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Abstract

:

Every year, large quantities of dust are transported from North Africa to the Americas, Europe, and West Asia. The purpose of this study is to analyze four intense and pervasive dust storms that entered the Middle East from Northern Africa. Satellite products, ground-based remote sensing measurements, reanalysis data, and the outputs of the Aire Limitée Adaptation dynamique Développement InterNational-Dust (ALADIN-Dust) and the ICOsahedral Nonhydrostatic weather and climate model with Aerosols and Reactive Trace gases (ICON-ART) forecasting models were synergized. The dust storms originated from different source regions located in the north, northeastern, and central parts of the Sahara Desert. The transport height of the main dust plumes was about 3–5 km, triggered by the westerly zonal winds. The presence of a closed low over the Eastern Mediterranean and the penetration of a deep trough into North Africa at 500 hPa were the main synoptic circulation patterns favoring long-range dust transport during the four dust events. A comparison of aerosol optical depth (AOD) outputs from the two models with satellite data revealed that although both models forecasted dust transport from Africa to the Middle East, they considerably underestimated the AOD values, especially near the dust sources. The ICON-ART model performed slightly better than ALADIN in forecasting these dust storms, and for longer forecasting leading time, although the performance of both models decreased, the superiority of the ICON-ART model became more apparent.
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1. Introduction


Dust storms, as natural hazards, have many economic and social effects on the countries lying across the global dust belt [1,2,3,4], as they harm human health through several respiratory and heart diseases and cause significant damage to infrastructure and economic loss [5,6,7]. Furthermore, intense dust storms reduce visibility, causing road accidents [8] and flight cancellations [9,10]. Apart from the local effects, dust particles may travel long distances and are even transported between continents [11,12,13]. Particles that come from distant dust sources can cause the transmission of many diseases by carrying microbes and viruses from different areas along their path [14,15,16,17,18]. In addition, due to their smaller size, they can easily enter the human body and lead to more cardiovascular diseases [19]. Therefore, long-range transported dust has attracted large scientific attention due to multiple effects on atmospheric dynamics, direct and indirect radiative effects, regional climate, cloud properties, air quality, loess deposits, and human health [20,21,22,23,24,25].



Every year, several billion tons of dust are emitted into the atmosphere, of which 1 billion originates from Africa, while many studies have been involved in investigating the dust transport from Africa to the Americas [26,27,28,29,30,31,32]. These results revealed that in winter and spring, African dust is mainly transported to South America at levels below 800 hPa, while in summer and autumn, the preferred routes are toward the Caribbean Sea and in atmospheric layers up to 500 hPa.



The transport of dust from Africa to the European continent has also been analyzed by many researchers (e.g., [33,34,35,36,37]). A recent study indicated that atmospheric rivers (ARs) in Northwest Africa showed an increasing trend during the past four decades, and 78% of AR events were associated with abnormal dust in Europe [38]. Several other studies examined the effects of dust on weather conditions, climate forcing, agriculture, transportation, energy, society (including school closures and cancellation of social events), and emergency response systems in Southern Europe [39,40,41,42,43]. The severe dust storm on 22 March 2018 over the Eastern Mediterranean and Greece [44] led to a 3-fold increase in daily emergency responses compared to previous days and a 3.5-fold increase in hospital admissions for respiratory illnesses in Crete Island. Reduced visibility caused disruption to air traffic, eleven cancellations, and seven flight delays, while the estimated direct and indirect financial cost of this dust event was estimated between EUR 3.4 and 3.8 million for Crete, Greece [43].



Under certain synoptic conditions, African dust plumes may also affect India, modifying the aerosol physical properties and chemical composition [45]. Dust particles from the African continent sometimes may enter East Asia by traveling very long distances [46,47]. Therefore, the vast deserts of the Middle East and North and East Africa cannot be ignored when assessing background dust in East Asia and the Pacific region. Tanaka et al. [48] conducted a numerical simulation with a three-dimensional global aerosol transport model. The simulations showed that the dust particles over East Asia were produced during dust storms in North Africa and the Middle East and were in satisfactory agreement with the measured data. In another study, the long-range transport of Saharan dust to East Asia was systematically investigated from 2007 to 2020 [49]. The results showed that a quarter (24.3 ± 6.2%) of the dust events in East Asia from 2007 to 2020 originated from the Sahara. In addition, Saharan dust over East Asia is usually detected in the upper troposphere, while the average total Saharan dust over East Asia between 2010 and 2015 was estimated to be 9.78 ± 33.05 tons per year [49]. Consequently, global and regional climate models have been extensively utilized for simulations of dust emissions, transport, and accumulation over the Middle East–North Africa (MENA) region (e.g., [50,51,52,53,54,55]).



Sometimes, under favorable meteorological conditions, large quantities of dust enter the Middle East from the African continent (e.g., [7,56,57]). In addition to this transported dust, the activity of many dust sources in the Middle East causes frequent and severe dust storms in this region [58,59,60,61]. Awad and Mashat [62] analyzed the synoptic meteorology patterns associated with the transition processes of dust from North Africa to the Middle East, while Mashat et al. [63] showed that dust from Northeast Africa exhibited a significant contribution to dust events over the Southwestern Arabian Peninsula. Furthermore, dust from the Nubian Desert in southern Egypt and Sudan may highly affect the aerosol loading over the southern Red Sea, Gulf of Oman, and the Arabian Sea [64,65,66], while Somalian dust is a major source for dust particles over the Arabian Sea [67,68]. Although it is especially important for synoptic meteorology, atmospheric dynamics, economic cost, and health effects [69,70], the transport of dust from Africa to the Middle East has received less attention, likely due to several regional and local dust sources over the arid Middle East that contribute to a significant dusty background. Recent studies showed that the presence of dust emitted from Africa causes an increase in damage and the transmission of various diseases in the Middle East [71,72].



