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Abstract

:

Mineral dust plays a pivotal role in the Earth’s system. Dust modulates the global energy budget directly via its interactions with radiation and indirectly via its influence on cloud and precipitation formation processes. Dust is a micro-nutrient and fertilizer for ecosystems due to its mineralogical composition and thus impacts on the global carbon cycle. Hence, dust aerosol is an essential part of weather and climate. Dust suspended in the air is determined by the atmospheric dust cycle: Dust sources and emission processes define the amount of dust entrained into the atmosphere. Atmospheric mixing and circulation carry plumes of dust to remote places. Ultimately, dust particles are removed from the atmosphere by deposition processes such as gravitational settling and rain wash out. During its residence time, dust interacts with and thus modulates the atmosphere resulting into changes such as in surface temperature, wind, clouds, and precipitation rates. There are still uncertainties regarding individual dust interactions and their relevance. Dust modulates key processes that are inevitably influencing the Earth energy budget. Dust transport allows for these interactions and at the same time, the intermittency of dust transport introduces additional fluctuations into a complex and challenging system.
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1. Introduction


Mineral dust aerosol, a suspension of tiny soil particles in the atmosphere, is widely assumed to be a global player in the Earth’s system. Arguments given to support this role are its omnipresence in the Earth system, its ability to modulate the global temperature, and its bio-productivity stimulating characteristics [1,2]. The roles assigned to mineral dust are as follows: Dust particles contribute to the atmospheric aerosol burden not only over desert regions where atmospheric concentrations are highest. Blowing with the winds, dust particles suspended in the air are transported to remote places leading to the second prominent argument supporting the significance of dust in the Earth system: dust impacts. Airborne dust modulates the Earth’s radiation budget directly by scattering, absorbing and re-emitting radiation, and indirectly by impacting on atmospheric dynamics and stimulating cloud and precipitation formation processes ultimately altering the hydrological cycle. Third, mineral dust particles deliver micro-nutrients to remote ecosystems where the supply of these micro-nutrients can enhance the bio-productivity of the corresponding ecosystem [3,4] and thus ultimately affect the global carbon cycle. The bio-availability of micro-nutrients and therefore the fertilization efficiency of deposited dust particles is determined by the mineralogical and chemical composition of the particles, which is characterized by the source area but may be altered during transport (e.g., [5]). Close to dust source areas, but also at remote places, airborne dust in the atmospheric boundary layer may negatively impact human health and life style. Road and airport traffic are reduced or closed down during dust events due to low horizontal visibility and resulting hazardous conditions. The reduction of air quality by mineral dust affects respiratory health and is related to increased rates in airborne diseases such as Meningitis or Valley Fever [6,7,8,9]. Furthermore, fungus spores, bacteria, pesticides, and combustion residues are often found in samples of dust aerosol [10,11,12]. Dust aerosol can also affect economy. The dimming effect of dust on solar radiation reaching the surface reduces the productivity of solar panels and thus the efficiency of solar power plants. Additionally, dust soiling decreases the efficiency of solar energy plants (e.g., [13,14,15]). Besides natural dust sources like semi-arid and arid areas, soil dust aerosol can be emitted from human induced dust sources such as arable lands ultimately contributing to the local atmospheric dust load [9,16,17]. Modeling studies estimate the fraction of dust emitted from anthropogenically disturbed soil to up to 60% [18].



The atmospheric distribution of mineral dust is strongly controlled by the spatio-temporal distribution of active and thus dust-producing sources. The production of dust and its entrainment into the atmosphere combines meteorology and surface properties. Wind erosion and mobilization of soil particles is a threshold problem, whereby high wind velocities and turbulent fluxes exceeding a local, soil-depending threshold are necessary to mobilize the particles [19]. The amount of dust that can be extracted by wind from the soil, and thus the soil’s efficiency to produce dust, varies between different soil types due to different characteristic particle size distributions and particle binding energies [20]. Arid and semi-arid areas are in particular susceptible for wind erosion due to low or absent vegetation cover exposing bare soil to the atmosphere. The knowledge of location and emission flux is a necessary prerequisite for an accurate estimate of dust–atmosphere feedbacks. Dust source activities are highly sensitive to atmospheric and surface conditions, which both are changing in times of changing land use and changing climate conditions. Uncertainties in knowledge of dust source characteristics with regard to their spatio-temporal distribution but also with regard to geomorphology, mineralogy and physico-chemical composition still affect estimates of dust feedbacks by adding uncertainties; the complex role of dust in the climate system is still not understood in all its details.



The contribution of dust emission from human-induced dust sources is still uncertain although progress has been made on understanding the human impact on the dust cycle [18]. Dust emission from these sources is expected to show a strong interannual variability due to the complexity of the interactions between biosphere, geosphere and atmosphere. Estimates of the contribution of anthropogenic dust sources to the global dust load are highly uncertain and are estimated to remain unchanged since nearly a decade [21]. Also, in the event of fire, pyro-convective updrafts inject dust particles from the bare, burned soil into the atmosphere [22]. Dust emission from this process is unquantified to date, although recent in situ observations suggest co-emission of soot and soil dust [23].



Today, the research community has access to a diversity of aerosol products, available at different temporal and spatial resolution depending on instrument (in situ, remote sensing) and platform (ground-based, airborne, spaceborne). In order to obtain information on the vertical distribution and structure of dust suspended in the atmosphere, profiling measurements such as by means of LiDARs are performed. In atmosphere and environmental science, LiDAR instruments operate with lasers at different wavelength to infer particle properties from backscatter characteristics. This allows to distinguish between different types of aerosols such as soot, mineral dust, and sea spray aerosol. Due to the vertical penetration of the laser beam, LiDAR measurements provide information on the vertical distribution of atmospheric aerosols in addition to the aerosol type (e.g., [24,25]).



Satellite data have been used to investigate the atmospheric dust cycle since the mid-1970s when the first satellite observations became available [26]. Since the early stages, the number of satellite observations used for inferring various information on atmospheric dust concentration, dust layer height, and optical properties has significantly increased and so has the diversity in application. Satellite products indicating the presence of dust suspended in the atmosphere are used for source identification (e.g., [27,28,29,30,31,32,33]), mapping dust transport pathways (e.g., [34,35]), estimating dust deposition fluxes (e.g., [36,37]), calculating dust impacts on the radiation budget (e.g., [38]), and suggesting dust cloud interactions (e.g., [39]). Satellite data sets are widely used for model validation, however, different measures provided by the satellite instrument and the model simulations can be challenging. To account for this, numerical tool boxes are developed in order to overcome these differences: Radiative transfer models such as RTTOV (Radiative Transfer for TOVs) are adapted to the needs of models simulating the atmospheric dust cycle allowing for an improved understanding of satellite-based dust products [40] and thus for a more accurate comparison against model simulations.



In situ optical, chemical, mineralogical, and microphysical properties of particles are retrieved from particle sampling instruments. Depending on the measurement device, instruments are operated airborne, shipborne or ground-based. Formenti et al. [41] summarize sampling techniques such as size distribution, composition, surface state, shape, size, and mixing state. Detailed information on dust particle characteristics is necessary to estimate e.g., dust radiative effects and microphysical properties—properties which are most relevant for atmospheric dust feedback on weather and climate. As shown by Caquineau et al. [42], Nickovic et al. [43], and Journet et al. [44] among others, dust mineralogical and optical properties change with source region and are a valuable input in dust models. Implementing these information into dust production models and thus allowing for spatially heterogeneous dust properties results into a variability in dust impacts on radiation, atmospheric dynamics and cloud formation processes [45,46,47] ultimately highlighting it as an inevitable necessity to accurately estimate dust impact on climate, environment and socio-economy in all its complexity.



To estimate dust emission and deposition fluxes, transport path, residence time, effects on air quality, and the radiative impact of dust particles on the Earth energy budget, dust schemes are implemented in atmosphere circulation models operating at different horizontal scales from global climate models to meso-scale (regional) models to Large Eddy Simulation (LES) models. However, dust models that are used to assess dust atmospheric distributions and its impacts show widely differing results [48]. This points towards shortcomings in boundary data sets and input parameters used for dust emission parameterization.




2. From Source to Sink: The Atmospheric Dust Cycle


The life cycle of mineral dust particles suspended in the atmosphere is commonly introduced as the atmospheric dust cycle or the Aeolian transport system. Related processes are often referred to as Aeolian processes. It generally consists of three different elements: emission, transport, and deposition. As first element of the atmospheric dust cycle, emission summarizes all processes and conditions during emission. Transport comprises the spread of dust-laden air masses within the atmosphere. This can be at different spatial and temporal scales depending on atmospheric conditions (buoyancy, dispersion, scavenging, aging processes) and particle characteristics (particle size, density, composition, physico-chemical characteristics). The final element, deposition, describes the removal of dust particles from the atmosphere, either active by scavenging and wash out processes, or passive by gravitational settling and turbulence.



2.1. Dust Emission


Dust emission characterizes complex interactions between the wind and the soil surface. It is generally considered to be a threshold problem, which is determined by surface characteristics and surface wind speed [2,19,49,50]. As atmosphere (wind) and surface (barren soil) are acting in concert during dust emission, understanding its controlling mechanism requires knowledge of all relevant surface characteristics (i.e., soil texture, degree of cohesion, crusting, and vegetation cover) and air flow characteristics over the surface. Many measurement studies and wind tunnel experiments under laboratory and outdoor conditions show a non-linear relation between dust uplift described by the number and particle size distribution of uplifted soil particles and the momentum transferred from the atmosphere onto the surface, which is often expressed by the surface wind shear stress [50].



