted from 
Marinou et al. (2019). Marinou et al. (2019) consider the errors of the INP measurements to be 
around 20 %, and the same estimation is used when presenting the measurements for the 
purpose of this Thesis. Their estimate takes into consideration the statistical reproducibility of 
an individual sample. 
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4 Simulation of Dust Episodes in Europe and the Mediterranean 
The interest in aerosol prediction and application of aerosol forecasts is growing in 

areas of climate research and operational numerical weather forecasts. Several regional dust 
models participate in operational efforts of the Sand and Dust Storm Warning Advisory and 
Assessment System (SDS-WAS) program established by the World Meteorological 
Organization (WMO) in September 2004. The main purpose of the program is to coordinate 
forecast and observational efforts and improve the capabilities of dust models. This is achieved 
through a coordinated global network of SDS-WAS centers. A partnership of two research 
Spanish institutions, the Barcelona Supercomputing Center-Centro Nacional de 
Supercomputación (BSC-CNS; www.bsc.es) and the Spanish National Agency of Meteorology 
(AEMET, www.aemet.es), host Northern Africa-Middle East-Europe Node (NA-ME-E; 
http://sds-was.aemet.es/) and its partners include several international organizations and 
institutions. This regional node covers the area of Saharan dust sources, the Mediterranean, and 
Europe, which are also of interest in this study. The DREAM model runs operationally in the 
framework of the South East European Virtual Climate Change Centre (SEEVCCC) of the 
Republic Hydrometeorological Service of Serbia (RHMSS). Operational products are 
submitted to SDS-WAS every day in a gridded form containing 72 h forecasts of the surface 
dust concentration and aerosol optical depth (AOD) at 550 nm, with a time resolution of 3 h. 
This operational evaluation, although very valuable, does not provide information on model 
performance regarding the dust vertical profiles. A detailed evaluation of the representation of 
dust vertical profiles is needed to better understand its role in the atmospheric processes of 
different scales and interactions with the environment (e.g., long-range transport, aerosol-
radiation interactions, aerosol-cloud interactions, effects on aviation, etc.). Such evaluations 
have been performed for individual cases (Papayannis et al., 2014) or systematically for dust 
extinction coefficients (Mona et al., 2014). However, to complement SDS-WAS routine model 
evaluation and improve numerical dust forecasts, Binietoglou et al. (2015) carried out a 
systematic analysis of model predictions of dust mass concentration vertical profiles. The 
DREAM model was part of this model validation effort. In this Chapter, the approach to 
systematic model evaluation used by Binietoglou et al (2015) is described, and the performance 
of the DREAM model in predicting dust vertical structure is presented. As the next step, a 
similar approach is used in case studies of DREAM prediction of dust plumes in the 
Mediterranean, selected for evaluation of dust effects on INPC. 

4.1 A Systematic Study of Dust Model Performance 

Validation of DREAM model dust vertical profiles as part of a systematic atmospheric 
dust model performance study at the European scale (Binietoglou et al., 2015), based on 
synergistic lidar and sunphotometer retrieval algorithm, LIRIC. The study of such a scale was 
possible through collaboration within the EARLINET network. The DREAM-NMME-MACC 
model used in the study differs from the one presented in this Thesis only in its use of the dust 
assimilation scheme described in Chapter 2 and will be referred to as DREAM hereon. In 
addition to this model, the study evaluated the other three dust models (BSC-DREAM8b v2, 
NMMB/BSC-DUST, DREAM-ABOL). The model evaluation methodology relied on 
retrievals of dust concentration profiles from simultaneous collocated lidar and sunphotometer 
measurements. Ten measurement stations equipped with multi-wavelength lidar and 
sunphotometer, which are part of EARLINET and AERONET networks were involved in the 
study (Athens, Barcelona, Belsk, Bucharest, Évora, Granada, Lecce, Leipzig, Potenza, and 
Thessaloniki). Their locations are shown in Figure 4.1. A total of 55 dust profiles were provided 
for the measurement period from January 2011 to February 2013. The case selection and 
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measurement data analysis were performed independently for each station. However, the 
uniform quality of data analysis and dust concentration retrievals is achieved by the established 
practices of EARLINET and AERONET networks. The number of cases was limited by the 
LIRIC requirements of simultaneous lidar and AERONET observations, commitments of 
available personnel, the episodic character of dust transport in Europe, and specific 
requirements of the proposed methodology. The time difference between lidar and photometer 
measurements was kept as small as possible (in 65 % of cases it was less than 1 h and in 87 % 
of cases less than 3 h). The requirement of the minimal time difference between the profiles of 
24 h was set to remove the profiles too close in time representing the same case. In this way, 
the situation in which one dust episode is represented with many cases and the second episode 
with too few cases was avoided. Only cases in which dust was observed were analyzed. Cases 
in which the dust was predicted, but not observed were not a part of the dataset used for model 
evaluation. 

 

Figure 4.1. Map of the ACTRIS/EARLINET remote sensing stations providing data for 
testing the proposed methodology. Adapted from Binietoglou et al. (2015). 

4.2 Systematic Study Evaluation Metrics 

The set of parameters was used to evaluate average vertical dust profiles while being 
compatible with the SDS-WAS evaluation of AOD columnar property. A set of statistical 
indicators was used for each measurement case to evaluate the overall performance of the 
model.  

Center of mass (CoM) was calculated for both observed (O) and modeled (M) profiles: 

𝐶𝑜𝑀 =
∫ 𝑧 × 𝑐 × 𝑑𝑧

∫ 𝑐 × 𝑑𝑧
 

where c is height dependent dust mass concentrations and z is the vertical coordinate. 

(Eq. 4. 1) 

Correlation coefficient between the observed and modeled data is calculated as 
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𝑟 =
∑ 𝑀 − 𝑀 𝑂 − 𝑂

∑ 𝑀 − 𝑀 ∑ 𝑂 − 𝑂

 

(Eq. 4. 2) 

with range [-1,1] and 1 is the perfect score. 

 Fractional bias, as a normalized measure of the mean bias, indicates the models’ 
systematic underestimations and overestimations of the observed values: 

𝐹 =
2

𝑁

𝑀 − 𝑂

𝑀 + 𝑂
 

(Eq. 4. 3) 

Fractional bias takes values between -2 and 2, with a perfect score being 0. 

4.3 Evaluation Results 

The aim of this analysis was to understand how the model represents the vertical profile 
of dust concentration. The analysis was performed in three ways: for a total of 55 cases and 
two regional clusters of stations (Figure 4.2) and in a case-by-case comparison. The single 
parameters examined are center of mass, total concentration in a vertical column, peak 
concentration, and dust-layer thickness. The correlation coefficient and fractional bias for these 
metrics are given in Table 4.1. In case-by-case comparisons, the vertical correlation coefficient 
and the fractional bias of the volume concentration profiles represent the model's ability to 
predict the shape of the profile, and the total amount of dust, respectively.  

It should be noted that LIRIC retrievals are representative of a vertical column directly 
above the station, while the model predictions are representative of a grid point. Besides, 
DREAM vertical resolution is variable due to the hybrid sigma-pressure vertical coordinate 
(Janjic, 2001). The model has 28 vertical levels, having a vertical resolution of several hundreds 
of meters in the immersion temperature range. This resolution is lower than the vertical 
resolution of LIRIC retrievals. Therefore, the sometimes very complex vertical structure of 
aerosol layers and their finer features might not be resolved by the model.  

The results of the analysis of DREAM performance are presented using the described 
datasets and the set of metrics. The results show that DREAM places the transported dust in 
agreement with observations, according to the dust layer CoM evaluation with a correlation 
coefficient of 0.83 (Table 4.1). Only in 6 out of 55 cases (11 %) is the difference in CoM 
altitude between model and observations larger than 1 km. In these cases, the model usually 
overestimates the CoM altitude, as shown in the fractional bias value of 0.14. The 
overestimation is more frequent in cases where CoM is observed above 3 km. The model 
overestimates dust concentration at altitudes above 5 km, therefore positioning CoM above the 
observed ones. Additionally, this affects the thickness of the dust layer since DREAM does not 
reproduce the altitude of the top-layer boundary. Dust layer thickness is determined using a 
dust concentration threshold value of 5 μg/m3 to locate the top and bottom of the dust layer. 
According to this criterion, DREAM places the top of the dust layer at a higher altitude than 
was observed. Dust concentrations of 10 μg/m3 are observed at altitudes just above 6 km, while 
they are predicted even above 8 km. Increased concentration at high altitudes in the prediction 
could be related to limitations of model representation of thermal inversion related to the 
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tropopause (Janjic, 1994; Mona et al., 2014). Removal of dust that reaches very high altitudes 
is slower than at lower altitudes since the main mechanism for that process is sedimentation. 
This could result in increased dust concentrations at high altitudes. DREAM systematically 
underestimates the total concentration values with a fractional bias of -0.22. Furthermore, peak 
values are underestimated with the fractional bias of -0.27, and this can be related to the 
prediction of the intensity of the episode and systematic underestimation of total concentration. 
Possible causes for the underestimation are insufficient dust source strength, overestimated 
deposition, and wet scavenging parameters, or a combination of these effects (Binietoglou et 
al., 2015). It was not feasible to discriminate between these factors based on model outputs and 
measurement data used. The model's horizontal and vertical resolutions and setup can partly 
contribute to these discrepancies.   

Table 4.1 Correlation coefficient (r) and fractional bias (FB) for single value metrics of the 
DREAM profiles. Adopted from Binietoglou et al., 2015. 

 

Center of Mass Total Concentration Peak Value Layer Thickness 

r FB r FB r FB r FB 

0.83 0.14 0.74 -0.22 0.78 -0.27 0.56 0.0 

 

Figure 4.2. Average profile comparison as simulated by four models and retrieved by LIRIC 
(A), for low and high concentration cases (B) and for the west and east clusters (C). Shaded 
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areas indicate the standard deviation of the mean values. DREAM8-NMME model was used 
in this Thesis. Adopted from Binietoglou et al. (2015). 

The mean modeled concentration profile for all 55 cases is compared with the 
corresponding measurement profiles (Figure 4.2 A). Visual inspection of the profiles indicates 
that DREAM correctly captures the shape of dust profiles with the most significant differences 
in peak concentrations and overestimation at higher altitudes. LIRIC's maximum concentration 
of 65 μg/m3at the altitude of around 2 km was underestimated by DREAM, which predicted 
the maximum dust concentration region at 3-4 km altitude with a peak value of 50 μg/m3. The 
difference in layer placement is more pronounced in the low concentration cases (Figure 4.2 
B). Conversely, in the high concentration cases, DREAM shows a particularly good agreement 
with LIRIC. In case-by-case analysis, DREAM fractional bias for total concentration is 
distributed near zero, which confirms previous analysis that DREAM can predict dust 
concentration. The correlation shows greater variability, highlighting the potential difficulty 
for the model in representing the shape of the profile or the position and thickness of the main 
dust layer. 