The goal of this study is to investigate the meteorological dynamics (atmospheric circulation patterns) affecting intense and pervasive dust transport that entered the Middle East from dust sources in Africa, as well as the associated dust-plume characteristics. So, the main scope is to shed light on synoptic meteorological systems associated with this type of dust transport, which are not well documented in the past. In this respect, four severe dust-storm events during recent years were selected and analyzed using remote sensing observations, reanalysis data, and numerical model outputs. Since dust forecasting plays a fundamental role in atmospheric dynamics, and its accurate and timely forecast is especially important for reducing and mitigating impacts and damages [73], the outputs of ALADIN-Dust and ICON-ART operational dust models, with one to three days forecast leading time, were validated against satellite observations. The study explores the capability of each model to simulate the aerosol loading during dust transport from North Africa to the Middle East. Transported dust plumes over the MENA region are associated and controlled by specific pressure gradients and wind regimes that should be accurately represented in numerical models for satisfactory prediction and forecasting of dust transport. In this respect, the atmospheric circulation patterns and the main dynamic forces that favor the transport of African dust over the Middle East are examined.




2. Materials and Methods


In this study, the seasonal averages of aerosol optical depth (AOD550) from Terra-MODIS satellite sensor (C006.1; combined Deep Blue and Dark Target algorithms) with 1° × 1° spatial resolution (Level 3) over a period of 23 years (2000 to 2022) were analyzed over North Africa and the Middle East. This dataset, which was downloaded from https://giovanni.gsfc.nasa.gov (accessed on 10 January 2024), revealed the approximate locations of dust sources in the northern part of the African continent and coincided with the highest AOD550 values. To determine the possible transport routes of the dust particles, the seasonal averages of the wind vector at 500 hPa were superimposed on the AOD550 spatial distribution maps. The wind field in the mid-troposphere was taken from the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis [74,75] dataset with 2.5° horizontal resolution during the same period (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html; accessed on 10 January 2024).



Moreover, four intense dust-storm events, during which dust particles emitted from North, Northeast, East, and Central Africa entered the Middle East, were investigated from atmospheric and meteorological points of view. The dates of the examined dust events are 24–27 March 2021, 10–12 March 2022, 21–23 May 2022, and 28–29 May 2023, all in the spring season, which is especially active for dust outbreaks over Northeast Sahara and in the Eastern Mediterranean–Middle East (EMME) region [44,76,77,78,79].



The National Oceanic and Atmospheric Administration/Visible Infrared Imaging Radiometer Suite (NOAA-20/VIIRS) true-color imagery from https://worldview.earthdata.nasa.gov/ (accessed on 10 January 2024) was used to detect the transport of the dust plumes over the study area during the four examined cases. The AOD500 values derived from the AERONET CIMEL sun photometer [80] at KAUST_Campus, Saudi Arabia, located on the east coast of the Red Sea (Figure 1), were also analyzed as time series for all dust cases. The AERONET AOD500 data correspond to version 3 and layer 1.5. Furthermore, the vertical profiles of the total attenuated backscatter coefficient at 532 nm and aerosol subtypes were obtained from the CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations; [81]) satellite (www-calipso.larc.nasa.gov/; accessed on 10 January 2024) over the region during the dust-storm events [82,83].



For the synoptic meteorological analysis during the four dust-storm events, geopotential height, and wind vector maps at 500 hPa level, superimposed on Dust RGB (red-green-blue) images, downloaded from the Eumetrain ePort (http://212.232.25.232/ng-maps) (accessed on 11 January 2024) were used. In addition, mean sea-level pressure (MSLP) and 500 hPa streamline maps are presented, aiming to provide a concurrent analysis of surface and mid-atmospheric patterns. Dust RGB images are products of the Meteosat Second Generation (MSG) satellite, while the meteorological data were taken from the ERA-5 reanalysis produced by the European Centre for Medium-Range Weather Forecasts (ECMWF) at 0.25° × 0.25° (https://cds.climate.copernicus.eu/; accessed on 11 January 2024). More details are presented elsewhere [84].



Since the main objective of this study is to examine the long-range transport of dust particles, which usually takes place in the mid and upper troposphere over the EMME region [85], the outputs of the HYSPLIT model (Hybrid Single-Particle Lagrangian Integrated Trajectory; [86]) at 5000 m altitude were analyzed during the four dust-storm events. This model was run for 48 h in a matrix form and for backward air masses using the Global Data Assimilation System (GDAS) atmospheric data with 0.5° horizontal resolution (https://www.ready.noaa.gov/HYSPLIT_traj.php; accessed on 11 January 2024).



The AOD550 outputs of two models, namely ALADIN-Dust and ICON-ART, with 1-, 2-, and 3-day forecast leading times are qualitatively and quantitatively compared with Terra-MODIS AODs. For the quantitative comparison, the statistical indicators Pearson correlation coefficient (R), root mean square error (RMSE), and bias were calculated via the following formulas:


  RMSE =    1 N    ∑   i = 1  N     (   F i  −  O i   )   2    ,  



(1)






  Bias =    ∑   F i     ∑   O i    ,  



(2)






  R =    ∑   (   F i  −  F ¯   )   (   O i  −  O ¯   )       ∑     (   F i  −  F ¯   )   2       ∑     (   O i  −  O ¯   )   2       



(3)







In all equations, Fi is the AOD550 output of the model at each grid point,    O i    is the satellite AOD550 value at the same grid point, N is the total number of grid points in the spatial domain, and the bar symbol indicates the spatial average over all points. It should be noted that the model outputs were rescaled to the MODIS pixels, following a previous study [87]. The bilinear method was used for the interpolation process, which may slightly affect the AOD distribution values. However, since MODIS retrievals also include uncertainties and errors due to algorithms used and the remote sensing process, the comparisons between model forecasts and satellite data should be considered rather qualitatively.



Dust Models


The general specifications of the ALADIN-Dust and ICON-ART models, whose outputs were downloaded from https://sds-was.aemet.es/forecast-products/ (accessed on 11 January 2024) and evaluated in this study, are shown in Table 1. For both models, a brief description is given in the following.



	(i)

	
ALADIN-Dust model







ALADIN (Aire Limitée Adaptation dynamique Développement InterNational) is a spectral hydrostatic model, developed under an international collaboration led by Météo France and is used operationally for weather forecasting. ALADIN is a fully 3D baroclinic system of primitive equations. The main goal of the model is to perform a dynamic adaptation with high resolution on ARPEGE global NWP (numerical weather prediction) model forecasts [89].