Generally, three different modes of Aeolian transport during dust mobilization, which primarily depend on the particle size, are observed during numerous field studies and laboratory wind tunnel experiments [49,51]. For small particles of less than 70  μ m diameter, interparticle cohesive forces are large compared to the aerodynamic forces acting on the particle. With increasing particle diameter, interparticle forces decrease and sand particles with around 100  μ m diameter are the first to be mobilized by the fluid drag of the air flow. Once uplifted, the particle motion follows a ballistic curve as gravity forces are larger than the buoyancy due to turbulent eddies and tear the particle back to the ground. The observed motion is often described as a hopping along the surface and known as saltation [49]. Although the saltating particles do not get into suspension, saltating particles are considered as the essence of dust mobilization. Saltating (hopping) particles are able to mobilize smaller particles due to either the inelastic collision once they hit the ground again, or due to bursting or breaking-up like described by the brittle-fragmentation theory by Kok and Renno [52]. This way, particles of a size class that per se would not be directly entrained into the atmosphere due to strong interparticle cohesive forces, but are very susceptible for turbulent eddy transport within the atmosphere, are mobilized. Particles larger than 500  μ m or these which are less exposed to the aerodynamic drag may role along the surface due to the impact of saltating particles.



As confirmed by recents satellite observations, alluvial dust sources contribute a large fraction to the northern African dust sources in particular, but also to the global dust sources in general [29]. Alluvial dust sources (respective alluvial sediments) acting as dust source are of particular interest as these sediments are first very prone to wind erosion and second their erodibility changes over time. The most susceptible particles are removed by wind erosion at first, and the emissivity thus reduces with time. However, the deposition of fresh sediments, e.g., after flash floods, can recharge the dust source as the reservoir of erodible particle is re-filled [53,54,55]. This forms a link between the hydrological cycle (rain) and dust cycle (erodibility of soil) that possibly partly explains some of the interannual variability of dust emission flux that is observed. This source type is not well represented or even completely disregarded in dust models [56] pointing towards the need for revisiting the representation of different dust source types in dust emission modules.




2.2. Dust Transport


In the air, suspended dust is transported within the atmospheric wind flow. The transport distance strongly depends on the dust residence time in the atmosphere, which is somewhat similar to the dust life time, dust layer altitude, prevailing atmospheric circulation patterns, and buoyancy and gravitational forces. However, particles larger than 70  μ m are assumed to deposit within less than one day. Only finest particles with less than 70  μ m diameter are kept aloft by atmospheric turbulence and can remain in the atmosphere for up to several weeks and consequently be transported thousands of kilometers downwind [57]. Nevertheless, so called ‘giant’ particles with sizes >100  μ m are occasionally found at remote distances (>1000 km) [58,59,60]. Commonly applied theories explaining removal processes of dust from the atmosphere and thus the possible range of transport distance are currently not able to explain the airborne travel of such large particles in all its details revealing gaps in knowledge. During transport, suspended dust particles interact with solar and terrestrial radiation, ultimately affecting the atmospheric radiation budget by scattering, absorbing and re-emitting radiation. Dust particles may become involved in cloud and precipitation formation processes altering cloud and precipitation properties. Furthermore, photo-chemical and liquid phase chemical reactions on the dust particles’ surface may change the physico-chemical characteristics (e.g., [61]) and thus lead to so called aging of dust particles. Due to aging, also the bio-availability of micro-nutrients provided by the dust particle changes [62].




2.3. Dust Deposition


At some time, depending on the atmospheric conditions during transport, dust particle size and shape, dust particles are removed from the atmosphere either by dry deposition including gravitational settling or wet deposition associated with precipitation and cloud scavenging. Deposited dust particles may impact and interact with the Earth system in several ways: Deposited dust may provide necessary micro-nutrients which enhance and somewhat also controls the bio-productivity (e.g., [3,4]). Layers of dust deposited on plants and leaves may also inhibit photosynthesis due to shadowing and thus reduce bio-productivity. Layers of dust deposits on snow and ice change the albedo and ice crystal structure altering the melting behavior and snowpack energy balance [63]. Together with the dust particle, microbiological matter may be transported from the source region to deposition environment introducing foreign microbial species originating from the source ecosystem into the remote ecosystems [11,12].





3. Mineral Dust in the Atmosphere


From the atmospheric point of view, the most limiting factors for producing dust plumes are the occurrence of sufficient high surface wind speeds providing the momentum that is inevitably necessary for dust mobilization, and the buoyancy that determines the capacity of the atmosphere to transport and ultimately carry the dust particles. Even an ideal-susceptible dust source will not emit any dust if there is no momentum available that mobilizes the particles and entrain them first into the boundary layer, and then distributes the dust horizontally.



3.1. Blowing with the Wind: Atmospheric Transport of Mineral Dust


Dust suspended in the air is carried by turbulence counteracting gravitation and transported by wind. Veritable dust highways–transport pathways that show frequently substantial dust concentrations develop connecting efficiently source regions and deposition areas. All major dust source regions particularly located along the northern and southern tropics (Tropic of Cancer and Tropic of Capricorn) (Figure 1) show dust trails indicating the predominant dust export path which can be identified by enhanced atmospheric dust loadings (Figure 2). As illustrated by fields on dust emission fluxes, dust concentration, and dust deposition rates taken from the ECMWF (European Centre for Medium-Range Weather Forecasts) MACC (Monitoring Atmospheric Composition and Climate) reanalysis data set for 2003–2012, major dust source regions stand out by high annual total dust emission fluxes as well as enhanced atmospheric dust concentrations, here expressed as dust aerosol optical depth (AOD) at 550 nm. Due to general atmospheric circulation and thus prevailing wind direction, dust from most source regions is eventually exported towards the adjacent oceans. Dust is deposited onto the Earth surfaces almost everywhere at least in traces, however, substantial dust deposition is found along the dust transport pathways and downwind major source regions (Figure 3).



Although many data sets reflecting the individual elements of the atmospheric dust cycle exist, for the reason of consistency a model-based reanalysis data set is shown here for illustration: The ECMWF MACC reanalysis data set provides fields on dust emission fluxes, atmospheric dust concentration—here shown as AOD for dust aerosol only, and dust deposition rates separated into the individual contribution by dry deposition, sedimentation, wet deposition due to large-scale precipitation, and wet deposition due to convective precipitation for three size bins ranging between 0.03 and 20  μ m (totals over all size bins are shown here) [64]. The data are on a grid with 0.75    ∘   ×   0.75   ∘   grid spacing and a 6-hourly temporal resolution with fields available for 0 UTC, 6 UTC, 12 UTC, and 18 UTC.



The largest and strongest dust source region is located in northern Africa, the Sahara. Not all parts of the Sahara are showing equally high annual emission fluxes and several satellite-based studies have illustrated a strong spatial and temporal variability [29,31,65,66]. One particularly strong emitting source region stands out: The Bodélé depression as key emission source [67]. Embedded in the Harmattan (trade wind) flow, most parts of the emitted dust is transported towards the Atlantic Ocean [2]. Within the Saharan Air Layer (SAL), a distinct layer of enhanced dust concentrations spanning across the tropical Atlantic from the West African coast towards the Caribbean Sea forming at 700–600 hPa during boreal summer months, dust is transported from the North African continent towards the Caribbean Sea within 5–7 days [68,69]. The impact of airborne mineral dust on hurricane formation is still controversially discussed as some studies suggest that airborne mineral dust suppresses tropical cyclone formation [70], whereas others suggest that dusty air masses possibly increase hurricane intensity [71,72,73]. During boreal winter, the Saharan dust plume is tracking further southward eventually reaching South America and the Amazon basin [74] where it is assumed to positively stimulate the rainforest ecosystem due to deposition of phosphorous-rich dust particles [75]. Less in amount but still significant and regularly occurring, dust originating from the Sahara and its northern margins is transported towards the Mediterranean and Europe. On average, 13 events per year were observed over the Iberian Peninsula preferably occurring during May to August [76,77], Flentje et al. [78] observed about 5–15 events per year over southern Germany. These events are associated with a mid-latitude disturbance entering the North African continent [79,80,81]. Dust transport over northern Africa and towards the adjacent oceans is steered by the strength of the Harmattan circulation, the presence and depth of the Saharan heat low, the position of the intertropical discontinuity (ITD) and the occurrence of Mediterranean cold surges (e.g., [82,83,84]). The strength of the Harmattan winds determine both dust entrainment via the formation of the nocturnal low-level jet (LLJ) [37], and the dust transport across the continent towards the Atlantic [65]. The static stability of the boundary layer and the depth of the daytime convective boundary layer with regard to the nocturnal residual layer are of relevance for the nocturnal transport of dust plumes which ultimately determine the transport height. The Saharan heat low modulates the atmospheric dust burden over northern Africa via the generation of pressure gradients allowing for the formation of nocturnal LLJ that foster dust entrainment [85] and via its impact on the residence time of dust in the air [86]. Mediterranean cold air surges not only are responsible for transport of moisture from the Mediterranean towards the tropics [87], the intrusion of colder air also affects the static stability of the boundary layer and, again, the formation of the nocturnal LLJs, but also the formation of Soudano-Saharan depressions [80]. Dust emission and transport is further associated with the position of the ITD. On its northward side, nocturnal LLJs form due to the evidence of enhanced pressure gradients [37,85,88,89].



Along the Tropic of Cancer, the North African desert extends into the Arabian Peninsula, the Middle East and Southwest Asia. Dust from both local and remote sources, in particular North African sources, are contributing to the atmospheric dust burden over this region (e.g., [90,91]). A majority of the dust plumes forming are driven by the Shamal winds (Shamal means northerly in Arabic). During the course of the year, two Shamal seasons occur: Summer Shamal winds associated with the thermal low over Saudia Arabia and Pakistan are blowing somewhat continuously, whereas winter Shamal winds occur as intermittent wind event frequently associated with midlatitude disturbances and their cold fronts [92]. Generally, summertime dust activities in the Middle East are associated with Shamal winds [93], whereas dust plumes transported towards the Indian Ocean are modulated by the Indian summer monsoon [94]. Occasionally, so called haboobs, dust fronts that are generated by downdrafts from deep moist convective clouds, form and travel over large distances before decaying. In some cases, a sea-breeze circulation can enhance the haboob in terms of strength and life-time [95].



Moving eastward, extensive dust source regions are located in continental Asia. Asian dust, also called ’yellow dust’ originates from large desert regions in Kazakhstan, Mongolia, and northern China and is mainly affecting East Asia, predominantly during the spring season when strong winds associated with outbreaks of cold, arctic air masses are pushing southward ([96], and references therein). Dust suspended in the atmosphere is transported eastward towards the metropolitan regions in China causing severe health effects and traffic limitations, and further towards Japan and the Pacific. Eventually, traces of dust reach the northern American continent [97,98].