Additional consideration regarding the regional analysis provides results based on the 
separation of stations into two clusters (Figure 4.2 C). Évora, Granada, and Barcelona 
constitute the western cluster of stations, while Potenza, Lecce, Athens, Thessaloniki, and 
Bucharest constitute the eastern cluster of stations. Separation of the dataset in clusters reduced 
the number of available cases for each cluster. Nevertheless, the regional evaluation of dust 
models is beneficial for further analysis. Specifically, the results of the model comparisons 
with lidar-derived dust concentrations in the east cluster of stations are of particular interest 
here, as the Thesis focuses on the case studies of the model comparisons with lidar-derived 
cloud-relevant dust concentrations and INPC estimations in Potenza and Nicosia stations. It 
should be noted that Nicosia was not part of the systematic study of model performance; 
however, it is geographically closer to the east cluster.  The main difference in western and 
eastern stations is seen in the observed position of the maximum value of dust concentration. 
For the west cluster, the maximum value is at the altitude of around 2 km and for the east 
cluster, it is at 3 km. DREAM predicts the observed peak position in the west cluster, with an 
overestimation of peak altitude in the east cluster, as was shown in the overall analysis of 55 
cases discussed earlier. The correlation coefficient shows a similar performance of DREAM in 
both clusters, with the best correlation at altitudes between 2 km and 3 km in the west (0.80 – 
0.85) and between 4 km and 5 km in the east (0.75 – 0.85) cluster. The number of available 
profiles with dust at altitudes above 6 km is less than 15, limiting the number of data points for 
statistical analysis. As discussed in Binietoglou et al. (2015), the differences between the 
DREAM model performances for the two clusters can be attributed to different dust transport 
paths and transport duration to the stations. The Atlas Mountains with associated difficulties 
with wet convection (Reinfried et al., 2009; Solomos et al., 2011) and the complex terrain of 
the Iberian Peninsula on the path to the west cluster can form a challenge in successful 
prediction. The transport to the east cluster typically avoids those mountainous regions and 
dust event homogenizes during additional 1-2 days of transport over the Mediterranean.  

As it was stated in the outset of this chapter, it is difficult to distinguish between 
different atmospheric processes that could lead to differences between the observed and 
predicted values using this kind of dataset. Although the models generally underestimate the 
concentrations, DREAM has the best performance. It has the highest correlation coefficient in 
CoM predictions. On the other hand, the BSC-DREAM8b v2 and DREAMABOL models show 
almost zero bias in placing CoM. All the models have a negative fractional bias by 
systematically underestimating the total amount of dust and peak concentrations (Figure 4.2 
A). Overall, DREAM predictions show the lowest absolute value of fractional bias for total 



27 
 

concentrations. The same considerations apply to the peak value, with DREAM showing the 
smallest bias and the strongest correlation. The average result of the DREAM model shows no 
bias when layer thickness predictions are evaluated. In regional analysis, the cluster differences 
in altitude of transported dust are captured by all models. The correlation coefficient reveals a 
better representation of profile shape in the east cluster. These differences were previously 
attributed to the possible effects of orography and transport paths (Binietoglou et al., 2015). It 
should be highlighted that the assimilation scheme used only by DREAM could be contributing 
to better performance in comparison to other models. DREAM tends to overestimate the 
amount of dust at higher altitudes, but this issue is less pronounced in high concentration cases. 
This should be considered when analyzing the INPC estimations. The variation of the model 
performance in case-by-case analysis indicates the need for more statistical comparisons. 
Participation from a larger number of stations and longer-term studies in the future can provide 
additional insight, especially in terms of regional and seasonal variability in model 
performance.  

4.4 Simulations of Dust Episodes in Eastern Mediterranean 

To evaluate DREAM model dust mass concentration in this Thesis predictions and 
cloud-relevant dust concentrations, a month-long simulation of dust transport over the 
Mediterranean was carried out, covering the period of the INUIT-BACCHUS-ACTRIS 
campaign. The campaign was organized in April 2016 within the framework of the projects Ice 
Nuclei Research Unit (INUIT; https://www.ice-nuclei.de/the-inuit-project); Impact of 
Biogenic versus Anthropogenic emissions on Clouds and Climate: towards a Holistic 
UnderStanding (BACCHUS; http://www.bacchus-env.eu); and Aerosols, Clouds, and Trace 
gases Research Infrastructure (ACTRIS; https://www.actris.eu). The focus of the campaign 
was a study of aerosols, clouds, and ice nucleation within dust-laden air over the Eastern 
Mediterranean (Schrod et al., 2017; Mamali et al., 2018; Marinou et al., 2019). In operational 
dust forecasts and numerical experiments, this model can be run with an assimilation scheme 
using (European Centre for Medium-Range Weather Forecasts) ECMWF dust analysis in the 
initial dust field (Pejanovic et al., 2012; Binietoglou et al., 2015). In simulations presented here, 
the DREAM model was set up to run with a ‘cold start’ for several days prior to the campaign 
(‘warm up’) to reach a reasonable dust concentration field in the atmosphere (Nickovic et al., 
2016). 

The model simulations were evaluated using observations from two EARLINET lidar 
stations: Potenza, Italy, and Nicosia, Cyprus. Potenza station is a permanent EARLINET 
station operating MUSA (Multiwavelength System for Aerosol), a mobile multi-wavelength 
Raman lidar system. It is located in the CNR-IMAA Atmospheric Observatory (CIAO) in Tito 
Scalo, 6 km far from Potenza, Southern Italy, on the Apennine Mountains (40.60N, 15.72E, 
760 m a.s.l.) (Madonna et al., 2011). The site is on a plain surrounded by low mountains (<1100 
m a.s.l.). Lidar in Nicosia is a PollyXT-NOA lidar system (Engelmann et al., 2016; Baars et 
al., 2016). It is a multiwavelength Raman lidar system operated by the National Observatory 
of Athens (NOA). During the INUIT-BACCHUS-ACTRIS campaign, it was located in The 
Cyprus Institute in Nicosia (35.14 N, 33.18 E; 181 m a.s.l.).  

At the beginning of April, a dust plume formed in North-West Africa reached Cyprus 
on April 4. After this event, several dust episodes occurred in Cyprus during the month (Schrod 
et al., 2017; Marinou et al., 2019). The intensity of these dust episodes can be classified based 
on continuous dust concentrations as simulated by DREAM during a 12h period, following 
Schrod et al. (2017). Events are classified as major when model dust concentrations above the 
station exceed 200 µg/m3, intermediate for concentrations between 100 to 200 µg/m3, and 



28 
 

minor for concentrations between 50 and 100 µg/m3. Binietoglou et al. (2015) classify 
individual dust profiles as low concentration ones if total concentrations are lower than 0.3 
g/m2, and high concentrations for total concentrations greater than 0.3 g/m2. In this Thesis, the 
two analyzed dust events in Nicosia are a major one from April 8 to 11 and an intermediate 
one from April 14 to 16. Additionally, a dust plume was analyzed during transport using 
ground-based measurements at Potenza, Italy on April 18 and at Nicosia, Cyprus on April 21. 
This event was classified as intermediate.  

4.4.1 Major dust event, April 8 to 11 

 

 

Figure 4.3 DREAM simulated dust load (shaded contours) for April 6 at 18UTC (A), April 8 
at 12 UTC (B), and April 11 at 12UTC(C). 

Some amount of dust was present above the Nicosia station most of the time during 
April 2016. DREAM simulations show that a large amount of dust, with a dust load above 3 
g/m2, was introduced into the atmosphere from central Sahara on 6 April (Figure 4.3). The dust 
plume carried by the southwesterly flow reached Nicosia on April 8. On April 9, dust layers 
were detected in the PBL and at heights between 2 km and 4 km. The attenuated backscatter 
intensity and volume depolarization ratio were higher in the PBL than in the lofted layer (Figure 
4.4 A and B). A high volume depolarization ratio indicates the presence of non-spherical 
particles (i.e., dust) or ice crystals. Clouds containing ice crystals were forming atop the dust 
layer from 19 UTC and 20 UTC between 5 km and 7.5 km. A weaker signal can be seen around 
21 UTC at 6 km height. After 22 UTC, clouds were present at the top of the dust layer until 00 
UTC on the next day. The cloud top height descended from 7 km to 6.5 km. The dust layer 
itself gradually descended on April 9, as well. From April 9 to 11, dust concentrations 
decreased until the next dust event starting on April 14.  

The evolution of the dust plume above Nicosia can be clearly seen in Figure 4.4 (C). A 
significant increase in dust concentrations, above 50 µg/m3, was predicted on April 8. In the 
afternoon of April 8 and during April 9, concentrations above 300 µg/m3 were predicted at 
altitudes between 2 km and 6 km. DREAM successfully predicted the observed descent and 
intrusion of the dust layer in the PBL on April 9. DREAM overestimated the vertical extent of 
the layer significantly, with dust concentrations reaching altitudes above 9 km. It is possible 
that the clouds obscured the lidar measurements, and therefore the full extent of the dust layer 
cannot be seen in the attenuated backscatter quicklook. Moreover, as pointed out in section 4.3, 
a systematic analysis of model performance showed that DREAM overestimates dust 
concentrations at altitudes above 5 km and can predict the top layer boundary at higher altitudes 
than shown by observations.  
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Figure 4.4 Quicklook of the lidar attenuated backscatter at 1064 nm for Nicosia lidar (A). The 
Grey rectangle indicates data used with the POLIPHON algorithm. White rectangles indicate 
cloud and aerosol layers. Volume depolarization ratio at 532 nm for Nicosia lidar (B). 
DREAM-simulated dust concentration at Potenza from April 8 to 11 (C). A black rectangle 
indicates the period of lidar measurements shown in the quick look. 
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4.4.2 Intermediate Dust Event, April 14 to 16 

 

Figure 4.5 DREAM simulated dust load (shaded contours) for April 15 at 12UTC (A) and 
April 16 at 12 UTC (B). 

A dust plume, formed in western and central North Africa and spread over the 
Mediterranean on April 11, reached Nicosia on April 14 carried by westerly flow (Figure 
4.5).  It was an intermediate dust event that lasted between April 15 and 16. The intensity of 
the attenuated backscatter and volume depolarization ratio increased during the evening of 
April 14 after 22 UTC (Figure 4.6 A and C. On April 15, an elevated dust layer can be seen 
between 2.4 km and 5 km (Figure 4.6 B and D). By the morning of April 15, the altitude and 
vertical extent of the layer decreased, but the signal intensified. The cirrus clouds were 
observed on April 14 from 18:30 to 20:00 UTC and from 21:00 to 23:00 UTC. On April 15, 
cirrus clouds were present above 10 km at 00- 03 UTC, and 04 UTC - 04:30 UTC. The intensity 
of the signal in the aerosol layer continued to steadily increase throughout the measurement. 
After this dust layer passed over Cyprus, concentrations decreased by April 17.  

DREAM predicts the increase of dust concentration to above 50 µg/m3 at altitudes of 4 
- 6 km on April 14. The evolution of the layer is correctly represented by the model. A decrease 
in both the altitude and the vertical extent of the layer can be seen in Figure 4.6 (E). Dust 
intruded into the PBL in the afternoon of April 15 and kept on descending until April 17. Dust 
concentrations reached values between 100 µg/m3 and 200 µg/m3 on April 15 and 16.  
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Figure 4.6 Quicklook of the lidar attenuated backscatter at 1064 nm for Nicosia lidar (A) and 
(B). The Grey rectangle indicates data used with the POLIPHON algorithm. Volume 
depolarization ratio at 532 nm for Nicosia lidar (C) and (D). White rectangles indicate cloud 
and aerosol layers. DREAM-simulated dust concentration at Potenza from April 15 to April 18 
(E). A black rectangle indicates the period of lidar measurements shown in the quick look. 
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4.4.3 Dust Plume in the Mediterranean, April 18 to 21 

 

Figure 4.7 DREAM-simulated dust load (shaded contours) and A-Train constellation track 
(black and red line) for April 20 at 12 UTC during overpass A (A) and April 21 at 12 UTC 
during overpass B (B). The red part of the satellite track indicates the cross-section used in the 
comparisons with DARDAR products. Adapted from Ilic et al. (2021). 