In the ALADIN-Dust model, the dust flux is calculated using a modified formulation of the Dust Entrainment And Deposition (DEAD) model [90] tailored to optimize the computational efficiency and compatibility with the other components of the ALADIN model, while maintaining the core functionalities of the DEAD module. The physical parameters in the DEAD scheme are based on the Marticorena and Bergametti [91] scheme, where dust is calculated as a function of saltation and sandblasting. DEAD is imported into the Interaction Soil Biosphere Atmosphere (ISBA) scheme [92] and implemented in SURFEX. Recently, the dust emission parameterization has been improved aiming to better calculate the soil grains distribution [93]. Critical parameters defining dust emissions are:




	
Horizontal dust flux








The horizontal dust flux represents the mass of particles that pass through a vertical surface with infinite height and unit width per unit time. It basically consists of particles that move in the form of saltation. To consider the soil grains distribution in the horizontal flux (G), the relationship of Marticorena and Bergametti [91] is used. Equation (4) assumes that the contribution of each size class to the total flux is directly related to the relative surface area occupied by each class in the soil. Then, the horizontal flux is considered the total relative contribution of different size classes in the particle domain.


  G = a · E · c ·  ρ g  ·  u * 3    ∑    D p     (  1 +    u   * t       u *     )   (  1 −    u   * t   2     u * 2     )    dS   rel    (   D p   )    dD  p  ,  



(4)




where E is the erodibility fraction of the surface,     dS   rel    (   D p   )    is the relative surface, and a = 0.04 is the global mass flux adjustment factor determined by the experimental model.    D p   ,   ρ ,      u *   , and    u   * t      are the particle diameter, density, frictional velocity, and threshold frictional velocity for the initiation of wind erosion, respectively. The parameter  g  is the gravitational acceleration.



	
Vertical flux






The vertical flux represents the mass of fine particles that pass through a unit of horizontal surface per unit of time. Many parameterizations have been proposed for the vertical-to-horizontal flux ratio α. Marticorena and Bergametti [91] proposed a relationship according to the amount of fine particles in the soil. Therefore, they calculated this ratio according to the amount of clay for soils with a clay fraction below 20%. Shao et al. [94] proposed a semi-empirical relationship with respect to the potential energies required to break the adhesion forces that maintain fine particles in suspension. These energies are represented by erosion threshold values. Shao et al.’s (1993) [94] parameterization is used in this model, as:


  α =  F G  =  2 3  ×    ρ p   ρ  ×    β γ g       [   u   * t     (   D d   )   ]   2    ,  



(5)






  γ = 2.5  



(6)






  β =  [  0.125 ×   10   − 4   ln  (   D s   )  + 0.328 ×   10   − 4    ]  exp  (  − 140.7 ·  D d  + 0.37  )   



(7)




where    D d    and    D s    are in mm and β > 0.




	
   D s   : average diameter of particles with saltation (~75 μm).



	
   D d   : average diameter of suspended particles (~6.7 μm).








	(ii)

	
ICON-ART model







The ICOsahedral Nonhydrostatic weather and climate model with Aerosols and Reactive Trace gases (ICON-ART) uses a modal aerosol microphysics model [95]. The size distribution of mineral dust is shown in the emission scheme with three log-normal modes (Table 1). The mean particle diameters are 1.5, 6.7, and 14.2 μm with standard deviations of 1.7, 1.6, and 1.5 for modes A, B, and C, respectively. The dust emission scheme is based on Vogel et al. [96], adapted by Rieger et al. [97] to consider global soil data (size distribution and soil residual moisture), the state of soil dispersion, and a tile approach used to calculate soil type heterogeneity in coarse resolutions.



In this model, the saltation flux is calculated according to White [98]:


   F h   (   d p   )  =  C  white   ·  ρ g   u * 3  ·  (  1 +    u   * t     (   d p   )     u *     )  ·  (  1 −    u   * t   2   (   d p   )     u * 2     )  ,  



(8)




where    C  white     = 0.7 is a linear scaling parameter to match the calculated and measured dust emission flux.    u *    and    u   * t      are the friction velocity and the threshold friction velocity, respectively.    d p    and  ρ  are the particle diameter and density. The parameter  g  is gravitational acceleration.



The following equation relates the saltation flux to dust emission flux in the aerosol model [99]:


   F  v , l    (   d p   )  =  π 6  ·  ρ p  ·  d  3 , l  3  ·    P l   (   d p   )  ·  β  kin   ·  F h   (   d p   )     e l    ,  



(9)




where    β  kin   = 163      ms    − 2    . The quantity    β  kin   ·  F h   (   d p   )    is the kinetic energy of the particles with saltation and    e l    is the adhesion energy of model particles.    P l    is the percentage of kinetic energy expended to free the particles of mode l and is calculated based on adhesion energies, as summarized in Alfaro and Gomez [99]. These percentages of kinetic energy are chosen so that when the friction velocity exceeds the threshold friction velocity, the particles in the largest mode are emitted first. As the friction speed increases, the share of smaller particles that are emitted is increased as well. The weighted integral of equation (Equation (10)) in all diameters of saltated particles based on their cross-sectional area gives the total dust emission flux (   F  tv , l    ) of the model:


   F  tv , l   =   fr  e  ·   ∑   s = 1  4    ∫   − ∞  ∞   F  v , l    (   d p   )  ·    π 4  ·  d p 2  ·  n s   (   d p   )      ∫   − ∞  ∞   π 4  ·  d p 2  ·  n s   (   d p   )     d   lnd   p       d   lnd   p  ,  



(10)







With the term    n s   (   d p   )   , the soil dispersion state is considered. Detailed information about the dust cycle and other parameterizations in the ICON-ART model can be seen elsewhere [96,97,100].





3. Results and Discussion


3.1. Dust Sources in the Northern Part of the African Continent


Figure 2 shows the spatial distribution of the seasonal mean AOD, superimposed with the 500 hPa wind vector, for a period of 23 years (2000 to 2022) over central and North Africa. As expected, due to dust presence over the Sahara Desert, the highest AOD values in this region occur in the summer and spring seasons. In general, the AOD value is higher in the west of the African continent than in the east, due to the larger and more active deserts in that part that emit dust toward the Atlantic Ocean and the Americas [29,31,101].



