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Abstract:



Sand and dust storms (SDS) play an integral role in the Earth system but they also present a range of hazards to the environmental and economic sustainability of human society. These hazards are of considerable importance for residents of dryland environments and also affect people beyond drylands because wind erosion can occur in most environments and desert dust events often involve long-range transport over great distances (>1000 km). This paper makes an assessment of the scale of SDS impacts by totalling the countries affected using an appraisal of peer-reviewed published sources, arriving at a conservative estimate that 77% of all parties to the United Nations Convention to Combat Desertification (UNCCD) are affected directly by SDS issues. We then present a synthesis of the environmental management techniques designed to mitigate SDS hazards for disaster risk reduction and review policy measures, both historical and contemporary, for SDS impact mitigation. Although many SDS hazards are well-known, the processes involved and their impacts are not all equally well-understood. Policies designed to mitigate the impacts of wind erosion in agricultural areas have been developed in certain parts of the world but policies designed to mitigate the wider impacts of SDS, including many that are transboundary, are geographically patchy and have a much shorter history. Further development and wider implementation of such policies is advocated because of the recent marked increase in wind erosion and associated dust storms in several parts of the world.
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1. Introduction


Sand and dust storms (SDS) are atmospheric events created when small particles are blown from land surfaces. SDS occur when strong, turbulent winds flow over dry, unconsolidated, fine-grained surface materials where vegetation cover is sparse and sometimes altogether absent. These conditions are most commonly found in the world’s drylands—deserts and semi-deserts—and hence this is where SDS are most frequent. Sand storms occur within the first few meters above the ground surface, but finer dust particles can be lifted much higher into the troposphere, where strong winds frequently transport them over great distances.



SDS play an integral role in the Earth system, with impacts that are numerous and wide-ranging [1,2]. These include effects on air chemistry and climate processes, soil characteristics and water quality, nutrient dynamics and biogeochemical cycling in both oceanic and terrestrial environments. All of these impacts have repercussions for human society, but people are also influenced more directly by a range of SDS hazards [3]. SDS can result in damage to crops and the removal of fertile topsoil, adversely affecting food production. Atmospheric dust can cause and/or aggravate a number of human health problems, including respiratory ailments and cardiovascular disease. Poor visibility can result in road traffic accidents. Other common forms of economic disruption include closure of transport services and cleaning of roads, houses and business premises.



These hazards are of considerable importance for the residents of drylands but their significance is further magnified because desert dust events frequently involve long-range transport over thousands of kilometers, often taking fine particles far beyond dryland environments. These environmental and socio-economic impacts, which are frequently transboundary in effect, occur at local to global levels.



We know that SDS vary in frequency and intensity seasonally, because of droughts, and over longer timescales [4,5,6]. Attempts to combat wind erosion with soil conservation measures have succeeded in reducing SDS in certain parts of the world (e.g., [7,8]) but in other areas there has been a recent marked increase in wind erosion and associated dust storms. These areas include parts of the Arabian Peninsula [9,10], the eastern Mediterranean [11,12], Lower Mesopotamia and adjacent regions [13], and parts of northeast Asia [14]. In some cases, the frequency and intensity of SDS have increased as a result of human activities, including soil surface disturbance, desertification and land degradation.



Given that SDS threats to livelihoods, environment and economy are likely to undermine the implementation of a broad range of the Sustainable Development Goal (SDG) targets, the United Nations General Assembly (UNGA) adopted resolutions entitled “Combatting sand and dust storms” in 2015 (A/RES/70/195) and 2016 (A/RES/71/219). These resolutions acknowledge that SDS represent a severe impediment to the sustainable development of affected developing countries and the well-being of their peoples and urge individual countries to address the challenges of SDS through relevant policy measures. The United Nations Convention to Combat Desertification (UNCCD) is playing a leading role in addressing SDS issues and helping countries to develop policy with a major focus on disaster risk reduction, as advocated by the Sendai Framework [15].



Mitigating the impacts of SDS is a central theme of such policy measures and the purpose of this paper is to review the range of actions available to mitigate the numerous impacts of SDS, to highlight areas of uncertainty and to consider some of the research priorities for the future.




2. SDS Definitions


There are numerous sources of small particulate matter in the atmosphere, including volcanic dust, sea salt, cosmic dust and various pollutants derived from combustion and industrial processes, but this paper refers to minerals that originate from land surfaces. These particles are commonly graded according to their size, consisting of clay-sized (<4 microns), silt-sized (4–62.5 microns) and sand-sized (62.5 microns–2 mm) material. There is no strict distinction in the definitions of sand and dust storms, since there is a continuum of particle sizes in any storm. Generally, larger particles tend to return to the land surface soon after being entrained and atmospheric concentrations naturally diminish with distance from source areas as material in suspension is deposited downwind by wet and dry processes. Most of the particles transported more than 100 km from their source are <20 microns in diameter [16].