The DREAM model simulation results are compared with ground-based measurements 
in Potenza on 18 April and in Nicosia on April 21, 2016, during a Saharan dust episode in the 
Mediterranean (Figure 4.7). Saharan dust was observed above both lidar sites during this period 
and during the two A-Train constellation overpasses. Dust was introduced to the atmosphere 
from sources in Algeria on April 15. The dust plume reached Potenza a day later as a minor 
dust event. Dust was transported northward on April 17, reducing the concentrations. On the 
same day, the dust plume started forming from the sources in central North Sahara. The new 
plume reached Potenza on April 18 and mixed with the small concentrations of dust already 
present above the station. The increase in concentrations caused an intermediate dust event in 
Potenza on April 18 and 19.  During the corresponding intermediate dust event, dust was 
present in Nicosia when the plume reached Cyprus on April 21. 

Figure 4.8 (A) shows lidar range-corrected signal (RCS) in Potenza on April 18, from 
12 UTC to 15:30 UTC. Strong RCS between 4 and 6 km height indicates the presence of a dust 
layer. During the first 1.5 hours of measurements, clouds were present within and above the 
dust layer. After the period of cloud formation, the layer somewhat descended and the intensity 
of the signal increased in the last 1.5 hours of measurements. Cirrus clouds were observed 
during the whole measurement period between 7.5 and 12 km height. DREAM predicted the 
dust plumes above Potenza starting on April 16 until April 19 (Figure 4.8 B). Maximum dust 
concentrations at 5 km altitude on April 18 around 12 UTC and later descent of the dust layer 
were predicted in agreement with the lidar observations.  
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Figure 4.8 Quicklook of the lidar range-corrected signal at 1064 nm for Potenza lidar (A). The 
Grey rectangle indicates data used with the POLIPHON algorithm. White rectangles indicate 
cloud and aerosol layers. DREAM-simulated dust concentration at Potenza from April 16 to 
April 20 (B). A black rectangle indicates the period of lidar measurements shown in the quick 
look. Adapted from Ilic et al. (2021). 
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Figure 4.9 Quicklook of the lidar attenuated backscatter at 1064 nm for Nicosia lidar (A) and 
(B). A black rectangle indicates data used with the POLIPHON algorithm. The Grey rectangle 
indicates data used with the POLIPHON algorithm. White rectangles indicate cloud and aerosol 
layers. Volume depolarization ratio at 532 nm for Nicosia lidar (C) and (D). DREAM-
simulated dust concentration at Nicosia on April 21 (E). A black rectangle indicates the period 
of lidar measurements shown in the quick look. (Adapted from Ilic et al. (2021). 

Attenuated backscatter shows a dust layer above Nicosia at altitudes between 2 km and 
6 km on April 21 until 6 UTC (Figure 4.9 (A and C). The layer gradually descended and mixed 
with the planetary boundary layer after 12 UTC. Ice-containing clouds formed within the dust 
layer after 2 UTC, as indicated by volume depolarization ratio profiles. DREAM simulations 
predict the dust layer arriving above Nicosia on April 20 after 18 UTC and the altitude of the 
concentration peak gradually descending while the vertical extent of the layer increased until 
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April 22. The top boundary of the layer was placed approximately 1 km above the height seen 
in the lidar quicklook. After 2 UTC on April 21, the dust layer reached 8 km altitude. This 
event coincided with the period of cloud formation, and therefore could not be observed by 
lidar.  

4.5. Comparison of Dust Mass Concentrations from DREAM and 
POLIPHON 

In this chapter, six vertical profiles of dust concentration were chosen for comparison 
of DREAM and POLIPHON (five profiles over Nicosia and one over Potenza). The profiles 
were selected to evaluate dust concentration predictions and to provide input parameters for 
immersion freezing and deposition nucleation INPC parameterizations. For the INPC 
parameterizations to be valid, the profiles should be available to sufficient heights and reach 
sub-zero temperatures. The presence of clouds during the observations can limit the maximum 
altitude up to which the POLIPHON products can be retrieved. Therefore, profiles were 
selected during periods prior to or after observations of clouds above the station when they 
were available. A detailed description of the INPC parameterizations used in this Thesis and 
the results of their implementation are given in the next chapter. 

 The POLIPHON algorithm is applied to the lidar profiles from Potenza, Italy, and 
Nicosia, Cyprus to provide dust mass concentration retrievals. POLIPHON extinction-to-
volume conversion factors described in Chapter 3 are derived from North African and Cyprus 
AERONET stations for Potenza and Nicosia, respectively (Ansmann et al., 2019a). Vertical 
profiles of particle backscatter coefficient and linear depolarization ratio at 532 nm have been 
retrieved at both stations. For the Potenza station, the EARLINET Single Calculus Chain (SCC) 
(D’Amico et al., 2016; Mattis et al., 2016) was used with a vertical resolution of 60 m and 
temporal integration of 100 minutes. For the Nicosia lidar, the PollyNET algorithm (Baars et 
al. 2016) was used with temporal integration of 30 minutes and vertical resolution of 7.5 m for 
the Nicosia lidar. The different integration time in the lidar observations is due to the need to 
keep a balance between the homogeneity of the observed aerosol layer in the selected time 
window and the signal-to-noise ratio for the retrieval of lidar profiles. Uncertainties in SCC 
products, as well as in dust and non-dust linear depolarization ratio, dust lidar ratio, and 
conversion factors have been propagated through all the steps of the POLIPHON algorithm. 
The uncertainties in the products are as follows: the dust extinction coefficients can be obtained 
with the uncertainty of the order of 20% – 40%, while the uncertainty in the microphysical 
parameters is of the order of 20% – 50% for the dust component (Marinou et al., 2019).  

In the April 9 case (N11), POLIPHON and DREAM vertical profiles around 21 UTC 
are compared, during a period when there were no clouds observed above the station. On April 
14 around 21 UTC and on April 15 around 3 UTC, two vertical profiles were analyzed, before 
and after the formation of cirrus clouds above the dust layer (Ni21 and Ni22). At Potenza, one 
POLIPHON profile is available around 15 UTC on April 18 (Po31) after the formation of 
clouds embedded in the dust layer. Two profiles were analyzed around 02 UTC on April 21 
prior to the cloud formation (Ni31) and at 15 UTC on April 15 when the clouds were no longer 
present above Nicosia station (Ni32). In order to compare DREAM and POLIPHON profiles 
of dust concentrations, the nearest model outputs in time to the POLIPHON products were 
used. Since DREAM was set to produce outputs every 3 h, the maximum possible time 
difference between measurement and model profiles was 3 h. Therefore, the model variability 
for each studied case was represented by the profiles ± 3 h of the observation times. The 
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uncertainties of POLIPHON products are described in the previous section. Dust 
concentrations from POLIPHON and DREAM were interpolated to a common vertical 
resolution of 100 m for the purpose of the comparison. The calculated metrics are the CoM, 
the correlation coefficient, the total concentration, and its peak value from mass concentration 
profiles from both DREAM and POLIPHON (given in Table 4.2). The estimated effect of 
interpolation on the values of comparison metrics is less than 1%. Figure 4.13 presents dust 
mass concentrations from DREAM and POLIPHON for each of the analyzed cases. In some 
of the analyzed cases (Po31, Ni32), the presence of thick clouds limited the POLIPHON 
profiles at height levels above 6 km: therefore, the evaluation metrics are based on data points 
where both DREAM and POLIPHON are available. Additionally, CoM and total 
concentrations for the whole DREAM vertical extent are provided. 

HYSPLIT back trajectories corresponding to distinct features of each profile are 
presented in Figure 4.10, as well. Three local maxima can be seen in the Ni11 profile, at 0.5 
km, 3 km, and 6 km. The lowest one can be influenced by mixing in the planetary boundary 
layer. According to the back trajectory analysis, the other two layers correspond to the 
southwesterly flow over the central Sahara. The profile is categorized as a high concentration 
profile according to the classification of Binietoglou et al. (2015). The overall shape of the 
simulated profile corresponds to the POLIPHON retrieval, but the concentrations were 
overestimated by the model. 

    Both Ni21 and Ni22 profiles are low concentration cases. Some of the cases during the same 
dust episode in the Mediterranean were previously analyzed by Marinou et al. (2019). Their 
backward trajectory analysis implies that the dust reaching Nicosia in cases Ni21 and Ni22 was 
coming from the sources in Algeria. On its way to Cyprus it crossed Greece and Turkey, 
reaching the island from the north. In both cases, continental and marine aerosols were present 
in the boundary layer, at altitudes below 2.5 km. Their concentrations were significantly lower 
than dust concentration (less than 10μg/m3). In case of profile Ni21 DREAM simulated the 
observed dust present below 3 km and a more distinct dust layer between 4 km and 7 km. 
Additionally, DREAM suggests that dust was present up to 10 km altitude, but this is not 
supported by the observations. This behavior was noticed and discussed in the systematic study 
by Binietoglou et al., 2015. DREAM placed the elevated dust layer and its peak below the 
observed altitudes. Ni22 profile shows an increase in observed and modeled dust 
concentrations, and a decrease in observed layer height in comparison to N21. Model places 
the main dust layer above the observed one (Table 4.2). Total and peak concentrations are 
overestimated by a smaller amount than in N21 case and within the range of variability of the 
model. 

The Po1 high concentration profile provides data between 2 to 6 km altitudes. Back 
trajectories confirm that dust present above Potenza was lifted from central Saharan sources 
and then reached the station. CoM comparisons and correlation coefficients show that DREAM 
successfully simulated the altitude of transported dust and its vertical distribution (Table 4.2). 
The model suggests that dust was present even at lower heights with concentrations of ~ 30% 
of the peak value.  
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Figure 4.10a POLIPHON and DREAM profiles of dust mass concentration, HYSPLIT back 
trajectories corresponding to the profiles on April 9 at 21 UTC (Ni11), April 14 at 21 UTC 
(Ni21), April 15 at 03 UTC (Ni22) at Nicosia. Adapted from Ilic et al. (2021). 