In winter (Figure 2a), despite the strong westerly winds over the North African deserts in the mid-troposphere, the generally low AOD values suggest limited dust presence, since some strong dust events occur rarely and under certain meteorological conditions, associated with strong cyclones that transport dust toward the central Mediterranean, Balkans, and the Levantine Basin [39,77,102,103]. Spring season (Figure 2b) is active for dust transport from the Sahara Desert toward the Eastern Mediterranean Basin, since due to the passage of the Sharav cyclones across the North African coast [41,76,79,104], the deserts in Libya and Egypt are especially active, presenting higher AODs compared to the rest of the year. The wind speed in spring is significantly higher and its zonal westerly flow over North Africa facilitates significant amounts of dust to be transported over the Middle East countries [62]. The wind regime is much weaker in summer and is also shifted in direction, creating the Harmattan winds blowing toward the west/southwest (Figure 2c). This wind pattern facilitates dust transport mostly toward the Atlantic Ocean and the American continent. Several studies have examined the meteorological dynamics during dust transport from the west coast of North Africa to the Atlantic through the African easterly waves (AEW) in summer (e.g., [105,106,107,108]). Over Africa, the AEWs propagate in two paths on either side of the African easterly jet (on the southern flank of the Sahara and in the rainy zone) [109,110,111] before they emerge over the ocean. The high AODs over Central Africa (Kongo tropical forest and surroundings) in summer are due to seasonal forest fires over the region, as also observed in winter and autumn but to a lesser degree. On the other hand, high AOD values are shown over the Nubian Desert and Ethiopia, Somalia, and along the African coast of the Red Sea. The summer meteorological conditions over this region facilitate the transport of dust from these areas toward the southern Red Sea, Arabian Peninsula, and Gulf of Aden, through the dominant westerlies (Tokar Gap jet) and the southwest monsoon flow off the coast of Somalia [65,67]. The AOD values in autumn (Figure 2d) decreased significantly compared to summer all over North Africa, while only the Bodélé depression in Chad [112] remains active, which, however, does not seem to significantly affect Eastern Africa and the Middle East. The northeast African deserts in Egypt and Sudan exhibit moderate dust AODs. The wind speed also shows a relative decrease in most parts of the Sahara Desert, while along the North African coast, it shifts again to westerly directions, enabling it to transport dust over the Middle East under certain circumstances.



Gherboudj et al. [113] identified new dust sources such as the Nogal Valley in the Horn of Africa, the Aljafra plain and the Nafusa mountain slopes at the Tunisia-Libyan borders, the northwestern slopes of the Tibesti mountains at the Libya-Chad border, the Sebkhet te -n-Dghâmcha region in Mauritania/the western Sahara border, the Wadi Howar in Central Sudan, and the West Algeria region. Furthermore, similar to previous studies (e.g., [6,114,115,116]), the highest amount of dust emissions originated from areas with abundant river and alluvial deposits such as the Bodélé depression in Chad, the Qattarah depression in Egypt, the Chott el-Jerïd in southern Tunisia, the Chott Melghir in Northeastern Algeria, and the Nubian Desert in Sudan. In addition, the current results referring to the AOD and wind vector (500 hPa) climatology over North and Central Africa show that the dominant wind regime in the mid-troposphere is a westerly zonal flow from the North African deserts toward the Middle East. However, this prevailing wind flow does not guarantee dust transport, which is favored under specific conditions of enhanced emissions—associated with high AODs—due to dynamic mechanisms within the lower boundary layer and close to the desert surface [56,117,118].




3.2. Case Studies


This section examines the transport of intense dust plumes from North Africa to the Middle East, mostly from the meteorological and atmospheric points of view. Four case studies (spring dust events) are analyzed here, since in this season the dust activity maximizes over North Africa, thus affecting the Middle East.



3.2.1. Satellite Images


The true-color images of the NOAA-20/VIIRS satellite sensor during the four examined case studies are shown in Figure 3. On 24 March 2021 (D1), a dust mass moved from the central and northeastern regions of Africa to the southern shores of the Mediterranean Sea and the northern half of the Red Sea, affecting Northwest Saudi Arabia. In the following days, dust rising from Africa entered the Mesopotamian plains, Southwest Iran, and the Persian Gulf, indicating an eastern propagation of the dust plume. On 11 March 2022 (D2), an intense dust mass was loaded in the central and eastern regions of Africa and was transferred to the central parts of the Red Sea and Saudi Arabia and then to other parts of the Middle East, in the form of atmospheric rivers along specific dust corridors, as detected in previous studies [38,119]. On 21 May 2022 (D3), dust was emitted from East Africa, the western shores of the Red Sea, and an area located in the Horn of Africa, and entered the southern part of the Red Sea, also affecting southwestern parts of the Arabian Peninsula and beyond. On 29 May 2023 (D4), three dust masses were observed in North, Northeast, and Central Africa, which were transported toward the Middle East through westerly and southwesterly currents. The main dust plume was traveling over the Middle East along with a distinct cloud presence that suggests propagation of a frontal dust storm over the region, as shown in previous studies [87,120,121].




3.2.2. AERONET Data


Figure 4 shows the AOD values at 500 nm measured at the AERONET station located in KAUST_Campus, in Western Saudi Arabia during the four examined dust events. In D1 (Figure 4), the AOD values gradually increased up to ~0.58 from the first hours of 24 March 2021, while they exhibited a sharp decrease from the noontime of 25 March. As shown in Figure 4, during D2, the AOD presented a sharp increase from around 5:00 UTC on 11 March 2022, reaching values above 0.6, signaling the arrival of a dust plume, while its values gradually decreased afterward to background levels of about 0.3 for springtime AOD over the arid Middle East [122,123,124,125]. In the D3 event (Figure 4), the AOD values increased suddenly from the end of 19 May 2022 and reached more than 1 at 6:00 UTC on 20 May, highlighting the intensity of this dust event and its proximity to the measuring station, as also seen in the satellite imagery (Figure 3c). The high AODs remained until the morning hours of 23 May, suggesting a long-lasting dust transport from Northern Africa toward the Arabian Peninsula and the Middle East. The westerly and southwesterly winds prevailing over Northeastern Africa support the transport of dust to the measuring point. During the fourth examined dust event (D4), the background atmosphere on 28 May 2023 (AOD = 0.2) was highly burdened by an intense dust storm that affected the site and increased the AOD up to 1.2. After the peak of the dust plume passage over the site, the AOD gradually decreased and increased again (0.7–0.8) after 2–3 days, indicating long-lasting dust influence over the Western Arabian Peninsula (Figure 4).