A dust storm is formally defined by the World Meteorological Organization (WMO) as the result of surface winds raising large quantities of dust into the air and reducing visibility at eye level (1.8 m) to less than 1000 m [17], although severe events may result in zero visibility. A less severe wind erosion event is often referred to as blowing dust. There is no equivalent formal definition of sand storms, but storms dominated by sand tend to have limited areal extent and hence localized impacts, including sand dune encroachment. Dust storms also have local impacts but their smaller particles can be transported much farther—over thousands of kilometers from source, often across international boundaries—which can bring hazardous dust haze to distant locations.



The duration of SDS events varies from a few hours to several days. Their intensity is commonly expressed in terms of the atmospheric concentration of particles and a distinction is typically highlighted between particles with diameters <10 microns (PM10) and those with diameter <2.5 microns (PM2.5). Atmospheric PM10 dust concentrations exceed 15,000 μg/m3 in severe events [18]. Hourly maximum PM2.5 concentrations can exceed 1000 μg/m3 during intense dust storms [19].



In chemical terms, the main component of the particles that make up SDS is silica, typically in the form of quartz (SiO2). Other material commonly found in desert dust includes aluminum, iron, calcium, magnesium and potassium as well as organic matter and a range of salts, pathogenic microorganisms—including fungi, bacteria and viruses—and anthropogenic pollutants.




3. The Scale of SDS Impacts: Countries Affected


There have been several attempts to assess desert dust sources globally [20,21,22], compiled using data from satellite borne sensors and terrestrial meteorological stations. These analyses have provided us with a good, though not perfect, understanding of where the planet’s major contemporary atmospheric soil dust sources are situated. The most active sources are located in the Northern Hemisphere, mainly in a broad dryland Dust Belt that extends from the west coast of North Africa, across the Middle East, to South, Central and Northeast Asia. Drylands in the Southern Hemisphere are much less active SDS sources, despite concentrations of activity in Central Australia, Southern Africa and the Atacama in South America. These sources have significant local impacts—as does the North American Great Basin—but remain relatively minor on the global scale. There are also numerous locally significant areas of SDS activity in high-latitudes [23].



In addition to these sources, we know of numerous areas—many outside drylands—where wind erosion occurs due to human mismanagement of resources, particularly on agricultural fields and of large water bodies. For instance, soil erosion by wind is a particular threat on arable land in Europe [24], not only in semi-arid Mediterranean areas [25] but also in the temperate regions of northern countries [26]. There have also been attempts to map such areas. The global assessment of soil degradation (GLASOD) produced a world map of human-induced soil degradation, which included data on wind erosion that can be disaggregated to show a world map of human-induced wind erosion [27]. More recent assessments have also been made in certain regions, such as Europe [28].



We have considerable knowledge of long-distance desert dust transport pathways from many of these numerous sources of wind-blown surface material. Desert dust is commonly transported over thousands of kilometers through the troposphere and hence affects atmospheric, biological and geochemical conditions at great distances from dust sources. The global pattern of major dust transport pathways is depicted in Figure 1 along with estimates of emissions from major source regions and deposition to the oceans.


Figure 1. Main routes of desert dust transport (light blue arrows) and locations of the major dust sources: (1) Sahara; (2) Arabia; (3) Asia; (4) North America; (5) South America; (6) Southern Africa; and (7) Australia, depicted using global means of the measured daily TOMS Aerosol Index values (1979–2011). Dust emissions from different regions in Mt are indicated by red arrows and deposition to the oceans in Mt is indicated by dark blue arrows. Adapted and modified from [2,29].
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Saharan dust, for instance, has been monitored across West Africa [30], as well as much further afield, including northern Europe [31], the Caucasus Mountains [32], Caribbean islands [33], North America [34], and South America [35]. Indeed, the Earth system effects of dust from the Sahara—the planet’s largest source of desert dust—are plentiful. They include impacts on the atmospheric radiation balance [36], regional precipitation [37], hurricane activity [38], sea surface temperatures [39], marine primary productivity [40], health of coral reefs [41], terrestrial primary productivity [35], lake-water chemistry [42], and soil formation [33].



Dust from northeast Asian deserts, another major source, is frequently transported over the Korean Peninsula and Japan [43], across the Pacific Ocean to the North American continent [44], Europe [45] and on occasion even further [46]. Antarctica receives deposits of desert dust from Patagonia and Australia [47] and material from farmland in Ukraine has been traced to Central Europe [48].



Most of the assessments of global wind erosion sources do not feature political boundaries and, although long-distance transport is often traced from atmospheric monitoring stations via back-trajectory analysis to specific source areas, as far as we are aware, there has been no systematic attempt to assess the global distribution of SDS impacts by nation state. Figure 2 is the result of our endeavors in that direction. Using peer-reviewed published sources, we have allocated each individual party to the UNCCD (Note that there are 196 parties to the UNCCD as of the start of 2017, comprising 193 UN member states plus three others: the European Union, the Cook Islands, and Niue) to one of four categories: as a source area for SDS; as a deposition area for SDS due to long-range transport; as a country where soil erosion by wind occurs (but not on a sufficient scale to warrant inclusion in the first category); and as a country where no SDS activity or wind erosion has been recorded in peer-reviewed sources. The complete record of country parties by category is given, with supporting references, in Supplementary Material 1.