Since the 21st century, in particular central Asia is subject to environmental changes that foster desertification and dust emission. Due to extensive water usage for the agricultural industry, lake levels are shrinking leaving barren land and increasing dust events. In particular the Aral Sea, once the fourth-largest lake on Earth, has gained much attention during the last decade. Due to the desiccation of the Aral Sea, a new desert, the Aralkum has developed where many dust events originate [99,100].



Asian dust plumes blown off the continent travel as far as towards the North American west coast [97]. In northern America, besides natural desert dust sources such as Mojave, Sonoran, and Chihuahuan deserts, anthropogenically disturbed soils, in particular in the Great Plains region, are identified as dust sources with significant contribution to the North American dust burden and affect on air quality and ultimately human well-being [9,17,101,102].



There are four hot spots in terms of significant dust contribution located in South America: (1) The Bolivian Altiplano and the hyper-arid Atacama Desert in Chile, both enclosed by mountain ranges [29]. (2) A region in west Argentina along the eastern (lee-ward) side of the Andes Mountains (e.g., [103]), and (3) the sandy deserts and semi-arid regions in Patagonia (e.g., [104]). The fourth region is located in tropical Brasilia, an area extensively used for agriculture. Most amounts of the emitted dust is transported towards the Atlantic and southern Ocean. Dust emitted in the Atacama and the Bolivian Altiplano desert is generally at a low level and transport off the source region is somewhat limited by the surrounding mountain ranges [29].



In southern Africa, three dust source regions predominantly contribute to the dust burden: The coastal river beds and pans of the Namibian desert, the Etosha Basin and the Makgadikgadi Pan [32]. Berg-winds, strong winds associated with coastal low pressure systems, accelerate while flowing downhill from the inland plateau across the Escarpment towards the Atlantic. On their way, the strong winds swirl up dust, which forms stripy dust plumes blowing onto the southern Atlantic. These coastal low pressure systems occur in particular during the austral late winter and early spring. Despite the dust transport towards the southern Atlantic, dust particles are also leaving southern Africa towards the Indian Ocean. Embedded in a haze layer, an anticyclonic flow transports aerosol from the continent in south-easterly direction [105].



Dust plumes over Australia originate from arid desert regions in the inner part of the continent such as the dried lake beds of Lake Eyre [106] and are transported offshore towards the northwest and southeast by wind systems associated with the eastward passage of non-precipitating cold fronts [107]. The dust season peaks in austral spring and summer for central, northeastern and eastern Australia, and austral summer and autumn for southeast, southern and western coastal Australia [108]. The dust storm season is driven by the length of the dry season and terminates with the on-set of the rainy season. During summer, strong anticyclones located over the Great Australian Bight inhibit fronts from migrating inland [108].



Although globally a minor contribution to the atmospheric dust burden, emission from dust sources located at high latitudes and in cold climates may be of importance for the local ecosystem, in particular in the view that high-latitude ecosystems are highly sensitive to disturbances and changes [109,110]. Typical high latitude dust sources are glacial outwash planes, temporally flooded river banks, and sandurs [111,112]. There, the vegetation cover is low and water regularly deposits layers of fresh sediments. Prominent dust sources at high latitudes are the Copper River in Alaska [113], West-Greenland [111], and Iceland [114] at the northern hemisphere, and Patagonia [104] and New Zealand [115] at the southern hemisphere. Recent studies have shown the sensitivity of the marine eco-system towards nutrient influx via dust deposition. Shoenfelt et al. [116] recently proposed that nutrients contained in dust originating from glacigenic sources at high latitudes show higher levels of bioavailability and thus a stronger potential to influence on the oceans bioproductivity and thus the global carbon cycle. Strong interannual variability in dust storm occurrence and thus dust deposition fluxes lead to significant interannual variability in iron deposition fluxes as shown by Schroth et al. [117] for the Gulf of Alaska.




3.2. Interannual Variability


Dust source activity and dust transport pathways are modulated and superimposed by variations in atmospheric circulation patterns. The Saharan dust plume, the most conspicuous dust plume contrasting against the Atlantic Ocean when studying satellite images, is modulated by the position and strength of the Azores high, which is reflected by the North Atlantic Ocean (NAO) index [118,119]. The North African Dipole index as introduced by Rodríguez et al. [82] additionally reflects the meridional pressure gradient across North Africa, which is also stimulated by the Saharan heat low and the West African Monsoon circulation ultimately determining the dust export rates towards the tropical North Atlantic (e.g., [82,84]). Doherty et al. [120] further identifies pressure fluctuation of the Hawaiian high to modulate the Saharan dust transport across the Atlantic towards the Caribbean.



Several recent studies have investigated the atmospheric controls on increased dustiness over North America, in particular southwestern US (e.g., [9,17,101,121,122]). All studies illustrate the relevance of the Pacific Sea Surface Temperature (SST) and highlight strong correlations between atmospheric dust concentrations respective levels of dustiness and the phase of the Pacific Decadal Oscillation (PDO) and El Niño–Southern Oscillation (ENSO). Dustiness, in particular over the southwest, is correlated with the PDO index which in its negative phase leads to drier, windier and less vegetated conditions [101,121]. Consequently, the SST of the Pacific and North Atlantic have a strong modulating impact on North America’s atmospheric dust burden [122]. Persistent and multi-annual droughts are correlated with an increase in dustiness, in particular over the southwestern US. Severe events are well remembered as ‘dust bowl’ years, when large regions were affected by drought-related dustiness, health impacts and economic losses in particular in the agricultural sector [16].



ENSO not only results into dust-favoring conditions in the US. Enhanced frequencies of dust events in Argentina are related to drier conditions related to El Niño [103] and dust concentrations over the Indian Ocean linked to dust emission over the Indo-Iranian region are enhanced following La Niña [123]. For southern Africa, Bryant et al. [124] illustrates the role of changes in precipitation rates linked to ENSO and Indian Ocean SSTs for dust emissions, with enhanced rainfall associated with La Niña. Rainfall anomalies over Australia are also modulated by ENSO and the PDO ultimately resulting into variabilities in dust emission [125,126]. For the Middle East, Yu et al. [93] found an impact of ENSO on the onset and termination of the summer Shamal season ultimately modulating dust source activity and transport pathways. A superposition of ENSO and PDO modes is suggested to result in a long-term drying and thus prolonged drought conditions which foster dust activity over the Middle East and Arabian Peninsula [75,127]. The peak season for Asian dust emission and transport is during boreal spring, where Arctic cold fronts drive strong dust fronts towards the Pacific. The Arctic Oscillation reflecting the position and strength of the Arctic high is explaining large parts of the dust storm variability in Asia [128]. The trans-Pacific transport of dust is modulated by ENSO and PDO with El Niño years being associated with a northward shift of the transport route ([121], and references therein).




3.3. Dust Feedbacks and Impacts


Dust aerosols are a significant uncertainty in estimating the Earth’s energy budget in a changing climate [21]. The impact of dust on different processes relevant for weather and climate is manifold: Dust aerosols participate in cloud formation processes and thus stimulate the hydrological cycle. They furthermore modulate the atmospheric radiation budget by scattering, absorbing and re-emitting radiation. Indirectly, changes in radiation budget alter heating rates and thus atmospheric dynamics [129,130]. Detailed knowledge of dust optical and physico-chemical properties are inevitable for understanding dust direct impact via radiation and dust indirect impact via cloud processes feedbacks on the atmospheric system.



Given that dust’s impact on the Earth system is via the energy budget, and the processes determining these impacts occur while dust is suspended in the atmosphere, dust transport is an essential component. The impact may be magnified by the residence time of dust plumes in the atmosphere, which is also linked to the geographic distance of the transport pathway.



3.3.1. Radiation


Dust particles scatter, absorb and re-emit radiation at different wavelength of the spectrum depending on their optical properties including size, shape and composition. These properties vary for different source regions. Size distribution changes with the travelled distance as larger particles sediment quicker than smaller particles due to gravitation. Furthermore, the physico-chemical properties may change during transport due to aging processes such as the particle’s participation in cloud particle formation processes or chemical reactions with other aerosols and atmospheric trace gases.



The dust particle size distribution is the most relevant property when estimating the impact of dust on the Earth’s energy budget. Kok et al. [131] suggest that dust in the atmosphere is substantially coarser than represented in current global climate models, which in turn, will result into an enhanced positive radiative forcing and an increasing atmospheric dust loading. Consequently, the global dust direct radiative effect is likely to be less cooling than currently assumed, which includes the possibility that dust causes a net warming of the planet. The transport of larger dust particles through the atmosphere over long distance is also illustrated by airborne dust samples [59] and marine dust traps along a transect across the Atlantic [60].



Direct radiative forcing of dust, defined as the change in radiation flux due to the presence of dust particles suspended in the atmosphere, modulates the atmospheric energy budget with consequences on parameters such as temperature, pressure and wind (e.g., [132,133]). Due to the ability to absorb and re-emit radiation, dust plumes drifting through the atmosphere may act as a so-called elevated heat source. Thereby, a dust layer may change the vertical temperature gradient and thus the static stability of the atmospheric column. Changes in static stability result vertically into adapting mixing rates e.g., affecting the downward mixing of energy such as momentum provided by winds, and horizontally on thermal wind balances causing horizontally changing pressure gradients, which alters the horizontal wind [134]. Effects of dust via radiative forcing on atmospheric measures, such as wind, affect in turn the uplift of dust itself consequently somewhat regulating the local dust burden over source regions.




3.3.2. Clouds


Dust particles may alter cloud microphysical and macrophysical (i.e., liquid water path, cloud fractional coverage) properties [39]. Dust aerosols can become involved in cloud particle formation processes thus influencing cloud properties such as particle size distribution, cloud thickness, liquid water path, spatial extent, life-time, precipitation. The aerosol-cloud feedbacks and the buffered response of cloud properties resulting from this still poses a grand challenge in understanding the sign and magnitude of aerosol impacts on clouds in particular and the hydrological cycle and the Earth’s energy budget in general [135].