In all the examined cases, the AODs increased on the dusty days, even compared to a high dust-AOD background, indicating transported dust over the western Arabian Peninsula. In all cases, just before the arrival of the dust plume (signaling the AOD increase), a relative decrease in AOD values is observed, which may be related to enhanced winds from the Red Sea marine sector [66,126]. Note also that the background AOD over the study region in March (D1 and D2 episodes) is significantly lower than that in May (D3 and D4 episodes) when the dust activity maximizes over the Arabian Peninsula [44,63,70]. The North African dust transported over the Arabian Peninsula and the Middle East may also accumulate over the Arabian Sea [67,85], thus contributing to atmospheric heating and to a series of thermodynamic processes that affect the regional climate, monsoon flow, and rainfall in Central Asia and the Indian subcontinent [127,128,129]. However, a possible contribution of the African dust to these atmospheric dynamic processes has not been examined yet and such research constitutes a real challenge due to the different mineralogical composition and absorbing characteristics between the North African and the Arabian dust [118,121].




3.2.3. CALIPSO Profiles


CALIPSO observations of the aerosol profiles in the atmosphere are especially helpful for monitoring the vertical distribution of dust, which travels at elevated layers in the atmosphere [83,130,131]. Furthermore, the CALIPSO product of the aerosol subtypes in the vertical helps in understanding the type of aerosol and dust presence [132]. In this respect, Figure 5a,b show the vertical profiles of the backscatter coefficient and the identified aerosol types over the study region during the D1 dust event (25 March 2021). At the northern latitudes (~23°–26° N) over North Sudan/Egypt, apart from the dust layer near the surface, an elevated dust plume with significant intensity is also shown traveling at 3–4 km, carrying dust from North Africa to the Middle East. Aerosols were identified as mixing of dust (yellow) and polluted dust (brown). During this event, an elevated dust plume is notable at about 22° N, signaling significant dust transport over the Red Sea and the Arabian Peninsula at elevated heights. On the other hand, the backscatter coefficient values near the surface were also high due to increased dust activity over North Africa during the spring season.



On 12 March 2022 (D2; Figure 5c), the dust aerosol plume was mostly within the boundary layer (<2.5 km) over North Africa, also characterized by significant backscatter coefficient values (5–7 × 10−3 Mm−1 sr−1). At around 19–20° N, an elevated dust plume is also shown, thus favoring the transport over longer distances, although its intensity is much weaker than the previous case. It is seen that dust can be transported even at lower altitudes and affect Saudi Arabia after crossing the Red Sea, but its potential to reach long distances is rather limited. Nearly the whole area was under the influence of pure and polluted dust, based on aerosol-type data (Figure 5d).



During D3 (23 May 2022), daytime CALIPSO observations showed an extensive dust plume from the surface up to 5 km along the central and southern parts of the Red Sea (latitudes 12°–22° N), with a high potential to be expanded in the mid-troposphere (Figure 5e). This indicates the existence of significant upward movements capable of the vertical uplift of the dust plume and its higher potential to be transported at distances farther from the source. At northern latitudes, i.e., over the northern part of the Red Sea, the dust layer was observed at lower altitudes, implying that the elevated dust plumes at the southern regions were under the influence of the Tokar Gap jet, which controls the African dust transport over the southern Red Sea and South Arabia [65]. Note also the higher backscatter values within the elevated rather than the surface dust plumes in this case. Of course, high values near the surface show that dust was still emitted from these areas. As the satellite track approached the Mediterranean Sea, sea salt aerosols (blue) mixed with dust were also observed over the lowest marine boundary layer.



As shown in Figure 5g, in the last case (D4) on 28 May 2023, due to the presence of thick clouds at high altitudes in the atmosphere, the aerosol layers cannot be defined. However, around the latitudes of 20° to 25° N, cloudless CALIPSO observations indicate the presence of dust plumes up to 5 km in height, which are crossing the Red Sea toward the Arabian Peninsula.




3.2.4. Synoptic Analysis


This section examines the meteorological conditions and the atmospheric circulation patterns that prevailed during the four dust events. The left column of Figure 6 shows Dust RGB (red-green-blue) images superimposed with geopotential height and wind vectors at 500 hPa, while the right column shows the MSLP conditions along with the streamlines at 500 hPa for each case.



In case D1 (24–26 March 2021), a closed low geopotential height system was located over Turkey, western Black Sea, Ukraine, and Southern Russia at 500 hPa at 00 UTC on 26 March 2021 (Figure 6a). The axis of the trough extended to North Africa and was tilted in the northeast–southwest direction. A small area of Northeastern Africa and a large part of the Middle East were located in front of the trough axis, where upward air motions are facilitated by the synoptic conditions. On the other hand, the sub-tropical high was located in Southern Saudi Arabia and East Africa. Therefore, a strong geopotential height gradient was observed between Northeast Africa and the western parts of the Middle East, which caused strong winds (~45 m/s) in the middle troposphere over these areas. The mid-level streamlines clearly show the westerly–southwesterly flow over North and Northeast Africa, which favored the long-range transport of dust from Africa to the Middle East. The Dust RGB image shows dust presence over Northeastern Africa and a large part of the Middle East. In the MSLP map (Figure 6b), an anticyclone was located over the central Mediterranean, whose ridge reached Northeast Africa. In addition, thermal low-pressure centers prevailed over East Africa, the southern part of the Red Sea, and the Arabian Peninsula. Their combination with the higher pressures to the northwest induced a strong pressure gradient, which caused strong surface winds and dust emissions from these areas. The pressure gradient between the western Azores High and the low pressure over the Arabian Peninsula was introduced as an important factor for dust transport from Africa to Asia [62].



In the case D2, a deep closed low was located over southeastern Europe and Turkey at 500 hPa at 00 UTC on 11 March 2022 (Figure 6c). This low was the eastern branch of a mid-level omega blocking over Europe and was associated with a strong geopotential height gradient over the Eastern Mediterranean Sea and Northeastern Africa. The strong westerly winds over the latter region (Figure 6c,d) transported dust particles to the Middle East (as shown in the satellite imagery). Also, relatively strong southwesterly winds over East Africa and the western shores of the Red Sea caused the dust transport from this region to the southern part of the Red Sea and Saudi Arabia, in line with the Dust RGB image (Figure 6c). Increased dust concentrations over the southern part of the Red Sea, originating from the northeast African deserts due to westerlies (Tokar Gap jet), is a common meteorological scenario during the summer season [65].