Figure 2. Number of country parties affected by SDS.
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This classification of countries according to the global distribution of SDS impacts is simple and involves some degree of expert judgment, as outlined below, but it certainly indicates the globally extensive nature of SDS issues. A total of 151 country parties (77% of all parties) are affected directly by SDS issues and 45 (23% of all parties) are classified as SDS source areas. Most of the countries classified as SDS source areas (38 of 45) are in Africa and Asia.



The first three categories are not mutually exclusive, and many individual countries could be included in more than one category. For example, countries with SDS source areas also experience deposition of material from those sources and often also from sources elsewhere. Iran is an example, having a significant regional source in the Hamoun Basin [49] and receiving dust from several other Middle Eastern countries [50]. Some countries outside the drylands receive dust deposits only, after long distance transport of material from major sources, such as Japan which receives dust from Chinese and Mongolian deserts [51], and Panama which receives Saharan dust [52]. However, other countries receive desert dust while also experiencing some wind erosion on their own soils. Sweden is an example here [28,31]. In all these cases, a judgment call has been made regarding each country’s most appropriate category. The USA, for instance, has been categorized as an SDS source area because it has both active sand dunes [53] and desert dust sources [54] within its territory, but the country also receives deposits of desert dust transported from sources in Mexico [55], Asia [56] and Africa [57], as well as experiencing wind erosion on its domestic agricultural soils [58]. At this point, we are not distinguishing between “good” and “bad” SDS activity. In the US case, for instance, the arrival of long-range dust from Asian sources has been investigated both for its supply of plant nutrients [59] and its adverse effects on air quality [60].



We suspect that the 77% of all parties affected directly by SDS issues is a conservative figure. This is because some of the countries where no SDS activity or wind erosion has been recorded in the peer-reviewed literature may be recipients of desert dust deposits but such deposits have simply not been catalogued or monitored. Such countries include Haiti, Liechtenstein, and Luxembourg, all of which are located in well-documented seasonal pathways of Saharan dust transport [61]. It is also worth noting that countries where no SDS activity or wind erosion has been recorded are not completely unaffected by SDS issues because all countries are impacted indirectly via the numerous effects SDS have on the Earth system.




4. SDS Hazards and Their Mitigation


Sand and dust storms create hazards for human society in numerous ways [1,3] and these hazards are classified in Table 1 according to the three processes of the wind erosion system: on entrainment of fine particles, during their transport, and on their deposition. SDS hazards range from local sand-blasting of agricultural crops to human health issues associated with dust haze. Indeed, SDS are a unique form of natural hazard in that the source and impact regions can be separated by great distances.



Table 1. Some environmental hazards to human populations caused by wind erosion and dust storms [3].







	
Entrainment

	
Transport

	
Deposition






	
Soil loss

	
Sand-blasting of crops

	
Salt deposition and groundwater salinization




	
Nutrient, seed and fertilizer loss

	
Radio communication problems

	
Reduction of reservoir storage capacity




	
Crop root exposure

	
Microwave attenuation

	
Drinking-water contamination




	
Undermining structures

	
Transport disruption

	
Burial of structures




	

	
Local climatic effects

	
Crop growth problems




	

	
Air pollution

	
Machinery problems




	

	
Respiratory problems and eye infections

	
Reduction of solar power potential




	

	
Disease transmission (human)

	
Electrical insulator failure




	

	
Disease transmission (plants and animals)

	
Disruption to power supplies










Research into these hazards varies in quality and quantity. Hazards associated with soil loss in agricultural areas are relatively well-understood and a range of mitigating soil management techniques is available. Health hazards associated with desert dust are generally well-researched but there are aspects that we do not fully understand, not least many of the causal associations between human exposure to desert dust particles and adverse health effects. The effects on various forms of transport (road, rail, air, and marine) are surprisingly little-studied and geographically, for all types of hazard, some areas of SDS activity have been subject to much greater research effort than others. Assessments of SDS impacts are also variable, and there have been relatively few attempts to assess their impacts in economic terms, although those assessments that have been made indicate that the annual cost of desert dust events in some parts of the world runs into the tens of millions if not billions of US dollars [62,63,64,65].



Measures to mitigate these hazards are logically classified into those designed to prevent wind erosion occurring at source and those designed to manage the adverse impacts of small particles in transport and on deposition (Figure 3).


Figure 3. Two-fold approach to mitigate SDS hazards for disaster risk reduction.
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4.1. SDS Source Mitigation


There are numerous technical means of environmental management designed to mitigate SDS at source. Most of those detailed here are usually applied in places where wind erosion is predominantly a land-use issue. The main exceptions are in desert areas where naturally-occurring mobile sand dunes and blowing sand present challenges to human activities. Preventing wind erosion in some of the very large natural sources of desert dust is not practical, so hazards deriving from such areas are better managed when the dust is in the transport or deposition phase.



SDS source mitigation can employ a wide array of techniques that have been used for wind erosion control, most developed to protect cultivated fields from soil loss [66,67]. In any particular location, a range of measures is typically employed and Riksen et al. [26] distinguish between techniques designed to minimize actual risk (short-term, e.g., cultivation practices such as minimum tillage) from those that minimize potential risk (long-term, e.g., planting windbreaks).