38 
 

 

Figure 4.10b POLIPHON and DREAM profiles of dust mass concentration, HYSPLIT back 
trajectories corresponding to the profiles on April 18 at 15 UTC at Potenza (Po31), on April 21 
at 03 UTC (Ni31) and April 21 at 12 UTC (Ni32) at Nicosia. Adapted from Ilic et al. (2021). 
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Table 4.2 POLIPHON (P) and DREAM (D) comparison metrics (center of mass, total 
concentration, peak value, and correlation coefficient) for the analyzed cases on April 9 at 21 
UTC (Ni11), April 14 at 21 UTC (Ni21), April 15 at 03 UTC (Ni22) at Nicosia, on April 18 at 
15 UTC at Potenza (Po31), on April 21 at 03 UTC (Ni31) and April 21 at 12 UTC (Ni32) at 
Nicosia. D-all represents the metrics for the whole DREAM profile (not limited to data points 
where POLIPHON products are available). Lower and upper values due to the uncertainties of 
POLIPHON (coming from the natural variability and the retrievals uncertainties) are given in 
brackets. 
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   P D D-all P D D-all P D  

Ni11 Ma H 2313 
(2301,
2318) 

2961 2994 0.36 
(0.23,
0.45) 

1.41 1.42 223 
(150,
295) 

369 0.54 

Ni21 In L 4410 
(4266,
4732) 

3744 4647 0.10 
(0.06, 
0.14) 

0.24 0.36 32 
(22, 
42) 

66 0.55 

Ni22 In L 3619 
(3614,
3628) 

4126 4298 0.26 
(0.17, 
0.34) 

0.39 0.41 85 
(58, 
112) 

113 0.53 

Po3
1 

In H 4412 
(4393,
4422) 

4310 3556 0.16 
(0.11,
0.21) 

0.64 0.82 87 
(60, 
114) 

205 0.92 

Ni31 In H 3778 
(3597,
3864) 

4133 4143 0.45 
(0.29,
0.61) 

0.32 0.32 155 
(105,
205) 

119 0.79 

Ni32 In H 2819 
(2797,
2831) 

2857 2841 0.56 
(0.42,
0.63) 

0.49 0.50 263 
(177,
349) 

134 0.84 

Both Ni31 and Ni32 profiles from Nicosia on April 21 are high concentration cases. 
Comparison of DREAM and POLIPHON Ni31 profiles shows that the model predicted 
presence of the main dust layer above 4 km but missed the dust layer at 2.5 km height. This 
results in CoM placement in DREAM higher than the observed one. For Ni32 profile, position 
of CoM from the model agrees with observations. According to the correlation coefficients, 
the main vertical structure of the dust plume was well represented by the model in both 
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cases.  DREAM-simulated total concentrations are within the uncertainties of the POLIPHON 
retrievals in these cases. For most altitudes DREAM simulated dust concentrations within the 
POLIPHON uncertainties. The layer below 3 km for Ni31 and layer between 2.5 and 4.5 km 
for Ni32 was underestimated. In Ni31, peak of the modeled concentration agreed with 
POLIPHON within the uncertainties, but in Ni32 underestimation of the modeled concentration 
peak was larger.  

In the 6 presented cases, the quality of the comparison of DREAM predictions with 
POLIPHON is consistent with the results presented in Chapter 4.1 (Table 4.2) regarding the 
shape of the profiles and altitude of the dust layer. The correlation coefficient is lower in Ni11, 
Ni21 and Ni22 cases than in the systematic study. In most of the presented cases, observed and 
simulated heights of the dust layer were above the average height of 3 km reported for east 
cluster by Binietoglou et al. (2015). The overestimations in dust concentrations above 6 km 
altitude were evident in Ni11, Ni21 and Ni22 cases. The low and high concentration case 
comparison is also similar to the previously reported results. In the low concentration cases 
(Ni21 and Ni22), DREAM overestimates dust concentrations above 5 km and therefore places 
the top of the dust layer above the observed one. In the high concentration cases, DREAM 
overestimation at high altitudes is less pronounced. In these 6 cases, DREAM typically 
overestimates the concentrations, in contrast to the average result of the systematic study. The 
dataset consisting of 6 cases presented here is very limited and does not allow a detailed 
statistical analysis of the overestimations. These results are a starting point for the analysis of 
dust related INPC model predictions discussed in the next chapter, considering the 
discrepancies between the observational and simulated datasets. 
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5 Numerical Modeling of Ice Nucleating Properties of 
Atmospheric Mineral Dust 

The ice nucleation processes occur on a molecular scale and are therefore a sub-grid 
scale phenomenon in numerical models of the atmosphere. These processes are described in 
the models in a simplified way using parameterizations. The parameterizations are developed 
with the intention to represent the relationships between the physical quantities in the model as 
they are in the atmosphere. Typically, this is achieved by relating the overall effects of small-
scale processes within a model grid-box to the thermodynamic quantities averaged over the 
model grid-box. The role of aerosols as a CCN or an INP in the cloud process can also be 
parameterized. CCN particles are more abundant in the atmosphere, whereas INPs are much 
rarer but have an impact on cloud cycle. INPs have historically been represented in numerical 
models with their climatological concentrations and ice nucleation efficiencies. Development 
of atmospheric models and their capabilities to describe aerosol and specifically mineral dust 
transport opened a pathway to represent ice initiation in more detail. Mineral dust has shown 
to be one of the main sources of INPs in the atmosphere (Cziczo et al., 2013). Improved 
characterization of particles that can participate in ice formation in the atmosphere allowed 
development of INPC parameterizations, which are specific for a particle type, such as dust 
(DeMott et al., 2015) or marine biogenic particles (Wilson et al., 2015). Since INPC 
parameterizations use particle concentrations and thermodynamic quantities as input, they can 
be implemented in atmospheric models (Niemand et al, 2012; Ničković et al., 2016) or used as 
a final component in remote sensing retrieval algorithm workflow (Marinou et al., 2019).  

INPC parameterizations used in models are based on laboratory and field 
measurements. The main principle in development of INPC parameterizations is exposure of 
collected aerosol particles to controlled experimental conditions inside cloud chambers. In an 
experiment conducted in such a chamber, dust particle size distribution and mineral 
composition are known while the environmental factors such as water vapor content and 
temperature can be controlled. Then, at specified conditions, the INP fraction of particles can 
be determined. Since there are several modes of ice nucleation occurring in the atmosphere in 
a wide range of temperature regimes, it is not possible to use a single type of chamber to 
investigate all these processes. Ice nucleation chambers are therefore designed to study specific 
ice nucleation mechanisms and temperature ranges (DeMott et al. 2011). The developed 
parameterizations used in models to evaluate the dust contribution to INPC typically describe 
immersion freezing and deposition nucleation (Niemand et al, 2012; DeMott et al, 2015; 
Ullrich et al, 2017). In numerical weather prediction models mineralogy indifferent INPC 
parameterizations have mostly been used (Niemand et al., 2012; Ničković et al., 2016) to 
account for dust particles’ contribution to INPC. However, evaluation of contributions of 
individual minerals found in dust to INPC can be described using mineralogy-sensitive 
parameterizations by Atkinson et al. (2013) and Harrison et al. (2019). In this Thesis, both 
mineralogy-indifferent and mineralogy-sensitive dust INPC parameterizations are used. The 
parameterizations used in this Thesis and results of their implementation in DREAM are 
presented and discussed in more detail in this Chapter. 
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5.1. INPC Parameterizations in DREAM 

The INPC parameterizations in DREAM are used to predict the INPC in immersion 
freezing and deposition nucleation. In immersion freezing mode at or above water saturation, 
three different parameterizations are used: two mineralogy-indifferent parameterizations, by 
DeMott et al. (2015) (D15i) and by Ullrich et al. (2017) (U17i); and one mineralogy-sensitive 
parameterization by Harrison et al. (2019) (H19i). Deposition nucleation is described by two 
parameterizations, both mineralogy-indifferent: Steinke et al. (2015) (S15d) and Ullrich et al. 
(2017) (U17d). All the INPC parameterizations used in this Thesis, with their valid temperature 
ranges and input parameters used, are summarized in Table 5.1, and presented in the text.  

 

Table 5.1. INPC parameterizations used in this study, with references, lists of input parameters, 
and temperature ranges. Adapted from Ilić et al. (2022). 

Parameterization Reference Nucleation mode Input parameters T range [°C] 

H19i 
Harrison et al. 

(2019) 
Immersion 

K-feldspar Sd, T 

plagioclase Sd, T 

albite Sd, T 

quartz Sd, T 

-37.5 to -3.5 

-38.5 to -12.5 

-35.6 to -6.5 

-37.5 to -10.5 

D15i 
DeMott et al. 

(2015) 
Immersion Dust n250,T -36.0 to -5.0 

S15d 
Steinke et al. 

(2015) 
Deposition Dust Sd, T -55.0 to -36.0 

U17i 
Ullrich et al. 

(2017) 
Immersion Dust Sd, T -30.0 to -14.0 

U17d 
Ullrich et al. 

(2017) 
Deposition Dust Sd, T -67.0 to -33.0 

 

Parameterizations by Harrison et al. (2019) for quartz and feldspar minerals (H19i) 
are given below. Valid temperature ranges and standard deviations for log(ns(T)), where ns is 
the nucleation site density in units of cm-2, are shown in parentheses. 

Quartz: (−10.5 °C to −37.5 °C; σ=0.8): 

𝑙𝑜𝑔(𝑛 (𝑇))  =  −1.709 +  (2.66 ×  10 𝑇 ) +  (1.75 ×  10 𝑇 ) +  (7 ×  10 𝑇); 

(5. 1) 

K-feldspar: (−3.5 °C to −37.5 °C; σ=0.8): 

𝑙𝑜𝑔 𝑛 (𝑇) =  −3.25 +  (−0.793𝑇) +  (−6.91 × 10 𝑇 ) +  (−4.17 × 10 𝑇 )  

+ (−1.05 × 10 𝑇 )(−9.08 × 10 𝑇 ); 
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(5. 2) 

plagioclase feldspar: (−12.5 °C to −38.5°C; σ=0.5): 

𝑙𝑜𝑔 𝑛 (𝑇)  =  (−3.24 × 10 𝑇 ) +  (−3.17 × 10 𝑇 ) + (−0.106𝑇 ) + (−1.71𝑇) −

12.00; 

(5. 3) 

Albite: (−6.5 °C to −35.5 °C; σ=0.7): 

𝑙𝑜𝑔(𝑛 (𝑇))  =  (3.41 ×  10 𝑇  )  +  (1.89 × 10 𝑇 ) +  (−1.79 × 10 𝑇)  − 2.29. 

(5. 4) 

INPC is calculated for each size bin and mineral fraction in case of H19i, for nucleation 
site density-based parameterizations using the expression: 

𝐼𝑁𝑃𝐶 =  𝑛 (1 − exp(−𝑛 𝜎)) 

(5.5) 

where σ is the surface area of dust particles in a size bin. Then, total INPC is calculated as a 
sum of contributions from all size bins. 

D15i parameterization is defined by the equation (DeMott et al., 2015):  

𝐼𝑁𝑃𝐶 = 𝑓 𝑛 ( ( . ) )𝑒𝑥𝑝( ( . ) ) 

(5. 6) 

where n250 is the concentration of dust particles with diameter larger than 0.5 μm, T is the air 
temperature in degrees Celsius, α = 0, β = 1.25, γ = 0.46, and δ = −11.6. To calibrate the 
parameterization scheme to the dust measurements, the factor fd= 3 is used (DeMott et al., 
2015; Ničković et al., 2016). The equation, as well as the laboratory and field experiment 
results from which it was derived, are described in detail in DeMott et al. (2015). As shown in 
Table 5.1, D15i is the only parameterization used in this thesis which, besides thermodynamic 
quantities, relies only on dust particle concentrations as input.  

 The deposition parameterization S15d is based on the ice nucleation site density 
approach (Steinke et al., 2015):  

𝑛 = 1.88 × 10 exp(0.2659 × 𝑡 ), 

(5. 7) 

where ns is the ice-active surface site density and xtherm is a function of temperature and 
saturation in respect to ice: 

𝑥 = −1.085 × (𝑇 − 273.16) + 0.815 × (𝑆 − 1) × 100 

(5. 8) 

where T is temperature in degrees Celsius, and Si saturation ratio with respect to ice. In this 
case, the INPC is calculated using the Equation 5.4. The operational version of DREAM INPC 
forecasts uses D15i and S15d parameterizations to cover the immersion freezing and deposition 
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nucleation range (Ničković et al., 2016). The forecast is performed by the RHMSS/SEEVCCC, 
with the assistance of the Environmental Physics Laboratory (EPL) at the Institute of Physics 
Belgrade (IPB), Serbia. 