In case D3, a cut-off low at 500 hPa was located over the Eastern Mediterranean Sea at 00 UTC on 21 May 2022 and its trough extended over Northeastern Africa (Figure 6e). The dust observed in the satellite image over the southern shores of the Mediterranean Basin was transported to the Middle East by the westerly–southwesterly winds. Moreover, a dust mass was located on the western shores of the Red Sea and was transported to the Red Sea and then to Saudi Arabia by the southerly and southwesterly winds in that region. The MSLP pattern (Figure 6f) showed a thermal low-pressure system to prevail on the western shores of the Red Sea. The rising motions in its center caused dust emissions from these areas, while the mid-level streamlines (Figure 6f) indicate the wind flow that transported dust from Africa to the Middle East.



At 12 UTC on 28 May 2023 (case D4), a low-pressure center was located over the Eastern Mediterranean at 500 hPa (Figure 6g), and its trough penetrated to Northeastern Africa. A ridge that reached the Caspian Sea can be seen over a large part of the Middle East. In the Dust RGB image (Figure 6g), a very dense dust mass is apparent on the western coast of the Red Sea, located on the eastern flank of a surface thermal low (Figure 6h). The strong southwesterly upper-level winds (Figure 6h) that resulted from the combination of the ridge with the Eastern Mediterranean low facilitated the transport of dust toward the Middle East.



In general, the Mediterranean cyclonic systems, which are caused by the temperature contrast between the coastal areas of North Africa and the Mediterranean Sea, have been recognized as one of the main causes of dust transport over North Africa, with a direction to Southern Europe, especially in spring [79,102]. Furthermore, Washington and Todd [112] stated that one of the controlling factors for dust emissions from the Bodélé depression in Chad is the anticyclones that form from the Mediterranean Sea and Libya on a multi-day scale. The current analysis reveals that the presence of a low-pressure center over the Eastern Mediterranean, associated with a trough penetrating over Northern Africa, are the major dynamic factors that facilitate the transport of dust from the North African deserts toward the Middle East through westerlies in the mid-troposphere. These results agree with Mashat et al. [133], who focused on the dust storms that affected northern Saudi Arabia in spring.




3.2.5. HYSPLIT Back Trajectories


The HYSPLIT model was executed in matrix form, using the GDAS analyses with 0.5° × 0.5° (latitude–longitude) horizontal grid-spacing for all cases, in order to produce 48 h backward trajectories for each dust case. The matrix was selected over an area with notable dust accumulation based on satellite imagery. Figure 7 illustrates the trajectories that reached the area of interest in each case at an altitude of 5000 m agl, superimposed on the Terra-MODIS true-color images on the same day. The model output showed that on 26 March 2021 (Figure 7a), the origin of the dust plumes that reached Western Saudi Arabia was from the central regions of the Sahara Desert and East Africa. The satellite imagery on 24 March 2021 (Figure 3a and Figure 6a) suggested that the dust rising from the northern regions of Africa also reached the Middle East. In addition, the output of the HYSPLIT model on 12 March 2022 (Figure 7b) showed that the main source of dust transported to the east of the Red Sea was the Sahara Desert. In the third case (Figure 7c), the origin of dust was in the southern regions of the Sahara and East Africa. Furthermore, in this case, a part of the dust entered the Red Sea from the Southern Arabian Peninsula in a clockwise direction. On 29 May 2023 (Figure 7d), dust entered the Middle East from North Africa, the central regions of the Sahara, and the western shores of the Red Sea. In all the cases, the HYSPLIT back trajectories were in good agreement with the satellite imagery regarding the transported dust plumes from North Africa to the Middle East.




3.2.6. Analysis of Dust Forecasting Model Outputs


Satellite data and products have been widely used to evaluate the dust forecasting model outputs (e.g., [121,127,134,135,136]). In this section, the AOD outputs from the ALADIN and ICON models with 33 and 57 h leading time each were compared with the Terra-MODIS satellite AOD retrievals. Since the approximate overpass time of Terra over the study region is around 09:00 UTC, the outputs of the two models were considered and evaluated at this hour. Due to the presence of clouds over the study area, satellite AOD values are not available in some parts of the study domain. It should be noted that the valid times in Figure 8 and Figure 9 are 09:00 UTC on 25 March 2021, 12 March 2022, 23 May 2022, and 29 May 2023 for D1, D2, D3, and D4, respectively. Therefore, the initial times of the models for 33 h leading time are 00:00 UTC on the previous day, and for 57 h forecasts are 00:00 UTC two days before, respectively.



In case D1 (Figure 8a–c), the ICON model underestimated the AODs over Saudi Arabia and revealed discrepancies regarding the simulations of dust intensity over this region, although it represented the dust-plume distribution and the main dust sources over the central Sahara region fairly well. On the other hand, the ALADIN model seems to provide more accurate AOD simulations compared to MODIS. In the 33 h forecast, there was a relatively large difference between the two model outputs. In D2, the AOD patterns in the two models’ outputs were mostly similar, but the simulated values from the ALADIN model in the central regions of Africa were a little higher. In the Middle East region, both models simulated enhanced dust AODs over the lower Iraqi Plains and in Kuwait, similarly to MODIS observations, although the enhanced cloudiness over the northern parts of the Middle East obscured AOD retrievals from the satellite. In D3, the ICON model forecasted higher AOD values over the region, especially over Saudi Arabia and southern Iraq, along the An-Nafud Desert, while the simulations were close to the satellite products. The ALADIN model showed an enhanced presence of dust over a small region in southern Iraq and Kuwait and along the southern edges of the Rub-Al-Khali Desert. In D4, although the maximum AOD over the central-eastern Sahara was higher according to ICON forecasts, a wider part of this region presented higher AODs in the ALADIN model outputs.