Action taken to mitigate anthropogenic sources of SDS contributes towards the global aspiration to halt and reverse land degradation by 2030 (Sustainable Development Goal target 15.3) and will be in line with the concept of Land Degradation Neutrality, or LDN [68]. These goals stretch over the longer-term and are synonymous with the aims of sustainable land management or SLM [69] while in many cases they also embody the ecological restoration of degraded lands. SLM in particular contributes towards the resolution of issues surrounding the need to achieve social, economic and environmental objectives in areas where productive land uses often compete with environmental and biodiversity goals: the concept of integrated landscape management [70].



4.1.1. Controlling Wind Erosion on Cropland


When topsoil is entrained from agricultural fields it represents a severe form of accelerated soil erosion with deleterious effects on crop yields [71] so numerous techniques to control wind erosion on cropland have been developed. They are frequently classified into three categories:

	
Agronomic measures (crop management practices)



	
Soil management techniques



	
Protective barriers








All these measures aim to reduce erosion by decreasing the wind speed at the soil surface. This is achieved by increasing surface roughness and/or by increasing the threshold velocity that is required to initiate soil particle movement by the wind.



Agronomic measures for controlling soil erosion use living vegetation or the residues from harvested crops to protect soil from the wind. Maintaining a sufficient vegetative cover is often referred to as the “cardinal rule” for controlling wind erosion [66]. One widely-used agronomic measure involves rotating crops grown in rows with cover crops such as grasses or legumes grown on the same field every other year. Mulching—the practice of leaving some residual crop material, such as leaves, stalks and roots, on or near the surface—is another commonly used agronomic technique. It is successful in reducing erosion and in reducing the loss of water from fields by decreasing evaporation. The relationship between soil loss and vegetation cover (live or dead) is generally exponential: the soil loss ratio is at a maximum of 1 on a bare unprotected surface but decreases rapidly to a value of approximately 0.2 with 40% soil cover [72]. However, work in Sahelian Africa has shown that maintaining a crop residue cover of just 2% on a field reduces the potential wind erosion by at least a factor of three [73].



Most soil management techniques are concerned with different methods of soil tillage, an essential management practice that provides a suitable seed bed for plant growth and helps to control weeds. Strip or zone tillage leaves protective strips of untilled land between seed rows, requiring weed control on the protective strips. Other tillage methods leave varying degrees of vegetative matter from the previous crop on the soil surface to provide protection against erosive winds. Minimum tillage incorporates the idea of stubble mulching, while zero-tillage (or no-tillage) leaves most of the soil covered with plant residues. Zero-till technology allows the farmer to lay seed in the ground at the required depth with minimal disturbance to soil structure, the specially designed machinery eliminating the need for plowing and minimizing the tillage required for planting. In addition to being very effective at controlling erosion, these forms of tillage have effectively revolutionized agriculture in many parts of the world by allowing individual farmers to manage greater areas of land with reduced energy, labor and machinery inputs [74]. Their adoption is widespread in Australia, Canada, the USA and parts of South America. In the pampa region of Argentina, zero-tillage practices are credited with improving soil fertility by reversing decades of degradation [75].



Windbreaks and shelterbelts have been used to reduce the erosive force of the wind in many agricultural areas [76,77]. Fences or walls placed at right angles to erosive winds serve this purpose, or windbreaks may be created from living plants such as trees or bushes, in which case they are known as shelterbelts. Reductions in wind velocity are achieved both upwind, for a distance of 2–5 times the height of the windbreak, and downwind, extending 10–30 times windbreak height [78]. Numerous other benefits to crops can also often be associated with the establishment of windbreaks. These include increased soil and air temperatures, reduced pest and disease problems, and an extended growing season in sheltered areas. However, windbreaks occupy space that might otherwise be used to grow crops and require maintenance to preserve their effectiveness, so they are sometimes removed to make way for irrigation developments or modern agricultural machinery.



In practice, many of these techniques to control erosion on cropland are used in combination. In a survey of villages across the southern Sahelian zone of Niger, Bielders et al. [79] recorded the use of at least 10 different low-cost wind erosion control technologies and noted that all of the techniques used also had advantages in addition to erosion control.




4.1.2. Controlling Wind Erosion on Rangeland


Methods for controlling wind erosion on rangelands are largely comprised of preventive measures designed to reduce the pressure of grazing. Livestock may be excluded from pastures (either permanently, for a few years, or seasonally), a ban often enforced with fencing. Alternatively, authorities may seek to reduce stocking rates, frequently by putting a cap on livestock densities with the introduction of prescribed carrying capacities per hectare in areas where grazing is allowed, although it should be noted that the notion of carrying capacity is a controversial one [80,81]. All of these measures have been introduced in various parts of China’s rangelands in recent decades as policy instruments designed to improve the environment by restoring grassland ecology, combatting desertification and reducing dust storms [82].