Ullrich et al. (2017) proposed an immersion freezing parameterization (U17i) and a 
deposition nucleation parameterization (U17d), both based on the ice nucleation site density. 
U17i and U17d, as well as the previously described S15d parameterizations, are based on 
laboratory studies performed within the AIDA (Aerosol Interaction and Dynamics in the 
Atmosphere) cloud chamber of the Karlsruhe Institute of Technology. U17i and U17d are 
based on desert dust samples collected from Sahara, Taklamakan Desert, Canary Islands, and 
Israel.  

 The U17i parameterization is defined by the equation: 

𝑛 = exp (150.577 − 0.517𝑇) 

(5. 9) 

where T is temperature in Kelvins. Then the INPC can be calculated using the Equation 5.4. 

The U17d parameterization is defined by the equation: 

𝑛 = exp {𝛼(𝑆 − 1) . cos[𝛽(𝑇 − 𝛾)] cot [𝜅(𝑇 − 𝜆)]𝜋} 

(5. 10) 

where the parameters α = 285.692, β = 0.017, γ = 256.692, κ=0.080, λ = 200.745 are defined 
for dust aerosol, T is temperature in Kelvins and Si saturation ratio with respect to ice. INPC in 
parameterization U17d is calculated using the Equation 5.4. 

In this Thesis, the parameterizations described above have been used in DREAM model 
the in three different model setups (Ilić et al., 2022): 

● the H19i_U17d setup, which is mineralogy-sensitive in the immersion freezing mode, 
uses H19i parameterization for immersion freezing and mineralogy indifferent U17d for the 
deposition mode; 

● the D15i_S15d setup, the operational forecast setup described by Ničković et al. (2016), 
uses D15i and S15d parameterizations for the immersion freezing and deposition, respectively; 

● the U17i_U17d setup is based on immersion freezing parameterization U17i and 
deposition nucleation parameterization U17d from Ullrich et al. (2017). 

As shown in the equations 5.2-5.4, the INPC parameterization H19i for feldspar is 
intended to be applied to K-feldspar, plagioclase, and albite components of feldspar separately. 
The information about these feldspar components is not available in the GMINER30 database. 
To use the three components in H19i parameterization, it is considered that, based on compiled 
measurement data, K-feldspar accounts for 35% of total feldspar, with 65% being plagioclase 
(Atkinson et al., 2013). In this Thesis, a common assumption that albite account for 10% of 
plagioclase is used (Harrison et al., 2019). Having in mind these feldspar components, and the 
fact that GMINER30 does not differentiate between them, in the further text, they are referred 
to as feldspar. Due to the assumption of external mixture used in the model, the total INPC is 
calculated as the sum of INPC contributions from quartz and the three components of feldspar.  
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As a first step, an offline comparison of feldspar and quartz INP fractions has been 
performed to provide an estimate of the expected contribution of mineral components of dust 
to INPC (Figure 5.1) (Ilić et al., 2022). In Figure 5.1A, H19i parameterization is compared to 
D15i and U17i, as well. In Figure 5.1B, D15i values are not shown as the site nucleation density 
values are not parameterized by it. This is an offline comparison because it does not rely on the 
model simulations for the input parameters. For this purpose, temperature values used as input 
were selected to cover the validity range of each of the parameterizations, with a step of 0.1°C. 
The particle size distribution used to calculate input mass concentration is the same as that used 
in the model, a monomodal lognormal mass size distribution at dust sources (Zender et al., 
2003; Perez et al. 2006). Mass concentration can be arbitrary, as the INPC fraction does not 
depend on it. Feldspar and quartz fractions at the dust source points in the model were 
calculated using the GMINER30 database (Figure 2.2). The mean values and the standard 
deviations of feldspar and quartz fractions in clay and silt at the source points within the model 
domain were used (Table 2.2). Since GMINER30 does not consider feldspar in clay fraction, 
two estimates were made: one with feldspar absent from clay, and another one where it is 
assumed that quartz to feldspar fraction in silt is valid in clay particles, as well (Atkinson et al., 
2013). It should be noted that parameterization for quartz (equation 5.1) is valid for freshly 
milled quartz, and it results in an upper limit estimate of quartz contribution to INPC. 
Experiments with quartz exposure to air and water have shown that active sites on quartz can 
be removed due to aging (Zolles et al., 2015; Harrison et al., 2019). The results of the analysis 
in this Thesis show the highest fraction of feldspar INPs at around -25°C, as expected due to 
K-feldspar activity (Atkinson et al., 2013). At higher temperatures quartz contributes to about 
7% of INPC. At temperatures above -10.5°C, parameterization for quartz is not defined, while 
at temperatures below -25°C, quartz contribution becomes increasingly important with 
decrease of temperature. This contribution is up to 30% at -35°C when feldspar is present in 
clay particles and increases to 51% with the assumption of no feldspar in clay particles. These 
results agree with findings of Boose at el. (2016), who showed that at temperatures between 
the homogeneous freezing limit and -33°C quartz can be a significant contributor to INPC. 
When compared to U17i and D15i, mineralogy-sensitive results fall between them in range of 
temperatures between -35°C and -15°C. At higher temperatures, H19i is expected to 
significantly underpredict INPC when compared to mineralogy-indifferent parameterizations. 
The analysis in Figure 5.1B shows the activity of feldspars, especially K-feldspar increasing at 
temperatures below -20°C above the U17i values for dust. INP Fraction in Figure 5.1A does 
not follow this trend since the feldspar fraction in dust is less than 30% by mass. 
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Figure 5.1 The comparison of INP fractions of quartz, feldspar, and feldspar in silt fraction, 
based on H19 parameterization (A). U17i and D15i are added for reference. Comparison of ns-
T graphs for H19 parameterizations and U17i parameterization (B). Adapted from Ilić et al. 
(2022). 

5.2 Comparison of INPC resulting from DREAM and POLIPHON dust 
concentrations 

Some weather and climate models can run INPC forecasts routinely (e.g., Ničković et 
al., 2016; Hande et al., 2015; Su et al., 2018). Several attempts have been made to validate 
these model results (Niemand et al., 2012; Atkinson et al., 2013; Vergara-Temprado et al., 
2017) with in situ measurements. Direct comparisons can be made with ice nucleating 
properties of particle samples collected using unmanned aerial vehicles (UAV) or ground based 
measurements, but those sampling strategies typically rely on samples collected at altitudes 
where temperatures are too high to form clouds (Atkinson et al., 2013; Vergara-Temprado et 
al., 2017, Schrod et al., 2017). The evaluation of INPC prediction is also possible using ground-
based and satellite-borne lidar aerosol concentration retrievals, with certain limitations. The 
INPCs based on lidar-derived aerosol concentration typically rely on atmospheric models for 
meteorological parameters. Additionally, the retrieval algorithms do not differentiate between 
different minerals found in dust and therefore only the mineralogy indifferent INPC 
parameterizations are used in such applications (Marinou et al., 2019; Ilić et al., 2022). 
Usefulness of lidar retrievals in INPC evaluation has been confirmed by the outcomes of the 
studies by Mamali et al., (2018) and Marinou et al., (2019). Mamali et al. (2018) found 
agreement within uncertainty limits between POLIPHON retrievals of dust concentration and 
optical particle counter (OPC) in situ measurements aboard UAVs within dust layers mixed 
with near-spherical particles and continental/pollution particles. They considered that the two 
techniques could be used interchangeably and systematically with numerical models. To 
evaluate lidar-derived cloud-relevant dust concentrations and INPC in Cyprus, Marinou et al. 
(2019) performed comparisons with the in situ measurements onboard unmanned aerial 
systems. They found agreement within the uncertainties of the measurements. Additionally, 
they reported that D15i applied to POLIPHON retrievals agrees within the uncertainty range 
in the immersion range and U17d (2017) parameterization agrees within one order of 
magnitude for deposition range, with the results derived from UAV measurements. Other two 
parameterizations used in their study, S15d and U17i were less successful in predicting the 
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INPC. S15d parameterization showed an enhanced freezing efficiency in the deposition mode 
by 3 to 4 orders of magnitude, while U17i showed agreement within 2 to 3 orders of magnitude. 
Bearing in mind these findings, we compare DREAM and POLIPHON cloud-relevant dust 
concentrations and INPC. 

In this Thesis, mineralogy-indifferent parameterizations are applied to DREAM and 
POLIPHON profiles. The mineralogy-sensitive immersion parameterization was also 
implemented in DREAM, and it was compared with mineralogy-indifferent INPC 
parameterization results. The total dust concentration simulated by DREAM in the three types 
of numerical experiments is the same since the dust-atmosphere model was set up in the same 
way. Simulated cloud-relevant dust concentrations are used as input in the mineralogy-
indifferent parameterizations. Feldspar and quartz cloud-relevant concentrations are used as 
input to mineralogy-sensitive parameterization. The POLIPHON cloud-relevant dust 
concentration profiles were used to calculate INPC from the observations. In addition to the 
cloud-relevant dust concentrations, meteorological properties, temperature, and humidity are 
used as input to INPC parameterizations. For the DREAM profiles, dust concentrations are 
available from the dust model, and thermodynamic quantities from the atmospheric driver. For 
the lidar retrievals, atmospheric parameters are used from the operational system GDAS 
(Global Data Assimilation System) of the National Weather Service’s National Centers for 
Environmental Prediction (NCEP) (Ansmann et al., 2019a; Marinou et al., 2019). 

Figure 5.2 presents the lidar-derived POLIPHON profiles and DREAM profiles of 
cloud-relevant dust concentrations and INPC. Each of the cases, previously analyzed in 
Chapter 4 cases is represented by four panels. Along with the dust concentrations, the feldspar 
and quartz contributions are presented. DREAM profiles are presented for the three INPC 
setups, as well. In all the presented profiles, POLIPHON data is limited up to a certain height, 
usually below 8 km and therefore temperatures above -33 °C. In the analyzed cases, only dust 
observed or predicted above approximately 4 km was relevant for the INPC parameterizations 
due to the temperature range for which parameterizations are valid (Table 5.1 and Figure 5.2). 
Due to these circumstances, the use of the deposition parameterizations was impossible with 
the POLIPHON data and only immersion parameterizations were implemented. On the other 
hand, DREAM does provide data in the deposition range and the appropriate parameterizations 
have been used with the model simulations. 
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Figure 5.2a POLIPHON and DREAM profiles of cloud-relevant dust concentrations, INPC on 
April 9 at 21 UTC (Ni11), April 14 at 21 UTC (Ni21), April 15 at 03 UTC (Ni22) at Nicosia. 
Adapted from Ilić et al. (2022). 
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Figure 5.2b POLIPHON and DREAM profiles of cloud-relevant dust concentrations, INPC 
on April 18 at 15 UTC at Potenza (Po31), on April 21 at 03 UTC (Ni31) and April 21 at 12 
UTC (Ni32) at Nicosia. Adapted from Ilić et al. (2022). 
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The DREAM and POLIPHON dust mass concentration profiles were compared in the 
previous Chapter for the cases in Nicosia (Ni11, Ni21, Ni22, N31, Ni32) and Potenza (Po31). 
Here, more information is given on the analysis of concentrations at heights at which 
immersion freezing INPC parameterizations are applied. In the high dust concentration case 
Ni11, the mass concentration was overestimated by the model, in comparison with 
POLIPHON, by a factor of up to 25 between 5 and 6 km altitudes. In the upper part of the 
mentioned altitude range a reasonable agreement in INPC can be seen. In the lower part with 
the largest overestimations in dust prediction, INPC differences are within one order of 
magnitude. In the second analyzed episode, two low concentration cases were analyzed, Ni21 
and Ni22. Agreement in INPC is very good with overestimation of dust mass concentrations 
by the model in comparison with POLIPHON. The overestimations were much lower than in 
Ni11 case: Ni21 was overestimated by up to a factor of 4, and Ni22 up to a factor of 6 in mass 
concentrations. In the Ni22 profile, slightly more noise can be seen in the POLIPHON retrieval. 
In Ni21 and Ni22, the shape of the dust profiles is better represented than in the Ni11 case, 
leading to better representation of INPC profiles, as well. Po31 profile provides data up to 6 
km height and is used only in estimation of immersion mode INPC at temperatures higher than 
-25°C, at altitudes around and slightly above the altitude of maximum dust concentration. The 
Po31 profile showed the highest overestimations of peak and total concentrations by the model 
in comparison to other analyzed profiles. In the immersion freezing altitude range, 
overestimations were between a factor of 2 and factor of 8 in mass concentrations. 
Overestimations are clearly noticeable in the INPC profiles, in this case within a range of 
magnitude. In the case of the same dust plume, when it reached Nicosia, DREAM 
underestimated dust concentrations in Ni31 and Ni32 according to peak and total concentration 
analysis. In the immersion range, in the case of Ni31 underestimations were by around a factor 
of 2. In the case of Ni32, in the immersion range, dust concentrations were overestimated by 
the model. In the Ni31 case, observations were available at altitudes which enabled the use of 
D15i and U17i INPC parameterizations. The POLIPHON Ni32 profile did not provide 
information at sufficiently high altitudes to compare the INPC results. The Ni31 results differ 
from those obtained using the same parameterizations in the DREAM model, within one order 
of magnitude. Overestimation of dust concentrations by DREAM compared to POLIPHON is 
around 100% (Table 4.2) and produces corresponding differences of one order of magnitude 
for INPC values predicted by D15i (setup D15i_S15d) and two orders of magnitude in INPC 
values for U17i (setup U17i_U17d). 