In general, the AOD patterns for the 57 h leading forecast time (Figure 9) were very similar to those presented for 33 hrs leading time. In D1, the AOD values over Africa increased in ALADIN outputs but decreased slightly in ICON outputs compared to the second forecasting day. Regarding D2, the AOD outputs of the two models were very similar, but ALADIN forecasted higher AODs over the main dust sources in the Chad depression, also being slightly higher compared to the previous day. Decreased amounts of dust were simulated by both models over the central Middle East region, indicating a dissipation of the dust storm coming from Africa after a 3-day period. In case D3, both models slightly underestimated the AOD over Africa, and the difference between their outputs and satellite observations increased. Furthermore, ICON better represents the satellite image compared to ALADIN, especially over the Arabian Peninsula (Figure 9g–i). In case D4, the performance of the ALADIN model was better in East Africa and it predicted slightly higher AODs. Overall, the dust forecasting for a 57 hr leading time was similar to that for a 33 hr leading time, while notable differences were observed between ALADIN and ICON models over Central Saudi Arabia and the Middle East.



Based on the literature of dust simulations over the Middle East and in other desert regions, accurate identification of the dust sources, correct representation of the meteorological synoptic patterns and variables such as wind speed, soil moisture, topography, atmospheric stability, and dust particle size are among the most important factors that control the accuracy of dust forecasting [36,56,90,137,138,139,140]. Uncertainties in simulations of dust AODs during intense dust-storm events are attributed to biases in surface characteristics, soil moisture, vegetation cover, dust mineralogy, clay/silt/sand fractions, the source functions used in each model, and the initial and boundary meteorological conditions, thus resulting in differences between dust simulations and forecasting from various models [55,134,141,142,143,144]. Uncertainties in the prediction of wind patterns from local to synoptic spatial scales result in large biases in predictions of dust emissions and transport pathways of the dust plumes [87,145,146,147].



Figure 10 shows the scatter plots of the AOD values from the ALADIN-Dust and ICON-ART model outputs compared with the respective AODs from Terra-MODIS observations on the first, second, and third forecast day for all grid points in the study domain during the four dust events. Based on the results, the ICON model exhibited larger error and increased bias in forecasting the higher AOD values, since it underestimated them. Karami et al. [136] reported that the underestimated AODs near the dust-source regions generally indicate an incapability of the models for accurate representations of several factors such as soil properties, land susceptibility to wind erosion, threshold friction velocity, and meteorological factors controlling dust emissions in the desert terrains, while Mostamandi et al. [140], highlighted the role of underestimation of the coarse particles to light attenuation. Similar results of model AODs underestimation were revealed and discussed for six dust storms in the Middle East, simulated via the CAMS (Copernicus Atmosphere Monitoring Service), WRF-Chem (Weather Research and Forecasting model coupled with Chemistry), and RegCM4 (Regional Climate Model) models [121]. Regarding the lower AOD values, the performance of the ICON model was slightly better than ALADIN and the points are less scattered. In general, ICON presents a slightly better dust simulation, with larger linear correlation coefficient (R) values (0.64–0.67) compared to ALADIN (0.58–0.63), as also shown for the RMSE and bias values. This may be attributed to better forecasts of atmospheric variables such as wind speed, synoptic meteorological patterns, or the amount of surface dust emissions. It is plausible that both models lack certain mechanisms, which could likely introduce biases in dust modeling and forecasting [148,149]. Since many factors are involved in the dust forecast, identifying the exact factor of error is a challenging task that requires extensive research beyond the scope of this article [56,73].



The model results of the first and second forecast days did not show notable differences but on the third day, the distribution of the data points, especially from the ALADIN outputs, slightly increased, thus causing larger errors in dust simulations with decreased r and increased RMSE values (Figure 10). Further analysis revealed that the 3-day forecast of ALADIN presented a higher standard deviation compared to the other cases. Therefore, the comparison of forecasts with different leading times revealed that with the increase in the forecasting time interval, the uncertainties in both models slightly increased.



Previous evaluation of the performance of nine operational dust models against Terra-MODIS and AERONET AODs in forecasting various dust storms with different synoptic characteristics over the Middle East showed similar results of model underestimation, especially close to the dust-source areas [87]. Furthermore, Karami et al. [136] utilized three models (WRF-Chem, Dust REgional Atmospheric Model—DREAM-NMME-MACC, and CAMS) for simulations of dust storms originating from dried lakebeds in the Aral Sea and in Sistan, Iran. The models presented significant underestimations of the highest Terra-MODIS AODs, near the dust-source regions. In addition, significant biases were also observed for dust simulations over Iraq through the WRF-Chem, DREAM, and MACC models [143], while large deviations in AOD values were observed through simulations with the NMMB/BSC-Dust model—compared to AERONET AODs—at stations in the Middle East during a dust storm on 17–20 March 2012 [142]. On the other hand, satisfactory dust simulations during several dust storms were observed from the WRF-CHIMERE model over the Arabian Peninsula [150]. Numerical models using MODIS data assimilation schemes such as NASA_GEOS (National Aeronautics and Space Administration _ Goddard Earth Observing System) and DREAM8_MACC were found to lead to better performance in dust forecasting in the Middle East [87].



It should be noted here that AOD calculation in the dust forecasting models is a difficult task as it relates uncertainties of the absorbing and scattering properties of dust, the particle size distribution, the fine-mode fraction, and the complex refractive index, which contribute to the AOD values [87,140]. Furthermore, the MODIS AOD data are also associated with uncertainties in their retrievals, especially over arid/desert terrains with high surface albedo, so the model’s validation should be treated with caution, and the statistical indicators were obtained against a value also associated with biases [136], despite several studies reporting satisfactory agreement (errors within ± 20%) between MODIS and AERONET AODs over the Middle East [143,151,152,153]. On the other hand, AOD values can be influenced by various aerosol types, except dust, despite the predominance of dust over the arid/desert MENA region in spring [154,155], which may further contribute to the inconsistency between model forecasts and MODIS AOD.