The stimulating impact of aerosols on clouds is diverse. Twomey [136] describes the relation between cloud condensation nuclei (CCN) concentration and cloud droplet size distribution for low-level stratus clouds. The study compares polluted to pristine clouds, whereby in polluted clouds the cloud droplet concentration increases with increasing CCN concentrations compared to pristine clouds. At the same time, the cloud droplet size distribution shifts towards smaller droplets. Consequently, both cloud shortwave albedo and longwave emissivity increase. Due to the increased number of smaller cloud particles at the cost of larger cloud droplets, the chance for the formation of precipitable cloud drops decreases. Furthermore, the onset of freezing will be delayed and the riming efficiency will be decreased. An increased cloud lifetime and vertical extent of clouds associated with enhanced aerosol concentrations shows an important feedback on the hydrological cycle.



Mineral dust particles are found to be suitable acting as CCN but also as ice nuclei (IN) (e.g., [137]). Thereby, the mineralogical composition of soil particles acting as CCN respective IN, the particles shape and surface structure, and their microphysical properties are relevant for its successful action in cloud formation processes. The role of mineral dust particles in cloud formation processes is observed during several measurement campaigns (e.g., [138]) and confirmed by laboratory studies (e.g., [139]). Modeling studies implementing observed dust-cloud interaction processes provide insights into regional and global implications as well as they enable the community to assess the relevance of dust-cloud interactions for the atmospheric energy budget, the hydrological cycle and thus the Earth climate. Besides its relevance for climate, simulations by numerical models that consider dust-cloud interactions show improved performances and match better with observation data (e.g., [140]). Due to its abundance, mineral dust is currently assumed to be one of the most important IN types in the atmosphere ultimately stimulating the formation of cirrus clouds which have a strong influence on the global energy budget as they scatter the incoming radiation back to space but also trap the outgoing terrestrial radiation [141]. Dust cloud interaction processes and their relevance for the Earth system are part of ongoing research and the interpretation and quantification of results are still challenging [21].





3.4. Processing: Dust Aging


During transport, dust particles are exposed to several environmental influences such as, obviously, radiation and humidity, but also other chemical compounds. Theses aerosols (solid, liquid or gas) may be emitted through natural processes such as bio-productivity, wild fires or sea spray, and industrial production processes. These plumes of different types of aerosols may mix internally or override each other in stable layers, clearly separated from each other. In case of mixing, coatings may be deposited on dust particles changing their microphysical properties and ability to act as a condensation or ice nuclei (e.g., [142,143,144]). Also the solubility and thus the bioavailability of micro-nutrients carried within the mineral dust particles can be enhanced after chemical dust processing (e.g., [62,145]), which also effects the occurrence and extent of algae blooms.





4. Implications for Climate


Dust transport ranges over a variety of different scales. Small-scale turbulent processes keep the dust aerosols aloft, air movements are responsible for the transport of dust plumes off the source area towards remote regions. Dust suspended in the air and transported by wind systems of various scale is balanced by (1) the emission flux replenishing the atmospheric reservoir of floating mineral dust particles and (2) by the deposition rates, the removal of dust from the atmosphere so to say. In a nutshell, the atmospheric concentration of mineral dust is determined by the emission flux, the dispersion, and the deposition. Changes in at least one of these determinants will result into changes in atmospheric concentration and consequently also in the extent of dust feedback processes.



Dust transport, the connecting part between dust emission and deposition, however, adds the spatial dimension to the atmospheric dust cycle, and with it the temporal dimension as dust transport over long distances involves a longer permanence than over short distances. This way, also the chance that dust feedbacks occur are increasing and with it the impact of dust in the climate system in general. The atmospheric dust concentration is a key-measure for assessing dust impacts as most feedbacks such as on radiation, cloud formation, and fertilization scales with the atmospheric dust loading and so does the dust’s impact on the Earth energy budget. Furthermore, dust concentrations reflecting dust transport are a common measure for comparing between numerical model simulations and remote sensing and in situ measurements.



Mineral dust plays a key role in the Earth systems, however, there are still uncertainties regarding specific dust interaction processes and their relevance. Dust aerosol modulates and stimulates key processes that are inevitably influencing the Earth energy budget and thus its thermostat. Dust transport contributes to these interactions as it ultimately ensures for the presence of dust particles in the atmosphere. At the same time, the intermittency of dust transport introduces additional fluctuations into a complex and challenging system.




5. Future Research


Mineral dust is a dominant constituent of the atmospheric aerosol burden. Nevertheless, dust aerosol is one of the uncertainties the estimating aerosol climate feedbacks and the global energy budget in general. Whereas the emission of industrial aerosols becomes more and more controlled and regulated by political efforts [146], the emission of natural aerosols such as mineral dust is highly susceptible to modifications due to climate change thus showing a high potential for important feedbacks on the climate system [1] and vice versa [147]. Eventually, as anthropogenic aerosol emissions are expected to decline, this will lead to an increased contribution by natural aerosols to the global aerosol burden.



Emerging from the overarching question on the role of mineral dust in the Earth system including dust feedbacks on the climate system ultimately contributing to current uncertainties in estimating the global energy budget, major research questions are on the dust cycle including controlling processes and resulting impacts such as the identification of ’first order’ dust processes stimulating the climate system. In order to achieve this and ultimately in order to reduce the uncertainties in climate projections, new findings on the dust cycle including source characteristics, emission, transport, deposition, and dust related processes need to be implemented in ongoing model development. Ideally, findings across various research disciplines working on mineral dust need to exchange knowledge. One example on this is the update of boundary data by using new approaches for describing dust source characteristics in order to improve the representation of dust emission fluxes in dust production models. Elaborating on the representation of the dust cycle in numerical models, new strategies on validating model output fields against observation data (remote sensing, in situ) will be developed in order to better match the information content of the data sets to be compared.



Besides efforts on ultimately reducing the uncertainty in Earth system models, dust impacts on human wellbeing and economy are emerging topics. Evidence is shown that dust particles suspended in near-surface air masses have a negative effect on human health. However, the actual process on how dust aerosols that were inhaled are acting on the immune system ultimately promoting diseases is still not known in all its details, but part of recently upcoming interdisciplinary research efforts.



In a nutshell, future research on dust and involving dust will be divers, innovative and relevant for some of the major question concerning the society. Divers regarding individual processes and topics addresses. Innovative regarding involved novel approaches and cross-cutting hypotheses. Relevant because protecting the environment, understanding and mitigation of climate change are the major challenges society faces in the 21st century.







Funding


This research was funded by the Leibniz Association (Project: "Dust at the interface-modelling and remote sensing”).




Acknowledgments


The author thanks two anonymous reviewers for their valuable input.




Conflicts of Interest


The author declares no conflict of interest. The funding sponsors had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.




References


	



Carslaw, K.S.; Boucher, O.; Spracklen, D.V.; Mann, G.W.; Rae, J.G.L.; Woodward, S.; Kulmala, M. A review on natural aerosol interactions and feedbacks within the Earth system. Atmos. Chem. Phys. 2010, 10, 1701–1731. [Google Scholar] [CrossRef]

	



Shao, Y.; Wyrwoll, K.H.; Chappell, A.; Huang, J.; Lin, Z.; MacTainsh, G.H.; Mikami, M.; Tanaka, T.Y.; Wang, X.; Yoon, S. Dust cycle: An emerging core theme in Earth system science. Aeolian Res. 2011, 2, 181–204. [Google Scholar] [CrossRef]

	



Mahowald, N.M.; Baker, A.R.; Bergametti, G.; Brooks, N.; Duce, R.A.; Jickells, T.D.; Kubilay, N.; Prospero, J.M.; Tegen, I. Atmospheric global dust cycle and iron inputs to the ocean. Glob. Biogeochem. Cycles 2005, 19, GB4025. [Google Scholar] [CrossRef]

	



Okin, G.S.; Mahowald, N.; Chadwick, O.A.; Artaxo, P. Impact of desert dust on the biogeochemistry of phosphors in terrestrial ecosystems. Glob. Biogeochem. Cycles 2004, 18, GB2005. [Google Scholar] [CrossRef]

	



Journet, E.; Desboeufs, K.V.; Caquineau, S.; Colin, J.L. Mineralogy as a critical factor of dust iron solubility. Geophys. Res. Lett. 2008, 35, L07805. [Google Scholar] [CrossRef]

	



Griffin, D.W.; Kellogg, C.A. Dust Storms and Their Impact on Ocean and Human Health: Dust in Earth’s Atmosphere. EcoHealth 2004, 1, 284–295. [Google Scholar] [CrossRef]

	



Sultan, B.; Labadi, K.; Guegan, J.F.; Janicot, S. Climate drives the meningitis epidemics onset in West Africa. PLoS Med. 2005, 2, e6. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Morman, S.A.; Plumlee, G.S. The role of airborne mineral dusts in human disease. Aeolian Res. 2013, 9, 203–212. [Google Scholar] [CrossRef]

	



Tong, D.Q.; Wang, J.X.L.; Gill, T.E.; Lei, H.; Wang, B. Intensified dust storm activity and Valley fever infection in the southwestern United States. Geophys. Res. Lett. 2017, 44, 4304–4312. [Google Scholar] [CrossRef]

	



Prospero, J.M.; Blades, E.; Mathison, G.; Naidu, R. Interhemispheric transport of viable fungi and bacteria from Africa to the Caribbean with soil dust. Aerobiologica 2005, 21, 1–19. [Google Scholar] [CrossRef][Green Version]

	



Acosta-Martinez, V.; Pelt, S.V.; Moore-Kucera, J.; Baddock, M.C.; Zobeck, T.M. Microbiology of wind-eroded sediments: Current knowledge and future research directions. Aeolian Res. 2015, 18, 99–113. [Google Scholar] [CrossRef][Green Version]

	



Gat, D.; Mazar, Y.; Cytryn, E.; Rudich, Y. Origin-Dependet Variations in the Atmospheric Microbiome Community in Eastern Mediterranean Dust Storms. Environ. Sci. Technol. Lett. 2017, 51, 6709–6718. [Google Scholar] [CrossRef] [PubMed]

	