Mineral fraction of feldspar and quartz in the immersion range are presented in Figure 
5.2 and in Table 5.2. It should be noted in this discussion that very high quartz contribution to 
INPC can be influenced by the atmospheric model vertical resolution as described in the 
Chapter 4.1. A model layer can be several hundreds of meters thick in the immersion 
temperature range. Therefore, the highest vertical level at which the immersion 
parameterizations are applicable can be at relatively high temperatures, where the quartz 
contribution to INPC is below 5%. On the other hand, that vertical level can be at temperatures 
below -30°C where quartz contribution is significant. 

Although the largest feldspar mass fraction was predicted in the Ni11 case, it did not 
significantly affect the mineral contribution to particle number concentrations or to INPC. In 
this case the highest feldspar fraction in the dust surface area concentration was predicted, as 
an expected consequence of the high mass fraction and the fact that most of the feldspar mass 
is in silt particles. Quartz contribution to INPC increased at temperatures below -30 °C. In the 
second analyzed episode, the feldspar and quartz fractions and their respective contributions to 
INPC were almost constant. Profiles Ni21 and Ni22 showed very similar mineral dust fractions 
over a course of 8 hours. In this episode a significantly lower contribution of quartz to INPC 
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was predicted, in comparison with other cases, even though the quartz fraction in dust was 
similar to those in the presented cases during other episodes. The large difference between 
quartz contribution to INPC in the Ni11 case on one side and in the cases Ni21 and Ni22 on 
the other side can be explained by the main points of the discussion of model vertical resolution. 
Apparently, the temperature representative for the lower of the two neighboring model layers 
was too high for quartz to be efficient INP source in immersion freezing, and in the upper layer, 
the temperature was too low for the immersion freezing parameterization to be used. 

Table 5.2 Mean values of feldspar and quartz contributions to dust mass concentrations, 
number particle concentrations, and surface area concentrations in the immersion freezing 
temperature range in DREAM. Mean values of feldspar and quartz contributions to INPC based 
on immersion freezing parameterization by Harrison et al. (2019) (H19i). Maximum and 
minimum values of mineral contributions are given in the brackets. 

 
Mass 

Concentration [%] 

Number 
Concentration 

[%] 

Surface Area 
Concentration [%] 

INPC [%] 

 F Q F Q F Q F Q 

Ni11 
25 

(25,26) 
58 

(58,59) 
8 (8,9) 

20 
(20,21) 

22 
(22,23) 

50 
(49,51) 

86 
(61,99) 

14 
(1,39) 

Ni21 
22 

(21,23) 
58 

(57,59) 
8 (8,9) 

19 
(19,20) 

19 
(18,20) 

50 
(48,52) 

95 
(93,98) 

4 
(2,7) 

Ni22 
20 

(21,23) 
58 

(56,60) 
8 (8,9) 

19 
(19,20) 

19 
(18,20) 

49 
(47,51) 

95 
(93,98) 

4 
(2,7) 

Po31 
19 

(19,20) 
61 

(59,63) 
6 (6,7) 

18 
(18,19) 

17 
(16,19) 

51 
(49,54) 

91 
(73,98) 

9 
(2,27) 

Ni31 
22 

(21,23) 
58 

(57,60) 
8 (8,9) 

18 
(18,19) 

19 
(18,20) 

49 
(47,51) 

89 
(74,97) 

11 
(3-26) 

Ni32 
21 

(20,22) 
58 

(57,60) 
9 

(8,10) 
17 

(17,18) 
18 

(18,19) 
50 

(47,53) 
87 

(67,98) 
13 

(2-33) 
  

As discussed in Chapter 4.2, cases Po1, Ni31 and Ni32 are parts of the same dust 
episode in the Mediterranean. The dust plume, which travelled from Potenza to Nicosia, went 
through some minor changes in the mineral composition, as shown by the DREAM model 
results. These changes affected the INPC contributions of feldspar and quartz to some extent, 
but the temperature and model resolution again played a role in determining specific mineral 
contributions to INPC. Like the episode described by the cases Ni21 and Ni22, this episode, in 
cases Ni31 and Ni32, shows almost constant mineral contributions above Nicosia over the 
course of 12 hours. 

5.3 Comparison of DREAM and In Situ INPC Measurements 

To provide additional insight into model performance, a comparison was performed to 
evaluate DREAM INPC against the available in situ measurements on April 21. UAV-FRIDGE 
data and uncertainties used here are adopted from Marinou et al. (2019). As reported in the 
Section 3.6, the estimated error of the INP measurements is around 20%. When discussing 
comparison of DREAM INPC with these in situ measurements, it is useful to consider their 
results. They compared the POLIPHON-derived INPC and UAV-FRIDGE results and found 
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that D15i immersion parameterization and U17d deposition parameterizations were applicable 
in dust dominated cases.  

For comparison of model results with UAV-FRIDGE data presented in Figure 5.3, the 
INPC parameterizations were used in offline mode. At the sample collecting altitudes, 
immersion freezing conditions were not met. Therefore, as opposed to calculating immersion 
freezing INPC in the model where the thermodynamic conditions are met, it was necessary to 
use mineral dust concentrations from the model at the same latitude, longitude, and height at 
which the UAV samples were collected. Thus, the predicted cloud-relevant dust concentrations 
are used as input to the D15i, U17i and H19i parameterizations. The thermodynamic conditions 
used as input to the parameterizations were those to which the samples were exposed to in the 
FRIDGE. The DREAM results are presented with typical uncertainties of the INPC 
parameterizations (Harrison et al., 2019; Marinou et al., 2019). The variability of DREAM 
results described by the +3h and -3h profiles would introduce variability in INPC estimations 
of 27%, 30% and 33% for H19i, D15i and U17i, respectively (not shown on the plot). 

The DREAM results of D15i underestimate INPC in comparison with FRIDGE 
measurements. It should be noted that at 2.5 km height, DREAM underestimated the cloud-
relevant dust concentrations in comparison with POLIPHON retrievals (Figure 5.2b), 
contributing to INPC underestimations. Predictions obtained using the mineralogy-sensitive 
parameterization (H19i) at -30°C and -25°C are between those obtained using mineralogy 
indifferent parameterizations D15i and U17i. At these temperatures H19i results are agreement 
with UAV-FRIDGE measurements within the uncertainties. However, at -20°C, H19i 
underestimates INPC in comparison to D15i parameterization and UAV-FRIDGE 
measurements. To explain this result, it should be noted that D15i parameterization is based on 
particle concentration as input, and it is not affected by changes in particles size. On the other 
hand, H19i predictions are influenced by particle size and mineral composition of dust. At the 
temperatures used in the FRIDGE experiment (> -30°C), quartz contribution to INPC is 
expected to be small, so the most of the H19i INPC can be attributed to feldspar. Majority of 
feldspar is present in the silt particles, while its efficiency as an INP source is reduced with 
increase of temperature. It should be noted that in this case, relative contribution of silt particles 
to total dust particle concentration is smaller than in the mean particle size distribution at the 
sources in the model domain. Therefore, because feldspar is mostly present in silt particles, the 
feldspar fraction of dust is reduced. This suggests that sedimentation of silt particles is a 
possible cause of the underestimation of H19i prediction of INPC when compared to D15i at -
20°C. DREAM results of H19i show closer agreement with UAV-FRIDGE data at -25°C and 
-30°C, in comparison with the results of the mineralogy-indifferent parameterizations, but the 
sensitivity to mineral composition contributed to underestimation at -20°C in this case. 



53 
 

 

Figure 5.3 INPC prediction by DREAM on 21 April 2016 and the UAV-FRIDGE 
measurements for immersion freezing, as a function of temperature. The data points are slightly 
shifted from the actual temperature for clearer presentation. UAV-FRIDGE data are adapted 
from Marinou et al. (2019). Figure is adapted from Ilić et al. (2022). 

5.4. Comparison with the IWC in Potenza 

Qualitative comparisons of INPC prediction from the models can be made with ground-
based or satellite observations of cloud properties such as IWC (Ničković et al., 2016). These 
comparisons are indicative in terms of model prediction of thermodynamic conditions and 
cloud-relevant dust concentrations as factors contributing to cloud process. For comparison of 
cloud properties, a cloud microphysics scheme fully coupled with a dust model is necessary.  
Observations from the Cloudnet station in Potenza were used to perform a qualitative 
comparison with the DREAM INPC prediction using the H19i_U17dsetup with the IWC 
product for the period of April 16-22 (Figure 5.4).  
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Figure 5.4 Ice water content retrieved in Potenza using the Cloudnet retrieval scheme coarse-
grained to model resolution (A) and DREAM H19i_U17d INPC (B) from April 16 to 22. Green 
contour line represents 1 μg/m3 dust mass concentration. Adapted from Ilić et al. (2022). 

During the period of measurements, DREAM predicted two Saharan dust plumes 
reaching Potenza. The dust-laden air masses and associated INPC were collocated with the 
observed cloud development. Due to westerly flow, the first dust plume was developing in the 
Mediterranean on April 14 and was above Potenza on April 16. The DREAM-predicted INPC 
production coincided with the observed clouds above 6 km. The dust plume was transported 
northward on April 17, reducing the dust concentrations. Cirrus cloud development on April 
17 was not indicated by INPC predicted by the model. On April 18, covering the period of 
Po31 profile measurements, the observed clouds and the predicted INPC were vertically co-
located. On April 19 - 20, advection of a drier air mass from northwest, with no dust present, 
was predicted by the model. Thus, dust related INPC were not predicted in that period. On 
April 21-22, another dust plume reached Potenza, influencing pre-frontal cloud development 
which was also indicated by the model INPC. The qualitative comparison in the case presented 
here indicates possible correlation between predicted INPC and observed IWC. 