4.1.3. Controlling Blowing Sand and Mobile Desert Dunes


The hazards associated with active sand dunes and blowing sand are addressed using engineering techniques involving fences or surface treatments. The measures typically employed, shown in Table 2, are designed to reduce impacts by encouraging the upwind deposition of sand, immobilizing susceptible surfaces, enhancing sand transport through the hazardous area, or deflecting sand movement away from the area to be protected [83]. Specific control measures are chosen depending on the local physical environment, material availability, required life expectancy of the shelter system and its economic feasibility. Reliable climatic information, particularly data on wind and precipitation, is also essential to assessing the local blowing sand hazard [84].



Table 2. Measures for controlling windblown sand and mobile sand dunes [85].







	
Control Approach

	
Examples






	
Windblown sand




	
Promote deposition

	
Ditches; fences; tree belts




	
Enhance transport

	
Streamlining techniques; creating a smooth texture over the land surface; erecting panels to deflect air flow




	
Reduce sand supply

	
Surface stabilizing techniques; fences; vegetation




	
Deflect moving sand

	
Fences; tree belts




	
Mobile dunes




	
Mechanical removal

	
Bulldozing




	
Dissipation

	
Reshaping; trenching; surface stabilization techniques




	
Immobilization by altering aerodynamic form

	
Surface stabilization techniques; fences










Fences are deployed extensively in deserts to reduce sand deposition (e.g., along roads and railways) or to reduce wind erosion in an area behind the fence. These artificial structures are constructed using materials such as concrete, metal, plastic, wood, stone, or vegetation and their efficacy in trapping sand depends critically on fence height and porosity [86].



Attempts to stabilize sand dunes have been undertaken for many decades. Initial, temporary reduction in sand movement can be achieved by covering the sand surface with a mulch of some kind. Mulching with sprays of petroleum products has been a common practice in parts of the Middle East, but concerns over the release of heavy metals has spurred interest in alternatives. Primary surface stabilization can also be accomplished by stone mulching, the use of chemical stabilizers, biological crusting, or covering the sand with plastic sheets, nets and various forms of geotextiles. A review of historical and contemporary dune stabilization techniques used in the UAE is provided by Mohsin and Attia [87]. Longer term stabilization can be achieved by planting dunes with adapted grasses, shrubs or trees, and establishing a vegetation cover is often achieved in combination with a mulch in the early stages. Amiraslani and Dragovich [88] report that oil mulch is particularly effective in encouraging seed germination in sand stabilization projects in Iran. In Egypt, and many other countries, treated wastewater is used to irrigate new vegetation until established [89]. Large-scale projects may require specialized aerial seeding from low-flying aircraft, as described by Greipsson and El-Mayas [90] in Iceland.



Reed checkboards are widely used in Chinese deserts to reduce surface wind speeds over dunes while the sand is planted with xerophytic shrubs. The process is expensive in economic and labor terms so, in the Taklamakan Desert, Dong et al. [84] explain checkboards are only used along highways that are strategic for the oil industry. The key to establishing vegetation is to select appropriate plant species that will survive the early years of irrigation using often highly saline groundwater. After several decades, soil within the checkerboards typically accumulates elevated levels of silt, clay, carbon and nitrogen that can support a diverse vegetation canopy [91], meaning the technique can also be used for the reclamation of degraded agricultural land [92].




4.1.4. Controlling Wind Erosion at Mining Operations


The range of options available to mining companies to prevent dust generation from tailings dumps includes many of the techniques detailed for controlling blowing sand and mobile dunes [93]. They include wetting mine tailings with water, and physically covering or capping them with gravel, topsoil or synthetic materials, and the erection of protective barriers to act as windbreaks. In drylands where water is at a premium, chemical suppressants developed from petroleum are widely used to mitigate fugitive dust, and renewable biopolymers may offer a more sustainable alternative [94]. Stabilizing such dust-emitting surfaces can be achieved over the longer term by promoting the establishment of a vegetative cover, typically with plants that are native to the area as well as drought-, salt-, and metal-tolerant [95].




4.1.5. Integrated SDS Control Strategies


Effective SDS control should adopt an integrated multi-scale and multi-functional approach [96]. Control measures to protect soil and reduce wind speed at the field level must be combined with wider landscape measures to reduce wind speed, reduce sand and dust mobilization and increase deposition of sand and dust from the atmosphere. Such integrated landscape management must simultaneously identify and manage different landscape components, such as cropland, rangeland, dunefields, mines and building sites. An integrated, landscape level approach is especially important given the transboundary nature of SDS and their impacts.



A landscape approach is also critical for the management of water resources, which are relevant to SDS emissions in many ways. Water is vitally important for many of the land uses associated with anthropogenic SDS generation (cropland, rangeland, mine tailings), but there are numerous examples of diversion and/or consumptive use of surface or groundwaters that have resulted in new sources of dust storms, blowing sand and sand dune formation in and around desiccated lake beds all over the world [97]. The measures required for mitigating SDS at these sources need to be part of sustainable integrated water management strategies. These plans, at national and international levels, should take into account relevant SDS issues.





4.2. SDS Impact Mitigation


Actions designed to mitigate the numerous impacts of SDS associated with the transport and deposition of sand and dust are facilitated by a range of monitoring, prediction and early warning initiatives. The entrainment and transport of small particles is monitored using a combination of data from satellites, networks of lidars and radiometers, air-quality monitoring and meteorological stations [98]. All of these sources contribute data to modeling efforts, which enhance our understanding of the processes involved and are used to produce predictions and early warnings.