Schroedter-Homscheid, M.; Oumbe, A.; Benedetti, A.; Morcrette, J.J. Aerosols for concentrating solar electricity production forecasts. Bull. Amer. Meteor. Soc. 2013, 94, 903–914. [Google Scholar] [CrossRef]

	



Piedra, P.; Moosmueller, H. Optical losses of photovoltaic cells due to aerosol deposition: Role of particle refractive index and size. Solar Energy 2017, 155, 637–646. [Google Scholar] [CrossRef]

	



Rieger, D.; Steiner, A.; Bachmann, V.; Gasch, P.; Förstner, J.; Deetz, K.; Vogel, B.; Vogel, H. Impact of the 4 April 2014 Saharan dust outbreak on the photovoltaic power generation in Germany. Atmos. Chem. Phys. 2017, 17, 13391–13415. [Google Scholar] [CrossRef]

	



Lee, J.A.; Gill, T.E. Multiple causes of wind erosion in the Dust Bowl. Aeolian Res. 2015, 19, 15–36. [Google Scholar] [CrossRef]

	



Hand, J.L.; Gill, T.E.; Schichtel, B.A. Spatial and seasonal variability in fine mineral dust and coarse aerosol mass at remote sites across the United States. J. Geophys. Res. 2017, 122, 3080–3097. [Google Scholar] [CrossRef]

	



Webb, N.P.; Pierre, C. Quantifying Anthropogenic Dust Emissions. Earth’s Future 2018, 6, 286–295. [Google Scholar] [CrossRef]

	



Marticorena, B.; Bergametti, G. Modeling the atmospheric dust cycle: 1. Design of a soil-derived dust emission scheme. J. Geophys. Res. 1995, 100, 16415–16430. [Google Scholar] [CrossRef]

	



Shao, Y. A model for mineral dust emission. J. Geophys. Res. 2001, 106, 20239–20254. [Google Scholar] [CrossRef]

	



Boucher, O.; Randall, D.; Artaxo, P.; Bretherton, C.; Feingold, G.; Foster, P.; Kerminen, V.M.; Kondo, Y.; Liao, H.; Lohmann, U.; et al. Clouds and Aerosols. In Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2013. [Google Scholar]

	



Palmer, T.Y. Large fire winds, gases and smoke. Atmos. Environ. 1981, 15, 2079–2990. [Google Scholar] [CrossRef]

	



Schlosser, J.; Braun, R.A.; Bradley, T.; Dadashazar, H.; MacDonald, A.B.; Aldhaif, A.A.; Aghdam, M.A.; Mardi, A.H.; Peng, X.; Sorooshian, A. Analysis of aerosol composition data for western United States wildfires between 2005 and 2015: Dust emission, chloride depletion, and most enhanced aerosol constituents. J. Geophys. Res. 2017, 122, 8951–8966. [Google Scholar] [CrossRef] [PubMed]

	



Schuster, G.L.; Vaughan, M.; MacDonnell, D.; Su, W.; Winker, D.; Dubovik, O.; Lapyonok, T.; Trepte, C. Comparison of CALIPSO aerosol optical depth retrievals to AERONET measurements, and a climatology for the LiDAR ratio of dust. Atmos. Chem. Phys. 2012, 12, 7431–7452. [Google Scholar] [CrossRef]

	



Gross, S.; Freudenthaler, V.; Schepanski, K.; Toledano, C.; Schäfler, A.; Ansmann, A.; Weinzierl, B. Optical properties of long-range transported Saharan dust over Barbados as measured by dual-wavelength depolarisation Raman LiDAR measurements. Atmos. Chem. Phys. 2015, 15, 11067–11080. [Google Scholar] [CrossRef][Green Version]

	



Calrson, T.N. Atmospheric Turbidity in Saharan Dust Outbreaks as Determined by Analyses of Satellite Brightness Data. Mon. Weather Rev. 1979, 107, 322–335. [Google Scholar]

	



Prospero, J.M.; Ginoux, P.; Torres, O.; Nicholson, S.E.; Gill, T.E. Environmental characterization of global sources of atmospheric soil dust identified with the Nimbus 7 Total Ozone Mapping Spectrometer (TOMS) absorbing aerosol product. Rev. Geophys. 2002, 40, 1002. [Google Scholar] [CrossRef]

	



Baddock, M.C.; Bullard, J.E.; Bryant, R.G. Dust source identification using MODIS: A comparison of techniques applied to the Lake Eyre Basin, Australia. Remote Sens. Environ. 2009, 113, 1511–1528. [Google Scholar] [CrossRef][Green Version]

	



Ginoux, P.; Prospero, J.M.; Gill, T.E.; Hsu, N.C.; Zhao, M. Global-scale attribution of anthropogenic and natural dust sources and their emission rates based on MODIS Deep Blue aerosol products. Rev. Geophys. 2012, 50, RG3005. [Google Scholar] [CrossRef]

	



Schepanski, K.; Tegen, I.; Laurent, B.; Heinold, B.; Macke, A. A new Saharan dust source activation frequency map derived from MSG-SEVIRI IR-channels. Geophys. Res. Lett. 2007, 34, L18803. [Google Scholar] [CrossRef]

	



Schepanski, K.; Tegen, I.; Macke, A. Comparison of satellite based observations of Saharan dust source areas. Remote Sens. Environ. 2012, 123, 90–97. [Google Scholar] [CrossRef]

	



Vickery, K.J.; Eckardt, F.D.; Bryant, R.G. A sub-basin scale dust plume source frequency inventory for southern Africa, 2005–2008. Geophys. Res. Lett. 2013, 40, 5274–5279. [Google Scholar] [CrossRef]

	



von Holdt, J.R.; Eckardt, F.D.; Wiggs, G.F.S. Landsat identifies dust emission dynamics at the landform scale. Remote Sens. Environ. 2017, 198, 229–243. [Google Scholar] [CrossRef]

	



Kahn, R.A.; Gaitley, B.J. An analysis of global aerosol type as retrieved by MISR. J. Geophys. Res. 2015, 120, 4248–4281. [Google Scholar] [CrossRef]

	



Luo, T.; Wang, Y.; Zhang, D.; Liu, X.; Wang, Y.; Yuan, R. Global dust distribution from improved thin dust layer detection using A-train satellite LiDAR observations. Geophys. Res. Lett. 2015, 42, 620–628. [Google Scholar] [CrossRef]

	



Kaufman, Y.J.; Koren, I.; Remer, L.A.; Tanré, D.; Ginoux, P.; Fan, S. Dust transport and deposition observed from the Terra-Moderate Resolution Imaging Spectroradiometer (MODIS) spacecraft over the Atlantic Ocean. J. Geophys. Res. 2005, 110, D10S12. [Google Scholar] [CrossRef]

	



Schepanski, K.; Tegen, I.; Macke, A. Saharan dust transport and deposition towards the tropical northern Atlantic. Atmos. Chem. Phys. 2009, 9, 1173–1189. [Google Scholar] [CrossRef]

	



Brindley, H.E. Estimating the top-of-atmosphere longwave radiative forcing due to Saharan dust from satellite observations over a west African surface site. Atmos. Sci. Lett. 2007, 8, 74–79. [Google Scholar] [CrossRef]

	



Seinfeld, J.H.; Bretherton, C.; Carslaw, K.S.; Coe, H.; DeMott, P.J.; Dunlea, E.J.; Feingold, G.; Ghan, S.; Guenther, A.B.; Kahn, R.; et al. Improving our fundamental understanding of the role of aerosol-cloud interactions in the climate system. Proc. Natl. Acad. Sci. USA 2016, 113, 5781–5790. [Google Scholar] [CrossRef] [PubMed]

	



Banks, J.R.; Schepanski, K.; Heinold, B.; Hunerbein, A.; Brindley, H.E. The influence of dust optical properties on the colour of simulated MSG-SEVIRI Desert Dust imagery. Atmos. Chem. Phys. Discuss. 2018. [Google Scholar] [CrossRef]

	



Formenti, P.; Schuütz, L.; Balkanski, Y.; Desboeufs, K.; Ebert, M.; Kandler, K.; Petzold, A.; Scheuvens, D.; Weinbruch, S.; Zhang, D. Recent progress in understanding physical and chemical properties of African and Asian mineral dust. Atmos. Chem. Phys. 2011, 11, 8231–8256. [Google Scholar] [CrossRef][Green Version]

	



Caquineau, S.; Gaudichet, A.; Gomes, L.; Legrand, M. Mineralogy of Saharan dust transported over northwestern tropical Atlantic Ocean in relation to source regions. J. Geophys. Res. 2002, 107, 4251. [Google Scholar] [CrossRef]

	



Nickovic, S.; Vukovic, A.; Vujadinovic, M.; Djurdjevic, V.; Pejanovic, G. Technical Note: High-resolution mineralogical database of dust-productive soils for atmospheric dust modelling. Atmos. Chem. Phys. 2012, 12, 845–855. [Google Scholar] [CrossRef][Green Version]

	



Journet, E.; Balkanski, Y.; Harrison, S. A new data set of soil mineralogy for dust-cycle modeling. Atmos. Chem. Phys. 2014, 14, 3801–3816. [Google Scholar] [CrossRef][Green Version]

	



Perlwitz, J.; Garcia-Pando, C.P.; Miller, R.L. Predicting the mineral composition of dust aerosols—Part 1: Representing key processes. Atmos. Chem. Phys. 2015, 15, 11593–11627. [Google Scholar] [CrossRef]

	



Perlwitz, J.; Garcia-Pando, C.P.; Miller, R.L. Predicting the mineral composition of dust aerosols—Part 2: Model evaluation and identification of key processes with observations. Atmos. Chem. Phys. 2015, 15, 11629–11652. [Google Scholar] [CrossRef]

	



Scanza, R.A.; Mahowald, N.; Ghan, S.; Zender, C.S.; Kok, J.F.; Liu, X.; Zhang, Y.; Albani, S. Modeling dust as component minerals in the Community Atmosphere Model: Development of framework and impact on radiative forcing. Atmos. Chem. Phys. 2015, 15, 537–561. [Google Scholar] [CrossRef]

	