5.5 Comparison with the DARDAR Product during Dust Plume Overpasses 

Since this version of the model does not include a microphysics scheme which takes 
predicted dust concentrations as an input, the discussion analyzes whether INPC 
parameterizations are a good proxy for ICNC estimation and whether the mineralogy-sensitive 
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parameterization presents a considerable improvement in INPC estimation. A recently 
published closure study presented the relationship between the INPC and ICNC in clouds at 
temperature ranges which promote immersion freezing and deposition nucleation mechanisms, 
based on ground-based active remote sensing (Ansmann et al., 2019b). In the three closure 
experiments, in which clouds formed in Saharan dust layers, the estimated INPC and ICNC 
values agreed within an order of magnitude. Previously discussed study of Marinou et al. 
(2019) presented results of DARDAR-Nice estimates with INPC values derived from remote 
sensing measurements. The cloud-relevant dust profiles were retrieved from CALIPSO 
measurements using the POLIPHON algorithm. Two immersion parameterizations (D15i and 
U17i) were used. DARDAR-Nice values were between the values of D15i and U17i within the 
errors of the two parameterizations. 

While results of Ansmann et al., (2019) and Marinou et al., (2019) suggest that a 
reasonably good agreement (within an order of magnitude) can be expected between DREAM 
INPC and DARDAR-Nice, there are certain limitations that must be considered in this kind of 
comparison. The INPC parameterizations provide predictions of ice-initiation in clouds and 
not the ICNC values. The INPC can be considered as a reservoir of particles on which ice phase 
may initiate but not necessarily grow to the size of ice crystals that can be observed. The 
secondary ice production (SIP) processes at temperatures between −3°C and −8°C can be 
present in clouds, and contribute to the ICNC (Hallett and Mossop, 1974; Field et al., 2017). 
Due to the strong INPC dependence on temperature, high INPC values are expected close to 
the top of the upper aerosol–cloud layers. Additionally, liquid water droplets can be 
supercooled to temperatures around −37°C. In the following discussion an assumption is made 
that the ice crystals nucleate close to the cloud top and then grow and fall through the lower 
layers of clouds.  

Following the results of Marinou et al. (2019), in this Chapter a comparison of vertical 
profiles of DREAM INPC and ICNC from the DARDAR-Nice product is discussed for two 
cases of mixed-phase clouds during A-train overpasses over dust plume in the Mediterranean. 
Overpass A was in the central Mediterranean on April 20 around 12 UTC. Overpass B was 
above east Mediterranean and Cyprus on April 21 around 12 UTC. The satellite overpasses and 
parts of the trajectories used in the analysis are shown in Figure 4.10.A qualitative comparison 
with CALIPSO satellite observations of the dust plume on April 20 and 21 is performed, as 
well. Specifically, CALIPSO subtyping products are used for that purpose (Figure 5.5). 
CALIPSO detected both the dust layers and clouds present on the top of the dust layers in both 
cases. In case of overpass B, additional presence of some pollution in the dust layers is also 
observed. The DREAM model successfully forecasted the dust advection (in space, top height, 
and time), as shown in the vertical cross sections of the dust plume. CALIPSO products show 
that there are also marine and dusty-marine (marine and dust) particles present in the lower 
troposphere of overpass A. 
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Figure 5.5 CALIPSO aerosol subtype and cloud presence products (A and B) and DREAM 
vertical cross section of dust concentrations (C and D) with isotherms (dashed red lines), along 
the satellite path during overpass A on April 20 and during overpass B on April 21. Adapted 
from Ilic et al. (2022). 

Mean simulated dust concentration profiles considered in this part of the discussion 
show that there is significantly less dust in the atmosphere during the overpass B (Figure 5.6). 
Peak concentrations decreased from 253 μg m-3 to 184 μg m-3 and integrated dust load 
decreased from 1.1 g m-2 to 0.7 g m-2. However, at heights between 6 km and 8 km, where the 
immersion freezing is likely to occur, there is more dust in the overpass B. Additionally, the 
model predicts a cooler atmosphere than in overpass A, shifting the immersion range to lower 
altitudes.  

 

Figure 5.6 Vertical DREAM profiles of total dust (orange), feldspar (red) and quartz (green) 
concentrations, during overpass A on April 20 12UTC (A) and during overpass Bon April 21 
12UTC (B). Adapted from Ilić et al. (2022). 



57 
 

The vertical cross sections of DARDAR-Nice products along the satellite ground track 
during overpass are used to calculate the mean ICNC vertical profiles (Figure 5.7). It should 
be noted that DARDAR products can have some pixels misclassified as ice instead of mixed-
phase clouds (Villanueva et al., 2020). However, in analyzed cases, all the profiles were 
classified as mixed-phase clouds. Average DARDAR-Nice product is calculated for ice crystal 
diameters greater than 5 μm, 25 μm and 100 μm. The relative uncertainties in the individual 
profiles in the overpass A are in the ranges: 15-83%, 14-79%, 10-85% for the mentioned 
diameters. In the overpass B, the uncertainties are in the ranges: 27-72%, 28-68%, 33-57%. 
The uncertainties are attributed to the uncertainties in the measurements used in DARDAR 
validation and possible homogeneous freezing or aggregation influencing the total ICNC. To 
calculate average INPC profiles from the DREAM model, the satellite track was used to locate 
the nearest model grid points to the locations of observed clouds 

 

Figure 5.7 Comparison of DREAM-simulated INPC profiles using three model setups and 
DARDAR-Nice product during overpass A on April 20, 12UTC (A) and during overpass B on 
April 21, 12UTC (B). Solid blue line represents DARDAR ICNC for D>25 μm, while the 
shaded blue area indicates D>100 μm (lower limit) and D>5 μm (upper limit) values. 

Results presented in Figure 5.7 suggest that DREAM INPC parameterizations provide 
a good proxy of the vertical extent and distribution of the DARDAR ICNC in the mixed phase 
and cirrus clouds in overpass A. At the top of the cloud the three model setups agree with 
observations. At temperatures higher than -20°C, more ICNC are retrieved in comparison to 
the higher altitudes and in comparison, to the estimated INPC. A possible explanation can be 
in the assumption used by Ansmann et al. (2019) and Marinou et al. (2019) that high INPC 
values are expected close to the top of the upper aerosol–cloud layers, ice crystals increase in 
size and fall through the cloud. The model simulates only dust aerosols but the INPs at higher 
temperatures originating from biogenic sources could contribute to closer agreement with 
ICNC (Nickovic et al., 2016; O’Sullivan et al., 2018, Marinou et al., 2019). In overpass case 
B, DARDAR-Nice product shows a much smaller vertical extent, not completely covered by 
all three model setups, likely because of the coarser model vertical resolution as discussed in 
Chapter 4.1 and Chapter 5.2. In both A and B cases, DARDAR-Nice product predicts ICNC at 
heights where homogeneous nucleation is possible (around and below -37°C), so some of the 
crystals in the deposition temperature range can originate from processes not described by the 
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parameterizations used in the model setup. In overpass case B, DREAM estimates larger INPC 
than in overpass case A because of the previously discussed larger dust mass concentrations in 
the immersion temperature range above 6 km. 

During transport, the efficiency of dust as an INP is affected by the physical aging and 
by the different contribution of quartz and feldspar fractions to total dust concentration. The 
physical aging of dust within a dust plume can be described as reduction of concentration in 
larger size bins due to sedimentation of particles (Figure 5.8). The particles in the two silt size 
bins with the effective radii of 1.3 μm and 2.2 μm are very efficient as INPs at temperatures 
below -30°C (Niemand et al., 2012). The H19i_U17d- and U17i_U17d-predicted INPC depend 
on ice nucleation active surface-site density (ns) and dust particle size bin effective diameter, 
while the INP fraction in each size bin is strongly dependent on temperature. In overpass case 
B, U17i_U17d predicts a smaller INP fraction of total dust concentration than in overpass case 
A due to the warmer temperature at the same altitude. U17i uses some of the same data as the 
parameterizations by Niemand et al. (2012) and is on average producing ns values a factor of 
1.64 larger.  Price et al. (2018) analyzed dust INPC in Atlantic and found that parameterization 
by Niemand et al. (2012) overestimated INPC in comparison to samples collected in aircraft 
measurements.  

At temperatures higher than -25°C, H19i_U17d INPC maximum is lower than the 
ICNC maximum values by an order of magnitude. This setup shows the maximum INPC in the 
immersion mode, at -25°C where K-feldspar is the dominant INP source. The mineral 
composition of dust in the immersion range is changed during transport as indicated by quartz 
and feldspar content of dust in overpasses A and B, shown in Figure 5.8. It is estimated that 
overall, these changes in mineral composition would make the dust produce around 6% higher 
INPC at -35°C and up to 17% percent higher at -25°C. However, the total mass in silt bins was 
significantly reduced, mainly through deposition of larger particles, reducing this effect.  

D15i_S15d setup estimates peak in INPC in the deposition mode and underestimates 
concentrations in immersion mode by an order of magnitude in comparison to ICNC. The 
difference in INPC estimation between overpasses A and B, based on D15i parameterization 
is caused by higher dust concentration in the immersion temperature range (Figure 5.7) and 
lower dust concentration in silt bins (Figure 5.8) in the overpass B. It should be considered in 
this analysis that the D15i parameterization is the only one used in this Thesis which depends 
only on particle number concentration. Marinou et al. (2019) already established that S15d 
overestimates the INPC, while D15i values are within an order of magnitude of in situ 
measurements. 
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Figure 5.8 Vertically integrated mean dust concentration from DREAM within the DARDAR 
cross-section and for the immersion range for each size bin on April 20 at 12UTC (A) and April 
21 at 12UTC (B). Adapted from Ilić et al. (2022). 

Table 3 shows the evaluation of applicability of the three INP parameterization setups 
in DREAM, with the DARDAR ICNC as a reference in the two studied cases. As discussed 
previously, H19i_U17d and U17i_U17d INPC capture the general shape of the ICNC profile 
in case of overpass A. D15i_S15d shows the lowest bias, while positioning the peak 
concentrations above the observed maximum of INPC. U17i_U17d-predictedINPC is one 
order of magnitude larger than DARDAR-derived ICNC. These results agree with the results 
by Marinou et al. (2019) of comparison of lidar-derived INPC with DARDAR-derived ICNC 
for the two immersion freezing parameterizations (D15i and U17i). In overpass B, DREAM is 
less successful in predicting the shape of the ICNC profiles and this inevitably largely affect 
the comparison. D15i INPC prediction is lower than the ICNC, U17i_U17d predicts INPC in 
a limited altitude range, and H19i_U17d INPC decreases sharply at lower altitudes. In both 
cases (A and B), H19i_U17d had most success in predicting the vertical extent and the shape 
of the ICNC profile. Additionally, it shows the least root mean square difference when 
compared to ICNC. 
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Table 5.3 Evaluation of DREAM INPC - DARDAR ICNC comparison for three model setups. 
Adapted from Ilić et al. (2022). 
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5.5 Comparison with the IWP 

To discuss the performance of DREAM INPC setups on the prediction of horizontal 
patterns of ice clouds, the DREAM mineral fractions and INPC values are compared with the  
MSG-SEVIRI (METEOSAT second generation - Spinning Enhanced Visible and InfraRed 
Imager) ice water path (IWP) product from the CLAAS-2 dataset (Ničković et al., 2016). 
Mineral fractions are presented on horizontal maps, using mean concentrations calculated for 
model levels in the immersion temperature range (Figures 5.9 and 5.11). The corresponding 
columnar values of IWP and INPC are presented on horizontal maps, as well, in Figures 5.10 
and 5.12. Discussion is related to areas of overlap of predicted dust INPs and cloud ice, 
described by IWP. Following Ničković et al., (2016), to describe the success of dust INPs as 
cloud ice predictors the areas where columnar INPC and IWP overlap are evaluated as "hits", 
regions where clouds are observed but INPC are not predicted as "misses", and those where 
INPC are predicted but clouds are not observed as "false alarms". The usefulness of columnar 
INP related to dust mineral composition as IWP predictor is also discussed. Two dust events 
are analyzed: one that was observed as an intermediate dust event from April 14 to 16 at Nicosia 
corresponding to profiles Ni21 and Ni22 presented in previous sections; and a dust plume 
related to profiles Po31, Ni31 and Ni32 between April 18 and April 21. The horizontal maps 
do not correspond exactly in time to the mentioned profiles since MSG-SEVIRI measurements 
are available only during daytime. 