A diverse range of numerical models has been developed, but the prediction of dust events both on the ground and in the atmosphere continues to face a number of significant challenges owing to the complexity of the systems involved [99]. Foremost among these challenges are the relative scarcity of suitable wind erosion observations and the huge range of relevant scales needed to fully account for all of the physical processes related to dust. One national initiative designed to address some of these issues is the National Wind Erosion Research Network established in the USA in 2014 [100].



Nonetheless, numerous methods have been developed to map areas at risk from wind erosion (e.g., [101,102,103,104]) and operational dust forecasts have been developed at a number of centers around the world in recent years, many of these initiatives evolving as part of the WMO’s Sand and Dust Storm Warning Advisory and Assessment System (SDS-WAS). Established in 2007, SDS-WAS works as an international network of research, operational centers and user groups such as health, aeronautical, and agricultural communities. More than 15 organizations provide daily dust forecasts using 14 numerical models in different geographical regions [105].



Communicating warnings of imminent dust hazards, advising on health risks and mitigation options, can be achieved through a variety of means, including media coverage and SMS text alerts. Such early warning systems can reduce the impacts of a dust event. In the transport sector, for example, airlines can activate programs to reschedule or cancel flights before passengers arrive at the airport, thus reducing cancellation costs. In South Korea, warnings of yellow dust events (HwangSa in Korean) transported across the Korean peninsula from China and Mongolia are issued by the Korea Meteorological Administration using local media and SMS text alerts issued to users who register on their air quality alert website. There are two levels of notice [106]:

	
Advisory, issued when the hourly mean PM10 concentration is expected to exceed 400 μg/m3 for over 2 h.



	
Warning, issued when the hourly mean PM10 concentration is expected to exceed 800 μg/m3 for over 2 h.








Reducing impacts also involves assessing vulnerability (identification and mapping of vulnerable populations and infrastructure/facilities), which, alongside future trend scenarios, provides critical inputs to plans to strengthen socio-economic resilience. Vulnerability can be formulated in a number of ways, but all involve three essential parameters: the stress to which a system is exposed, its sensitivity to the impacts of that exposure, and its capacity to adapt to ongoing and future exposure [107]. Our understanding of the vulnerability of landscapes to wind erosion is relatively well-developed and is addressed in detail in Section 4.1, but appreciation of the vulnerability of socio-economic systems to SDS is much less advanced [108]. That said, certain principles identified in other fields also apply to SDS hazards, particularly the understanding that poor people living in the poorest countries are especially vulnerable because they depend on natural resource-based livelihoods that are disproportionately affected by environmental change and have the weakest ability to adapt to impacts, in large part because of their poverty. Poor people in drylands, where SDS are prevalent, are particularly vulnerable. Globally, about half of all dryland inhabitants are poor, about a billion people in total, dubbed the “forgotten billion” by Middleton et al. [109] because they have habitually been neglected in development processes.



Many investigations of the health impacts associated with atmospheric soil dust agree that certain sectors of the population in all countries are particularly vulnerable to airborne and respiratory diseases. These include infants, children, pregnant women and the elderly, people with pre-existing heart and lung diseases (e.g., asthma, chronic obstructive pulmonary disease, and ischemic heart disease) and outdoor workers (e.g., laborers, athletes) in high exposure situations. However, assessments of spatial distributions of human vulnerability to SDS health effects are few and far between. Findings from studies that have been conducted, such as the investigation of Asian dust haze effects on children’s respiratory health in Taipei, Taiwan [110], indicate that geographical patterns are heterogeneous and not straightforward.



Action that can help to mitigate the health impacts of atmospheric dust relies upon an understanding of how dust exposure is linked to various ailments. Although many of the causal links remain unclear, some trustworthy public health warnings can still be disseminated, such as those shown in Table 3. There is evidence to suggest that such media alerts of poor air quality do result in behavioral changes that lower exposure to air pollutants generally [111]. A similar finding has been reached in assessments of the health impacts associated with a severe dust storm in Australia. Tozer and Leys [112] highlighted the importance of Health Alert SMS and emails sent to subscribers to the local health-alert system advising of a high pollution-level event, and Merrifield et al. [113] concluded that because the dust storm and consequent public health messages had widespread media coverage, the health consequences from this dust event were likely to represent the optimal health outcomes that could be hoped for in similar future events.



Table 3. Typical public health messages associated with dust storm conditions.







	
Advice






	
Avoid exposure if possible




	
Stay indoors (preferably in air conditioned buildings)




	
Do not exercise (postpone outdoor sports events)




	
Follow asthma plans and seek medical help if respiratory or cardiovascular symptoms occur










However, the lack of understanding of causal links that characterize our appreciation of most dust-related ailments may still have an impact on appropriate mitigation advice. The incidence of epidemics in the Sahelian zone, the so-called Meningitis Belt, certainly appears to be related to Saharan dust intrusions brought by the Harmattan [114,115], but several possible explanations have been proposed for how dust may be linked causally to the epidemics (Table 4). Should the idea that higher meningitis transmission occurs because people gather together in close proximity during dusty periods, as suggested by Remy [116], prove to be valid, then advice to stay indoors may not be appropriate.