Huneeus, N.; Schulz, M.; Balkanski, Y.; Griesfeller, J.; Prospero, J.; Kinne, S.; Bauer, S.; Boucher, O.; Chin, M.; Dentener, F.; et al. Global dust model inter comparison in AeroCom phase I. Atmos. Chem. Phys. 2011, 11, 7781–7816. [Google Scholar] [CrossRef][Green Version]

	



Bagnold, R.A. The Physics of Blown Sand and Desert Dunes; Methuen: New York, NY, USA, 1941. [Google Scholar]

	



Kok, J.F.; Parteli, E.J.R.; Michaels, T.I.; Karam, D.B. The physics of wind-blown sand and dust. Rep. Prog. Phys. 2012, 75, 106901. [Google Scholar] [CrossRef] [PubMed]

	



Gillette, D. A wind tunnel simulation of the erosion of soil: Effect of soil texture, sandblasting, wind speed, and soil consolidation on dust production. Atmos. Environ. 1978, 12, 1735–1743. [Google Scholar] [CrossRef]

	



Kok, J.F.; Renno, N.O. A comprehensive numerical model of steady-state saltation (COMSALT). J. Geophys. Res. 2010, 114, D17204. [Google Scholar] [CrossRef]

	



Reheis, M.C.; Kihl, R. Dust deposition in southern Nevada and California, 1984–1989: Relations to climate, source area and source lithology. J. Geophys. Res. 1995, 100, 8893–8918. [Google Scholar] [CrossRef]

	



Schepanski, K.; Wright, T.J.; Knippertz, P. Evidence for flash floods over deserts from loss of coherence in InSAR imagery. J. Geophys. Res. 2012, 117, D20101. [Google Scholar] [CrossRef]

	



Bullard, J.E.; Harrison, S.P.; Baddock, M.C.; Drake, N.; Gill, T.E.; McTainsh, G.; Sun, Y. Preferential dust sources: A geomorphological classification designed for use in global dust-cycle models. J. Geophys. Res. 2011, 116, F04034. [Google Scholar] [CrossRef]

	



Schepanski, K.; Flamant, C.; Chaboureau, J.P.; Kocha, C.; Banks, J.R.; Brindley, H.E.; Lavaysse, C.; Marnas, F.; Pelon, J.; Tulet, P. Characterization of dust emission from alluvial sources using aircraft observations and high-resolution modeling. J. Geophys. Res. 2013, 118, 7237–7259. [Google Scholar] [CrossRef]

	



Mahowald, N.M.; Albani, S.; Kok, J.F.; Engelstaedter, S.; Scanza, R.; Ward, D.S.; Flanner, M.G. The size distribution of desert dust aerosols and its impact on the Earth system. Aeolian Res. 2014, 15, 53–71. [Google Scholar] [CrossRef]

	



Middleton, N.J.; Betzer, P.R.; Bull, R.A. Long-range transport of ‘giant’ aeolian quartz grains: linkage with discrete sedimentary sources and implications for protective particle transfer. Mar. Geol. 2001, 117, 411–417. [Google Scholar] [CrossRef]

	



Ryder, C.L.; Highwood, E.J.; Rosenberg, P.D.; Trembath, J.; Brooke, J.K.; Bart, M.; Dean, A.; Crosier, J.; Dorsey, J.; Brindley, H.; et al. Optical properties of Saharan dust aerosol and contribution from the coarse mode as measured during the Fennec 2011 aircraft campaign. Atmos. Chem. Phys. 2013, 13, 1303–1325. [Google Scholar] [CrossRef][Green Version]

	



Korte, L.F.; Brummer, G.J.A.; van der Does, M.; Guerreiro, C.V.; Hennekam, R.; van Hateren, J.A.; Jong, D.; Munday, C.I.; Schouten, S.; Stuut, J.B.W. Downward particle fluxes of biogenic matter and Saharan dust across the equatorial North Atlantic. Atmos. Chem. Phys. 2017, 14, 6023–6040. [Google Scholar] [CrossRef]

	



Arimoto, R. Eolian dust and climate: Relationships to sources, tropospheric chemistry, transport and deposition. Earth-Sci. Rev. 2001, 54, 29–42. [Google Scholar] [CrossRef]

	



Ito, A.; Shi, Z. Delivery of anthropogenic bioavailable iron from mineral dust and combustion aerosols to the ocean. Atmos. Chem. Phys. 2016, 16, 85–99. [Google Scholar] [CrossRef][Green Version]

	



Tuzet, F.; Dumont, M.; Lafaysse, M.; Picard, G.; Arnaud, L.; Voisin, D.; Lejeune, Y.; Charrois, L.; Nabat, P.; Morin, S. A multilayer physical based snowpack model simulating direct and indirect radiative impacts of light-absorbing impurities in snow. Cryosphere 2017, 11, 2633–2653. [Google Scholar] [CrossRef]

	



Cuevas, E.; Camino, C.; Benedetti, A.; Basart, S.; Terradellas, E.; Baldasano, J.M.; Morcrette, J.J.; Marticorena, B.; Goloub, P.; Mortier, A.; et al. The MACC-II 2007–2008 reanalysis: Atmospheric dust evaluation and characterization over northern Africa and the Middle East. Atmos. Chem. Phys. 2015, 15, 3991–4024. [Google Scholar] [CrossRef][Green Version]

	



Schepanski, K.; Tegen, I.; Todd, M.C.; Heinold, B.; Bönisch, G.; Laurent, B.; Macke, A. Meteorological processes forcing Saharan dust emission inferred from MSG-SEVIRI observations of sub-daily source activation and numerical models. J. Geophys. Res. 2009, 114, D10201. [Google Scholar] [CrossRef]

	



Wagner, R.; Schepanski, K.; Heinold, B.; Tegen, I. Interannual variability in the Saharan dust source activation—Toward understanding the differences between 2007 and 2008. J. Geophys. Res. 2016, 121, 4538–4562. [Google Scholar] [CrossRef]

	



Washington, R.; Bouet, C.; Cautenet, G.; Mackenzie, E.; Ashpole, I.; Engelstaedter, S.; Lizcano, G.; Henderson, G.M.; Schepanski, K.; Tegen, I. Dust as a tipping element: The Bodélé Depression, Chad. Proc. Natl. Acad. Sci. USA 2009, 106, 20564–20571. [Google Scholar] [CrossRef] [PubMed]

	



Chiapello, I.; Bergametti, G.; Chatenet, B.; Bousquet, P.; Dulac, F.; Soares, E.S. Origins of African dust transported over the northeastern tropical Atlantic. J. Geophys. Res. 1997, 102, 13701–13709. [Google Scholar] [CrossRef]

	



Kalashnikova, O.V.; Kahn, R.A. Mineral dust plume evolution over the Atlantic from MISR and MODIS aerosol retrievals. J. Geophys. Res. 2008, 113, D24204. [Google Scholar] [CrossRef]

	



Foltz, G.R.; McPhaden, M.J. Impact of Saharan dust on tropical North Atlantic SST. J. Clim. 2008, 21, 5048–5060. [Google Scholar] [CrossRef]

	



Dunion, J.P.; Velden, C.S. The impact of the Saharan Air Layer on Atlantic tropical cyclone activity. Bull. Am. Meteorol. Soc. 2004, 353–365. [Google Scholar] [CrossRef]

	



Evan, A.T.; Dunion, J.; Foley, J.A.; Heidinger, A.K.; Veldern, C.S. New evidence for a relationship between Atlantic tropical cyclone activity and African dust outbreaks. Geophys. Res. Lett. 2006, 33, L19813. [Google Scholar] [CrossRef]

	



Sun, D.; Lau, K.M.; Kafatos, M. Contrasting the 2007 and 2005 hurricane season: Evidence of possible impacts of Saharan dry air and dust on tropical cyclone activity in the Atlantic basin. Geophys. Res. Lett. 2008, 35, L15405. [Google Scholar] [CrossRef]

	



Swap, R.; Garstang, M.; Greco, S.; Talbot, R.; Kallberg, P. Saharan dust in the Amazon basin. Tellus 1992, 44B, 113–149. [Google Scholar]

	



Yu, H.; Chin, M.; Yuan, T.; Bian, H.; Remer, L.A.; Prospero, J.M.; Omar, A.; Winker, D.; Yang, Y.; Zhang, Y.; Zhang, Z.; Zhao, C. The fertilizing role of African dust in the Amazon rainforest: A first multiyear assessment based on data from Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations. Geophys. Res. Lett. 2015, 42, 1984–1991. [Google Scholar] [CrossRef]

	



Escudero, M.; Castillo, S.; Querol, X.; Avila, A.; Alarcón, M.; Viana, M.M.; Alastuey, A.; Cuevas, E.; Rodriguez, S. Wet and dry African dust episodes over eastern Spain. J. Geophys. Res. 2015, 110, D18S08. [Google Scholar] [CrossRef]

	



Cachorro, V.E.; Burgos, M.A.; Mateos, D.; Toledano, C.; Bennouna, Y.; Torres, B.; de Frutos, A.M.; Herguedas, A. Inventory of African desert dust events in the north-central Iberian Peninsula in 2003–2014 based on sun-photometer-ARONET and particulate-mass-EMEP data. Atmos. Chem. Phys. 2016, 16, 8227–8248. [Google Scholar] [CrossRef]

	



Flentje, H.; Briel, B.; Beck, C.; Coen, M.C.; Fricke, M.; Cyrys, J.; Gu, J.; Pitz, M.; Thomas, W. Identification and monitoring of Saharan dust: An inventory representative for south Germany since 1997. Atmos. Environ. 2015, 109, 87–96. [Google Scholar] [CrossRef]

	



Karam, D.B.; Flamant, C.; Cuesta, J.; Pelon, J.; Williams, E. Dust emission and transport associated with a Saharan depression: February 2007 case. J. Geophys. Res. 2010, 115. [Google Scholar] [CrossRef][Green Version]

	



Schepanski, K.; Knippertz, P. Soudano-Saharan depressions and their importance for precipitation and dust: a new perspective on a classical synoptic concept. Q. J. R. Meteorol. Soc. 2011, 137, 1431–1445. [Google Scholar] [CrossRef]