Results of INPC prediction in these two events are similar in terms of model success in 
predicting presence of clouds. Therefore, the results described here correspond to the specific 
geographical regions in which consistent model behavior can be seen. In certain cases, it is 
pointed out if a different prediction pattern occurs. In both dust events, feldspar fraction was 
between 16% and 26% in most of the model domain, the second event having slightly higher 
values. Lower values were generally predicted in eastern Europe, which can be attributed to 
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sedimentation of silt particles. Local maxima of feldspar fraction reached values of up to 30% 
in Europe and Mediterranean. The vertically integrated INPCs predicted using the three 
DREAM model setups differ from each other by up to two orders of magnitude in the columnar 
values of INPC, which is a conclusion also reached when vertical profiles were analyzed. 
H19i_U17d INPC falls between the U17i_U17d and D15i_S15d values. In columnar INPC 
values, U17d deposition nucleation parameterization is used in two setups, H19i_U17d and 
U17i_U17d, which makes differences between mineralogy-indifferent and mineralogy-
sensitive parameterizations less pronounced. D15i_S15d setup predicts more localized spots 
with significant INPC, as opposed to more spread regions of significant INPC predicted by 
other two setups. This is not a clear indication of whether a certain parameterization setup is a 
better choice in cloud prediction. INPC represents a reservoir of particles that can participate 
in formation of clouds, while other processes not represented by this type of parameterizations 
(e.g., homogenous freezing, secondary ice production) can significantly increase the ice crystal 
concentration.  

In all the presented cases, the largest differences between the setups can be noticed in 
the southern part of model domain, to the west over the Atlantic and in the northeast near 
Caspian Sea. In the eastern part of the model domain, consistently, INPC prediction indicates 
possible presence of clouds which are not observed. H19i_U17d predicts false alarm areas with 
less probability than U17i_U17d, possibly to the effect of mineralogy-sensitive immersion 
parameterization. D15i_S15d predicts the lowest concentrations and, therefore, smaller false 
alarm areas, but also less probability of predicting observed clouds over the Atlantic. In both 
events, over the Atlantic, south of 40N, model does not predict all the observed clouds. Since 
these are the areas above the ocean, it is possible that other types of aerosols could have 
contributed to ice formation. In the first event, the mineralogy-indifferent setup D15 did not 
predict clouds in west and south-central Mediterranean. However, in the second event, in the 
southern parts of Europe and in the Mediterranean, theH19i_U17d forecast patterns are close 
the observed ones. Results presented here indicate that U17i_U17d and H19i_U17d model 
setups predict cloud ice with higher probability than D15i_S15d over the Mediterranean Sea 
and the Atlantic Ocean. Feldspar content does play a role in INPC prediction. The D15i setup 
can produce overestimations, as seen in the east, although smaller than U17i_U17d, but can 
maintain a lower area of clouds which are not predicted. Further investigation and possible 
coupling with a microphysics scheme could provide clearer conclusion about usefulness of 
increased model complexity when simulating mineral components of dust in predicting the 
horizontal distribution of clouds. 



62 
 

 

 

Figure 5.9 DREAM-simulated feldspar (A) and quartz (B) mineral fractions in the immersion 
temperature range on April 14, 12UTC (1st column) and April 15, 12UTC (2nd column). 
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Figure 5.10 DREAM-simulated integrated INPC values for H19i_U17d (A) U17i_U17d (B) 
and D15i_S15d (C) setups. MSG IWP product (D) on April 14, 12UTC (left) and April 15, 
12UTC (right). 
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Figure 5.11 DREAM-simulated feldspar (A) and quartz (B) mineral fractions in the immersion 
temperature range on April 18, 15UTC (1st column); April 20, 12UTC (2nd column); and April 
21, 12UTC (3rd column). Adapted from Ilić et al. (2022). 

 

Figure 5.12 DREAM-simulated integrated INPC values for H19i_U17d (A), U17i_U17d (B), 
and D15i_S15d (C) setups. MSG IWP product (D)on April 18, 15UTC (left); April 20, 12UTC 
(center) and April 21. 12UTC (right). Adapted from Ilic et al. (2022).  
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6 Summary and Conclusions 

For the first time, a mineralogy-sensitive INPC parameterization has been implemented 
in an operational, regional dust-atmosphere coupled model. The results of this Thesis present 
the outcome of implementing such a parameterization in DREAM and comparison of the model 
results with remote sensing and in situ measurements. The limitations of this approach and the 
outlooks for a more detailed coupling of dust concentrations with a microphysics scheme, that 
is on the pathway to future development, are discussed. 

Specific numerical experiments were performed to simulate the transport of dust in the 
case of mineralogy-indifferent parameterizations and of feldspar and quartz minerals for the 
mineralogy-sensitive parameterizations. For the mineralogy-indifferent parameterizations 
(D15i, U17i, S15d, U17d), cloud-relevant dust concentrations were used as input. For the 
mineralogy-sensitive parameterization (H19i), feldspar and quartz concentrations were used. 
Through analysis of the results of a long-term study of model performance and several analyzed 
cases of dust episodes in the Mediterranean, the results of mineralogy-sensitive 
parameterization have been compared to the mineralogy-indifferent parameterizations and 
observations. Vertical profiles of cloud-relevant dust concentrations, and INPC from the model 
and ground-based lidar measurements, ICNC satellite retrievals, and in situ INPC were 
analyzed. Additionally, qualitative comparisons were performed with vertical profiles of IWC 
from a ground-based cloud radar and horizontal distribution of IWP from satellite retrievals. 
Differences between the parameterizations and observed values are linked to cloud-relevant 
dust concentrations and thermodynamic quantities. Based on the results of a long-term 
systematic study to which the results of DREAM were contributed and based on numerical 
experiment case studies in the Mediterranean in April 2016, the following conclusions have 
been drawn: 

● Systematic evaluations of dust concentrations forecast, and the selected cases studied in 
more detail confirmed that the DREAM model successfully simulates the evolution and 
vertical distribution of the dust plume, slightly overestimating the height of the layer when 
compared to remote sensing retrievals.  

● In the case studies of comparison with POLIPHON, DREAM typically overestimated the 
dust concentration, especially in the low concentration cases. Furthermore, a lower 
correlation coefficient than in the systematic study was obtained. The predicted altitude of 
the dust layer was above the average altitude for the east cluster of EARLINET stations in 
the systematic study. 

● Based on the available data, it is difficult to discriminate which effect could be the dominant 
cause of differences in dust concentrations between the model and the observations in each 
case. Parameterizations of the dust source strength, sedimentation, and wet scavenging or 
a combination of these effects along with the model horizontal and vertical resolutions can 
all be the cause of the discrepancies. In other studies, it has been shown that the data 
assimilation scheme included in the model simulation cycle can improve the forecasts. 

● In the vertical profiles, the three INPC setups implemented in the model (mineralogy-
sensitive H19i_U17d and mineralogy-indifferent D15i_S15d and U17i_U17d) differ by 
about an order of magnitude. H19i_U17d presents a sharp maximum in INPC at -25°C and 
a sharper decrease of INPC at temperatures higher than -20°C in comparison with other 
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setups, as the INPC in H19i parameterization is dominated by the feldspar efficiency as the 
INP. 

● The mineralogy-sensitive immersion freezing parameterization agrees with the in situ 
INPC measurements at -30°C and -25°C, but underestimates the INPC at -20°C, possibly 
due to the sedimentation of silt particles and consequent reduction of feldspar fraction of 
dust.  

● The direct comparisons of DREAM INPC and DARDAR ICNC show agreement within an 
order of magnitude for all model setups. In the two presented cases, the shape of vertical 
distribution and the vertical extent of the INPC predicted by the H19i_U17d model setup 
showed the closest agreement with DARDAR ICNC. This implies that the mineralogy-
sensitive setup may be the best proxy of ICNC in the atmosphere, but additional 
experiments and model validation are needed to explore this hypothesis. 

● In comparison to mineralogy-indifferent setups, the mineralogy-sensitive setup is more 
sensitive to particle size, as feldspar is dominantly present in silt particles in the model. 
Variations in the feldspar content have shown to be able to influence the productivity of 
dust as an INP by 6% at -35°C and up to 17% at -25°C. This effect is reduced by the 
reduction in overall feldspar content by physical aging of dust through sedimentation of 
feldspar silt particles. 

● The horizontal distribution of INPs has shown that U17i_U17d and H19i_U17d model 
setups have a higher probability to predict the presence of cold clouds than D15i_S15d over 
the Atlantic and Mediterranean. The similarity of the results of U17i_U17d and H19i_U17d 
implies that the horizontal distribution of the predicted values is strongly influenced by the 
U17d deposition nucleation parameterization. However, they show differences in predicted 
INPC over the Atlantic and the Caspian Sea region due to differences in feldspar content.  

The modeling results presented in this Thesis agree with previous in situ and laboratory 
studies on the significance of including the dust mineral composition into INPC prediction by 
numerical models. Using mineralogy-sensitive parameterizations is a step forward in 
quantifying the role dust plays as INP. The main limitations of the current version of the model 
are a consequence of the implementation of the INPC parameterizations. While DREAM is 
fully coupled in terms of dust transport and INPC predictions, dust concentrations are not 
coupled with the cloud microphysics scheme. Therefore, the assumption has been made that 
INPC would correspond to the ICNC which, depending on the secondary ice production, 
homogeneous nucleation, and ice crystal aggregation, may introduce additional uncertainties. 
Nevertheless, a more comprehensive evaluation using a database of in situ measurements 
would give us a clearer view of the importance of representing dust mineral composition when 
modeling cloud ice initiation processes. Additionally, it would give information about how 
well the particles collected by the surface measurements or by the low troposphere UAV flights 
correspond to the particles present at altitudes where, due to the thermodynamic conditions, ice 
initiation mechanisms are possible. In future development and numerical experiments, a dust 
model with a fully coupled microphysics scheme would be able to overcome some of the 
limitations of this study. In such a model, depending on the complexity of the microphysics 
scheme ICNC concentration may be calculated. Further development of the aerosol model itself 
can lead to the representation of other aerosol species. Other aerosol types, such as biogenic 
particles contribute to INPC at higher temperatures or remote ocean locations, especially in the 
Southern Hemisphere can contribute to INPC. Future experimental campaigns would ideally 
be able to provide in situ observations of aerosol concentrations, INPC, and ICNC. This would 
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facilitate further development of current parameterizations and improve the model validation 
capabilities leading to further refinement and improvements in parametrizing the INPC and 
constraining the effects of INPs on cloud processes.  
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