Table 4. Possible explanations for the impact of desert dust on meningitis epidemics in West Africa [3].







	
Hypothesis

	
Reference






	
Increase in invasion rate (i.e., shift from carrier to infected status) due to high dust loads and persistent low humidity damaging immune defenses in the mouth and easing bacterial invasion

	
[117]




	
Higher transmission levels due to changes in living habits, such as proximity of individuals taking refuge from dusty winds

	
[116]




	
Co-occurrence of viral respiratory infections weakening the immune system and easing transmission and invasion by bacteria

	
[118]




	
Neisseria bacteria, responsible for meningitis, require iron-rich dust to grow and become virulent

	
[119]










In the case of meningitis in West Africa, the need for more research and a better understanding of precisely how major outbreaks are linked to dust haze from the Sahara is clear. This gap is being addressed by the Meningitis Environmental Risk Information Technologies (MERIT) project, an effort supported by several international organizations including WHO, WMO and the intergovernmental Group on Earth Observations (GEO). MERIT aims to improve current control strategies and provide more timely warnings of the onset of meningitis epidemics [120].



One type of dust storm that is particularly hazardous to transport is the dry thunderstorm (or “haboob”) characterized by a moving wall of dust that brings atmospheric conditions of near-zero visibility. Forecasts for such storms at spatial scales of a few km are under development [121], but systems designed to warn drivers of dusty conditions on susceptible highways have been used on Interstate routes in the US southwest for several decades [122]. More recently, remotely controlled signs are being replaced by signs linked to in-situ sensors that detect poor-visibility conditions as they form and alert motorists via overhead electronic signs. Information on dust storms and safety, including what to do if caught driving in blowing dust, is also made available on dedicated websites (e.g., pullasidestayalive.org).



In urban landscapes, increasing vegetation cover is a long-term measure that is likely to help reduce the health problems associated with atmospheric PM10 and PM2.5 concentrations as well as biological and chemical aspects of pollution [123]. Green vegetation has the potential to reduce pollutants through filtration [124], while also regulating microclimatic conditions in a way that offers at least perceived benefits and well-being [125]. Research into the importance of urban green spaces in pollution reduction has been driven largely by health effects from industrial and vehicle emissions, but is also relevant to soil dust. One study of US cities estimated the monetary value of adverse health effects (i.e., mortality and morbidity) countered by urban trees: Nowak et al. [126] calculated the value of PM2.5 removal in ten cities ranged from US $1 million to US $60 million per year.



In the shorter term, the efficient filtration of air supply into buildings can have health benefits. Another US study found that in areas where sealed and air conditioned buildings are common, the dose-response rate for PM10 induced morbidity was lower than in areas with milder climate where open windows are used more commonly for ventilation, suggesting a safety factor created by the sealed building envelope [127]. Similar technology can be used to clean air entering sensitive manufacturing plants, such as electronics component manufacturers. Kim [128] describes how Samsung in South Korea has introduced systems to reduce the number of faults in components manufactured during SDS events.



Outdoor facilities have to use different options. Identification of appropriate cleaning/maintenance operations for photovoltaic (PV) systems is dependent on numerous factors, including site-specific environmental and weather conditions, but Mani and Pillai [129] present a series of recommendations based on their survey of the literature. Prominent among the options is periodic cleaning and the adoption/application of dust-repelling coatings. The authors also note the balance that needs to be struck in low latitudes between the low tilt angle required for PV systems to maximize solar gain and the fact that such lower tilts accumulate higher dust deposition.





5. Policy Measures for SDS Impact Mitigation


The challenges associated with SDS have spawned policy responses in several parts of the world, particularly in areas that have experienced problems associated with wind erosion on agricultural land. In this section, we look at some historical examples, followed by an overview of existing policies and actions at national, regional and global levels. The emphasis is on policies with a strong SDS focus, although there are also many other relevant policies at various levels, including those aimed at land management more generally (e.g., UNCCD Regional and National Action Plans), and international air pollution policies (e.g., The Convention on Long-Range Transboundary Air Pollution).



5.1. Policy Lessons, Failures and Inadvertent Impacts


Wind erosion from agricultural land in the North American Great Plains peaked in the Dust Bowl era of the 1930s, when a severe drought and poor land management resulted in significant soil losses and widespread economic hardship [130]. One significant result of the catastrophic socio-ecological effects of the Dust Bowl was much greater participation of government in soil conservation and land management issues. McLeman et al. [131] have reviewed the initiatives. A national Soil Conservation Service (SCS), created in the USA in 1935, identified areas in need of remediation using aerial photography surveys and detailed soil maps. The SCS acquired unoccupied and abandoned lands, significant dust storm sources, and used them for demonstration projects on terracing and contour plowing. Other government agencies provided subsidies to encourage improved plowing methods and funded the planting of shelterbelts on many private lands. A resettlement program was introduced to encourage owners of small farms in drier parts of the Great Plains to relocate.