	



Fiedler, S.; Schepanski, K.; Heinold, B.; Knippertz, P.; Tegen, I. How important are atmospheric depressions and mobile cyclones for emitting mineral dust aerosol in North Africa? Atmos. Chem. Phys. 2014, 14, 8983–9000. [Google Scholar] [CrossRef]

	



Rodríguez, S.; Cuevas, E.; Prospero, J.M.; Alastuey, A.; Querol, X.; López-Solano, J.; García, M.I.; Alonso-Pérez, S. Modulation of Saharan dust export by the North African dipole. Atmos. Chem. Phys. 2015, 15, 7471–7486. [Google Scholar] [CrossRef]

	



Schepanski, K.; Mallet, M.; Heinold, B.; Ulrich, M. North African dust transport toward the western Mediterranean basin: atmospheric controls on dust source activation and transport pathways during June–July 2013. Atmos. Chem. Phys. 2016, 16, 14147–14168. [Google Scholar] [CrossRef]

	



Schepanski, K.; Heinold, B.; Tegen, I. Harmattan, Saharan heat low, and West African monsoon circulation: Modulations on the Saharan dust outflow towards the North Atlantic. Atmos. Chem. Phys. 2017, 17, 10223–10243. [Google Scholar] [CrossRef]

	



Fiedler, S.; Schepanski, K.; Heinold, B.; Knippertz, P.; Tegen, I. Climatology of nocturnal low-level jets over North Africa and implications for modeling mineral dust emission. J. Geophys. Res. 2013, 118, 6100–6121. [Google Scholar] [CrossRef] [PubMed]

	



Ashpole, I.; Washington, R. Intraseasonal variability and atmospheric controls on daily dust occurrence frequency over the central and Western Sahara during the boreal summer. J. Geophys. Res. 2013, 118, 12915–12926. [Google Scholar] [CrossRef]

	



Vizy, E.K.; Cook, K.H. A mechanism for African monsoon breaks: Mediterranean cold air surges. J. Geophys. Res. 2009, 114, D01104. [Google Scholar] [CrossRef]

	



Parker, D.J.; Burton, R.R.; Diongue-Niang, A.; Ellis, R.J.; Felton, M.; Taylor, C.M.; Thorncroft, C.D.; Bessemoulin, P.; Tompkins, A.M. The diurnal cycle of the West African monsoon circulaton. Q. J. R. Meteorol. Soc. 2005, 131, 2839–2860. [Google Scholar] [CrossRef]

	



Karam, D.B.; Flamant, C.; Knipperz, P.; Reitebuch, O.; Pelon, J.; Chong, M.; Dabas, A. Dust emission over the Sahel associated with the West African monsoon inter-tropical discontinuity region: A representative case study. Q. J. R. Meteorol. Soc. 2008, 134, 621–634. [Google Scholar] [CrossRef][Green Version]

	



Notaro, M.; Alkolibi, F.; Fadda, E.; Bakhrjy, F. Trajectory analysis of Saudi Arabian dust storms. J. Geophys. Res. 2013, 118, 6028–6043. [Google Scholar] [CrossRef]

	



Banks, J.R.; Brindley, H.E.; Stenchikov, G.; Schepanski, K. Satellite retrievals of dust aerosol over the Red Sea and the Persian Gulf (2005–2015). Atmos. Chem. Phys. 2017, 17, 3987–4003. [Google Scholar] [CrossRef]

	



Vishkaee, F.A.; Flamant, C.; Cuesta, J.; Oolman, L.; Flamant, P. Dust transport over Iraq and northwest Iran associated with winter Shamal: A case study. J. Geophys. Res. 2012, 117, D03201. [Google Scholar] [CrossRef]

	



Yu, Y.; Nataro, M.; Kalashnikova, O.V.; Garay, M.J. Climatology of summer Shamal wind in the Middle East. J. Geophys. Res. 2016, 121, 289–305. [Google Scholar] [CrossRef]

	



Kaskaoutis, D.G.; Houssos, E.E.; Solmon, F.; Legrand, M.; Rashki, A.; Dumka, U.C.; Francois, P.; Gautam, R.; Singh, R.P. Impact of atmospheric circulation types on southwest Asian dust and Indian summer monsoon rainfall. Atmos. Res. 2018, 201, 189–205. [Google Scholar] [CrossRef]

	



Crouvi, O.; Dayan, U.; Amit, R.; Enzel, Y. An Israeli haboob: Sea breeze activating local anthropogenic dust sources in the Negev loess. Aeolian Res. 2017, 24, 39–52. [Google Scholar] [CrossRef]

	



Laurent, B.; Marticorena, B.; Bergametti, G.; Mei, F. Modeling mineral dust emission from Chinese and Mongolian deserts. Glob. Planet. Chang. 2006, 52, 121–141. [Google Scholar] [CrossRef]

	



Creamean, J.M.; Spackman, J.R.; Davis, S.M.; White, A.B. Climatology of long-range transported Asian dust along the West Coast of the United States. J. Geophys. Res. 2014, 119, 12171–12185. [Google Scholar] [CrossRef]

	



Kavouras, I.G.; Etyemezian, V.; DuBois, D.W.; Xu, J.; Pitchford, M. Source reconciliation of atmospheric dust causing visibility impairment in class I areas of the Western United States. J. Geophys. Res. 2009, 114, D02308. [Google Scholar] [CrossRef]

	



Indoitu, R.; Kozhoridze, G.; Batyrbaeva, M.; Vitkovskaya, I.; Orlovsky, N.; Blumberg, D.; Orlovsky, L. Dust emission and environmental changes in the dried bottom of the Aral Sea. Aeolian Res. 2015, 17, 101–115. [Google Scholar] [CrossRef]

	



Opp, C.; Groll, M.; Aslanov, I.; Lotz, T.; Vereshagina, N. Aeolian dust deposition in the southern Aral Sea region (Uzbekistan): Ground-based monitoring results from the LUCA project. Quat. Int. 2017, 429B, 86–99. [Google Scholar] [CrossRef]

	



Hand, J.L.; White, W.H.; Gebhart, K.A.; Hyslop, N.P.; Gill, T.E.; Schichtel, B.A. Earlier onset of the spring fine dust season in the southwestern United States. Geophys. Res. Lett. 2016, 43, 4001–4009. [Google Scholar] [CrossRef]

	



Tong, D.Q.; Dan, M.; Wang, T.; Lee, P. Long-term dust climatology in the western United States reconstructed from routine aerosol ground monitoring. Atmos. Chem. Phys. 2012, 12, 5189–5205. [Google Scholar] [CrossRef]

	



Gaiero, D.M.; Simonella, L.; Gassó, S.; Gili, S.; Stein, A.F.; Sosa, P.; Becchio, R.; Arce, J.; Marelli, H. Ground/satellite observations and atmospheric modeling of dust storms originating in the high Puna-Altiplano deserts (South America): Implications for the interpretation of paleo-climatic archives. J. Geophys. Res. 2013, 118, 3817–3831. [Google Scholar] [CrossRef][Green Version]

	



Gassó, S.; Stein, A.F. Does dust from Patagonia reach the sub-Antarctic Atlantic Ocean. Geophys. Res. Lett. 2007, 34, L01801. [Google Scholar] [CrossRef]

	



Piketh, S.J.; Annegarn, H.J.; Tyson, P.D. Lower tropospheric aerosol loadings over South Africa: The relative contribution of aeolian dust, industrial emissions, and biomass burning. J. Geophys. Res. 1999, 104, 1597–1607. [Google Scholar] [CrossRef]

	



O’Loingsigh, T.; Chubb, T.; Baddock, M.; Kelly, T.; Tapper, N.J.; Deckker, P.D.; McTainsh, G. Sources and pathways of dust during the Australian “Millennium Drought” decade. J. Geophys. Res. 2017, 122, 1246–1260. [Google Scholar] [CrossRef]

	



Strong, C.L.; Parsons, K.; McTainsh, G.H.; Sheehan, A. Dust transporting wind systems in the lower Lake Eyre Basin, Australia: A preliminary study. Aeolian Res. 2011, 2, 205–214. [Google Scholar] [CrossRef]

	



Ekström, M.; McTainsh, G.H.; Chappell, A. Australian dust storms: Temporal trends and relationships with synoptic pressure distributions (1960–99). Int. J. Climatol. 2004, 24, 1581–1599. [Google Scholar] [CrossRef]

	



Bullard, J.E. The distribution and biogeochemical importance of high-latitude dust in the Arctic and Southern Ocean-Antarctic regions. J. Geophys. Res. 2017, 122, 3098–3103. [Google Scholar] [CrossRef]

	



Zwaaftink, C.D.G.; Grythe, H.; Skov, H.; Stohl, A. Substantial contribution of northern high-latitude sources to mineral dust in the Arctic. J. Geophys. Res. 2016, 121, 13678–13697. [Google Scholar] [CrossRef]

	



Bullard, J.E. Contemporary glacigenic inputs to the dust cycle. Earth Surf. Process. Landforms 2013, 38, 71–89. [Google Scholar] [CrossRef]

	



Bullard, J.E.; Baddock, M.; Bradwell, T.; Crusius, J.; Darlington, E.; Gaiero, D.; Gassó, S.; Gisladottir, G.; Hodgkins, R.; McCulloch, R.; et al. High-latitude dust in the Earth system. Rev. Geophys. 2016, 54, 447–485. [Google Scholar] [CrossRef][Green Version]

	



Crusius, J.; Schroth, A.W.; Gassó, S.; Moy, C.M.; Levy, R.C.; Gatica, M. Glacial flour dust storms in the Gulf of Alaska: Hydrologic and meteorological controls and their importance as a source of bioavailable iron. Geophys. Res. Lett. 2011, 38, L06603. [Google Scholar] [CrossRef]

	



Dagsson-Waldhauserova, P.; Arnalds, O.; Olafsson, H. Long-term frequency and characteristics of dust storm events in Northeast Iceland (1949–2011). Atmos. Environ. 2013, 77, 117–127. [Google Scholar] [CrossRef]

	