4. Conclusions


In this study, the meteorological dynamics associated with or even favoring dust transport from North Africa to the Middle East were examined based on four intense and widespread dust cases. According to satellite imagery, during the examined cases, dust was emitted from different regions located in the north, northeast, center, and east of the Sahara Desert. Dust plumes, after crossing the Red Sea, entered Saudi Arabia and affected large parts of the Middle East region, the Iraqi Plains, the Persian Gulf, and Southwest Iran. Based on the AERONET AODs at the KAUST campus, during all the examined cases, a relative decrease and then a sudden increase in AOD (due to the arrival of the dust plume) were observed, with AOD500 values approaching or even overcoming 1.0. According to CALIPSO profiles, in all cases, there was a dense dust mass over the Middle East–North Africa (MENA) region, in the middle troposphere, at heights of 4–5 km. In some cases, two separate dust masses were observed, near the surface and at higher altitudes. Clouds were also observed in the middle and upper troposphere, indicating that in areas with increased water vapor, convection led to cloud formation associated with the transport of dust.



In all the examined cases, an upper-air low was located over the Eastern Mediterranean, but in different latitudes. In the D1 and D2 events, this low was located on the northeast of the Mediterranean Basin, in D3 in the southeast, and in D4 it covered the eastern Levantine Basin. An expanded high-pressure system was also observed in all cases over the western-central Mediterranean, leading to pressure gradient and strong westerly zonal winds over North Africa. Furthermore, low-pressure centers were observed in Northeastern Africa and over Saudi Arabia, which led to convection and dust emissions from these areas. In all cases, the existence of a trough over North Africa facilitated dust emissions from the north and northeast regions of the Sahara, which were mostly located in front of the trough axis and penetrated to higher altitudes in the troposphere. The HYSPLIT model outputs verified the transport of dust originating from different regions in North, Northeast, and East Africa toward the Middle East.



The comparison of the AOD simulations from two models (ALADIN, ICON) with the Terra-MODIS AODs revealed that both models satisfactorily forecasted the transport of dust from North Africa to the Middle East for two and three days ahead. However, both models underestimated the high AODs over the source regions, as well as over the Red Sea and the western part of the Arabian Peninsula. Quantitative comparison of the models’ outputs with satellite data showed that the performance of the ICON model was slightly better than that of the ALADIN model during these dust storms. Although the differences between the models were very small for 1-day forecast, with the extension of the forecast leading time, they presented notable biases, with the accuracy of the ICON model being higher than that of ALADIN. Therefore, although the models were able to simulate and forecast the transport of dust from North Africa to the Middle East, they still need improvements for reliable forecasts on timescales longer than two to three days.
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Figure 1. The study area and location of the AERONET station. 
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Figure 2. Seasonal mean Terra-MODIS AOD500 and wind vectors at 500 hPa in (a) December, January, and February (DJF); (b) March, April, and May (MAM); (c) June, July, and August (JJA); and (d) September, October, and November (SON) over the central and North African region. The arrows correspond to the seasonal mean vector wind at 500 hPa. 
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Figure 3. True-color images of the NOAA-20/VIIRS: (a) D1 (24 March 2021), (b) D2 (11 March 2022), (c) D3 (21 May 2022), and (d) D4 (29 May 2023) (source: https://worldview.earthdata.nasa.gov/; accessed on 10 January 2024). 
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Figure 4. Temporal evolution of the AOD500 values measured at the AERONET station in KAUST_Campus, Saudi Arabia during the examined dust events: D1 (24–27 March 2021), D2 (7–16 March 2022), D3 (19–25 May 2022), and D4 (27–31 May 2023). The hours are in UTC. 
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Figure 5. Vertical profiles of the backscatter coefficient (Mm−1 sr−1) and aerosol subtype from CALIPSO overpasses over the study area during D1 (a,b), D2 (c,d), D3 (e,f), and D4 (g,h). In the left panels, the red lines of the inset figures illustrate the path of CALIPSO. 
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Figure 6. Dust RGB images with geopotential height (blue contours; gpdam) and wind barbs (knots) at 500 hPa (left column), and MSLP (black contours; hPa) along with the streamlines at 500 hPa (right column) at (a,b) 00 UTC on 26 March 2021 (case D1), (c,d) 00 UTC on 11 March 2022 (case D2), (e,f) 00 UTC on 21 May 2022 (case D3), and (g,h) 12 UTC on 28 May 2023 (case D4) (source: Eumetrain ePort). 
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Figure 7. Forty-eight-hour backward trajectories (red lines) of the HYSPLIT model reaching the regions with the black matrix at the altitude of 5000 m at 09:00 UTC on (a) 26 March 2021 (D1), (b) 12 March 2022 (D2), (c) 23 May 2022 (D3), and (d) 29 May 2023 (D4) superimposed on the Terra-MODIS true-color satellite image of that day. 
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Figure 8. Spatial distribution of the AOD values from Terra-MODIS (left), ALADIN (middle), and ICON (right) model outputs with 33 h forecast leading time for D1 at 09:00 UTC on 25 March 2021 (a–c), D2 at 09:00 UTC on 12 March 2022 (d–f), D3 at 09:00 UTC on 23 May 2022 (g–i), and D4 at 09:00 UTC on 29 May 2023 (j–l). 
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Figure 9. Spatial distribution of the AOD values from Terra-MODIS (left), ALADIN (middle) and ICON (right) model output with 57 h forecast leading time for D1 at 09:00 UTC on 25 March 2021 (a–c), D2 at 09:00 UTC on 12 March 2022 (d–f), D3 at 09:00 UTC on 23 May 2022 (g–i), and D4 at 09:00 UTC on 29 May 2023 (j–l). 
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Figure 10. Scatter diagrams of AOD values from ALADIN-Dust (left) and ICON-ART (right) model outputs against Terra-MODIS AODs for all grid points in the study area during the four dust storms in the first (a,b), second (c,d), and third (e,f) day forecasts. All the linear correlation coefficients (R) are statistically significant for p = 0.01. The red dashed line indicates the linear regression line. 
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Table 1. The characteristics of the ALADIN-Dust and ICON-ART models.
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	Model
	Meteorological Driver
	Meteorological Initial Condition
	Horizontal Resolution
	Vertical Resolution
	Transport Size Bins
	Data Assimilation





	ALADIN-Dust
	ALADIN
	ARPEGE
	25 km × 25 km
	70 σ-layers
	3 bins (0.078–5 μm)
	No



	ICON-ART
	DWD
	ICON-ART Global
	40 km global
	90 (global) and 60 (nest) Smooth Level Vertical SLEVE coordinate [88]
	3-log-normal modes for mass and number concentration
	No
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