Neff, P.D.; Bertler, N.A.N. Trajectory modeling of modern dust transport to the Southern Ocean and Antarctica. J. Geophys. Res. 2015, 120, 9303–9322. [Google Scholar] [CrossRef]

	



Shoenfelt, E.M.; Sun, J.; Winckler, G.; Kaplan, M.R.; Borunda, A.L.; Farrell, K.R.; Moreno, P.I.; Gaiero, D.M.; Recasens, C.; Sambrotto, R.N.; et al. High particulate iron(II) content in glacially sourced dusts enhances productivity of a model diatom. Sci. Adv. 2017, 3, e1700314. [Google Scholar] [CrossRef] [PubMed]

	



Schroth, A.W.; Crusius, J.; Gassó, S.; Moy, C.M.; Buck, N.J.; Resing, J.A.; Campbell, R.W. Atmospheric deposition of glacial iron in the Gulf of Alaska impacted by the position of the Aleutian Low. Geophys. Res. Lett. 2017, 44, 5053–5061. [Google Scholar] [CrossRef]

	



Prospero, J.M.; Lamb, P.J. African Droughts and Dust Transport to the Caribbean: Climate Change Implications. Science 2003, 302, 1024–1027. [Google Scholar] [CrossRef] [PubMed]

	



Chiapello, I.; Moulin, C.; Prospero, J.M. Understanding the long-term variability of African dust transport across the Atlantic as recorded in both Barbados surface concentrations and large-scale Total Ozone Mapping Spectrometer (TOMS) optical thickness. J. Geophys. Res. 2005, 110, D18S10. [Google Scholar] [CrossRef]

	



Doherty, O.M.; Riemer, N.; Hameed, S. Saharan mineral dust transport into the Caribbean: Observed atmospheric controls and trends. J. Geophys. Res. 2008, 113, D07211. [Google Scholar] [CrossRef]

	



Achakulwisut, P.; Shen, L.; Mickley, L.J. What controls springtime fine dust variability in the western United States? Investigating the 2002-2015 increase in fine dust in the U.S. Southwest. J. Geophys. Res. 2017, 122, 12449–12467. [Google Scholar] [CrossRef]

	



Seager, R.; Hoerling, M. Atmosphere and Ocean Origins of North American Droughts. J. Clim. 2014, 27, 4582–4606. [Google Scholar] [CrossRef]

	



Banerjee, P.; Kumar, S.P. ENSO modulation of interannual variability of dust aerosol over the northwest Indian Ocean. J. Clim. 2016, 29, 1287–1303. [Google Scholar] [CrossRef]

	



Bryant, R.G.; Bigg, G.R.; Mahowald, N.M.; Eckhardt, F.D.; Ross, S.G. Dust emission response to climate in southern Africa. J. Geophys. Res. 2007, 112, D09207. [Google Scholar] [CrossRef]

	



Rotstayn, L.D.; Collier, M.A.; Mitchell, R.M.; Qin, Y.; Campbell, S.K.; Dravitzki, S.M. Simulated enhancement of ENSO-related rainfall variability due to Australian dust. Atmos. Chem. Phys. 2011, 11, 6575–6592. [Google Scholar] [CrossRef]

	



Webb, N.P.; McGowan, H.A.; Phinn, S.R.; McTainsh, G.H.; Leys, J.F. Simulation of the spatiotemporal aspects of land erodibility in the northeast Lake Eyre Basin, Australia, 1980–2006. J. Geophys. Res. 2009, 114, F01013. [Google Scholar] [CrossRef]

	



Notaro, M.; Yu, Y.; Kalashnikova, O.V. Regime shift in Arabian dust activity, triggered by persistent Fertile Crescent drought. J. Geophys. Res. 2015, 120, 10229–10249. [Google Scholar] [CrossRef]

	



Mao, R.; Ho, C.H.; Shao, Y.; Gong, D.Y.; Kim, J. Influence of Arctic Oscillation on dust activity over northeast Asia. Atmos. Environ. 2011, 45, 326–337. [Google Scholar] [CrossRef]

	



Miller, R.; Tegen, I. Radiative Forcing of a Tropical Direct Circulation by Soil Dust Aerosols. J. Atmos. Sci. 1999, 56, 2403–3433. [Google Scholar] [CrossRef]

	



Miller, R.L. Adjustment to radiative forcing in a simple coupled ocean-atmosphere model. J. Clim. 2012, 25, 7802–7821. [Google Scholar] [CrossRef]

	



Kok, J.F.; Ridley, D.A.; Zhou, Q.; Miller, R.L.; Zhao, C.; Heald, C.L.; Ward, D.S.; Albani, S.; Haustein, K. Smaller desert dust cooling effect estimated from analysis of dust size and abundance. Nat. Geosci. 2017, 10, 274–278. [Google Scholar] [CrossRef]

	



Pérez, C.; Nickovic, S.; Pejanovic, G.; Baldasano, J.M.; Özsoy, E. Interactive dust-radiation modeling: A step to improve weather forecasts. J. Geophys. Res. 2006, 111, D16206. [Google Scholar] [CrossRef]

	



Miller, R.L.; Slingo, A.; Bernard, J.C.; Kassianov, E. Seasonal contrast in the surface energy balance of the Sahel. J. Geophys. Res. 2009, 114, D00E05. [Google Scholar] [CrossRef]

	



Heinold, B.; Tegen, I.; Schepanski, K.; Hellmuth, O. Dust radiative feedback on Saharan boundary layer dynamics and dust mobilization. Geophys. Res. Lett. 2008, 35. [Google Scholar] [CrossRef][Green Version]

	



Stevens, B.; Feingold, G. Untangling aerosol effects on clouds and precipitation in a buffered system. Nature 2009, 461, 607–613. [Google Scholar] [CrossRef] [PubMed]

	



Twomey, S. The influence of pollution on the shortwave albedo of clouds. J. Atmos. Sci. 1977, 34, 1149–1152. [Google Scholar] [CrossRef]

	



Purppacher, H.R.; Klett, J.D. Microphysics of Clouds and Precipitations; Kluwer Academic Publisheres: Dordrecht, The Netherlands, 1997. [Google Scholar]

	



Ansmann, A.; Tesche, M.; Seifert, P.; Althausen, D.; Engelmann, R.; Fruntke, J.; Wandinger, U.; Mattis, I.; Mueller, D. Evolution of the ice phase in tropical altocumulus: SAMUM LiDAR observations over Cape Verde. J. Geophys. Res. 2009, 114, D17208. [Google Scholar] [CrossRef]

	



Niedermeier, D.; Hartmann, S.; Shaw, R.A.; Covert, D.; Mentel, T.F.; Schneider, J.; Poulain, L.; Reitz, P.; Spindler, G.; Clauss, T.; et al. Heteorogeneous freezing of droplets with immersed mineral dust particles—Measurements and parameterization. Atmos. Chem. Phys. 2010, 10, 3601–3614. [Google Scholar] [CrossRef][Green Version]

	



Bangert, M.; Nenes, A.; Vogel, B.; Vogel, H.; Barahona, D.; Karydis, V.A.; Kumar, P.; Kottmeier, C.; Blahak, U. Saharan dust event impacts on cloud formation and radiation over Western Europe. Atmos. Chem. Phys. 2012, 12, 4045–4063. [Google Scholar] [CrossRef]

	



Cziczo, D.J.; Froyd, K.D. Sampling the composition of cirrus ice residuals. Aeolian Res. 2014, 142, 15–31. [Google Scholar] [CrossRef]

	



Sullivan, R.C.; Moore, M.J.K.; Petters, M.D.; Kreidenweis, S.M.; Roberts, G.C.; Prather, K.A. Effect of chemical mixing state on the hygroscopicity and cloud nucleation properties of calcium mineral dust particles. Atmos. Chem. Phys. 2009, 9, 3303–3316. [Google Scholar] [CrossRef]

	



Sullivan, R.C.; Petters, M.D.; DeMott, P.J.; Kreidenweis, S.M.; Wex, H.; Niedermeier, D. Irreversible loss of ice nucleation active sites in mineral dust particles caused by sulphuric acid condensation. Atmos. Chem. Phys. 2010, 10, 11471–11487. [Google Scholar] [CrossRef][Green Version]

	



Yin, Y.; Wurzler, S.; Levin, Z.; Reisin, T.G. Interactions of mineral dust particles and clouds: Effects on precipitation and cloud optical properties. J. Geophys. Res. 2002, 107, 4724. [Google Scholar] [CrossRef]

	



Baker, A.R.; Croot, P.L. Atmospheric and marine controls on aerosol iron solubility in seawater. Mar. Chem. 2010, 120, 4–13. [Google Scholar] [CrossRef][Green Version]

	



Samset, B.H. How cleaner air changes the climate. Science 2018, 360, 148–150. [Google Scholar] [CrossRef] [PubMed]

	



Tegen, I.; Schepanski, K. Climate Feedback on Aerosol Emission and Atmospheric Concentrations. Curr. Clim. Chang. Rep. 2018, 4, 1–10. [Google Scholar] [CrossRef]








[image: Geosciences 08 00151 g001 550] 





Figure 1. Annual total dust emission fluxes (g m    − 2    year    − 1   ) averaged over the 10-year period 2003-2012. Data are taken from the ECMWF MACC reanalysis data set at 6-hourly resolution (0 UTC, 6 UTC,12 UTC, and 18 UTC) and 0.75    ∘  ×   0.75   ∘   grid spacing. 
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Figure 2. Dust aerosol optical depth (AOD) averaged over the 10-year period 2003-2012. AOD data are taken from the ECMWF MACC reanalysis data set at 6-hourly resolution (0 UTC, 6 UTC,12 UTC, and 18 UTC) and 0.75    ∘  ×   0.75   ∘   grid spacing. 
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Figure 3. Annual total dust deposition fluxes (g m    − 2    year    − 1   ) averaged over the 10-year period 2003–2012. Shown deposition rats include dry deposition, sedimentation, wet deposition due to large-scale precipitation and wet deposition due to convective precipitation. Data are taken from the ECMWF MACC reanalysis data set at 6-hourly resolution (0 UTC, 6 UTC,12 UTC, and 18 UTC) and 0.75    ∘  ×   0.75   ∘   grid spacing. 
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