Similar types of interventions, by both national and provincial government, occurred in Canada. Farmland was purchased to convert to grazing, subsidies offered to families willing to abandon farms in drought-stricken areas, and farmers encouraged to establish shelterbelts and adopt soil conservation measures [132].



The effectiveness of government interventions in land management on the North American Great Plains has been debated. In the USA, some evidence indicates that soil conservation efforts initiated in the 1930s helped reduce the scale of wind erosion when drought returned to the Great Plains in the 1950s, 1970s and 1990s [133]. Certainly many of the soil conservation practices encouraged by government agencies are still appropriate for reducing dust storm activity [134]. Indeed, much of the research into soil conservation and land management on the Great Plains has influenced practices in many other parts of the world [135]. However, wind erosion continues on the US Great Plains during times of drought and the potential for land management improvements to be undermined by other policies was highlighted by McCauley et al. [136] who attributed part of the blame for a severe dust storm in 1977 to new government incentives to cultivate marginal land. Recent work by Hand et al. [137] indicates that fine airborne dust loads (PM2.5) in central and northern parts of the US Great Plains have increased over the period 2000–2014.



Wind erosion also continues to be an issue during recurrent drought periods in the Canadian Prairie Provinces of Alberta, Saskatchewan and Manitoba but Fox et al. [7] detected a region-wide threshold change in dustiness after 1990 that they attribute to changes in farming practices, at least in part a result of numerous initiatives—both government and private non-profit—promoting soil conservation techniques in the 1980s, as detailed in Table 5.



Table 5. Wind erosion control initiatives on the Canadian Prairies in and around the 1980s (after [7]).







	
Initiative

	
Year Established

	
Jurisdiction

	
Authority

	
Purpose/Mission






	
Alberta No-Till Farmer’s Association

	
1978

	
Alberta

	
Nonprofit

	
Promote use of tillage practices to reduce soil erosion




	
Manitoba-North Dakota Zero Tillage Farmer’s Association (MNDZTFA)

	
1982

	
Manitoba, Canada, and North Dakota, USA

	
Nonprofit

	
Publish information to encourage zero-tillage practices




	
Alberta Conservation Tillage Society

	
1986

	
Alberta

	
Nonprofit

	
Develop and implement innovative tillage systems




	
Saskatchewan Soil Conservation Association

	
1987

	
Saskatchewan

	
Nonprofit

	
Promote soil conservation production systems




	
Soil Conservation Council of Canada

	
1987

	
Canada

	
Nonprofit

	
Provide public forum for soil conservation issues




	
Alberta Soil Conservation Act

	
1988

	
Alberta

	
Provincial

	
Impose duty on landholders to protect soil resources




	
Pembina Valley Conservation District

	
1989

	
Regional

	
Nonprofit

	
Address concerns related to loss of topsoil




	
No-Till on the Prairies

	
1991

	
North America

	
Nonprofit

	
Provide information to farmers on adopting zero-tillage




	
Zero Tillage Production Manual

	
1991

	
General

	
MNDZTFA

	
Provide answers to questions about zero-tillage farming










Technical approaches to SLM in general and soil conservation in particular are not always successful for a variety of reasons. In many cases, farmers simply do not adopt agricultural innovations. Although there are numerous possible explanations—including biophysical characteristics of the farm, farmer household characteristics, and land tenure issues—there appear to be few if any universal variables that regularly explain this phenomenon [138]. As a result, a targeted policy approach is frequently advocated in which policy mechanisms such as extension services or grants are geared to the local characteristics of an area or indeed to individual farmers and their farm operations [139].



The importance of engaging farmers as active players in conservation efforts rather than passive adopters of technologies is highlighted in projects that focus on a society’s social capital as an effective way of achieving greater impacts. In the broadest sense, social capital refers to the interconnectedness among individuals in a society and considers relationships as a type of asset, and there is some evidence to suggest that social capital can both create incentives and remove barriers to the adoption of soil conservation practices [140]. Government support for social capital has been identified as an element in the success of Landcare in Australia, for example [141].



Whatever approaches are adopted to facilitate the achievement of SDS policies aimed at source mitigation, knowledge of local circumstances is always likely to be critical. One interesting illustration of this axiom is provided in a study of subsistence farmers in Niger [142]. The researchers concluded that, although wind erosion rates were very high, local farmers had to balance this realization with much more pressing agricultural issues such as poor soil quality, unreliable rainfall and uncertain political and economic environments.



Another facet of source mitigation that should be kept in mind is the possibility that some policy measures may not have the consequences intended. Riksen et al. [26] cite an example from wind erosion control policies in Europe where an incentive to set aside former farmland did not reduce the wind erosion risk because insufficient vegetation cover developed on the poor sandy soils.




5.2. Contemporary National, Regional and International Plans


A number of countries have developed government policy to help mitigate the impacts of SDS often in combination with other government aims, such as combatting desertification, improving health or wider economic objectives. In China, one of the most ambitious projects to combat desertification and control dust storms is an afforestation project, the Three Norths Forest Shelterbelt program (also known as the Great Green Wall (GGW)), launched in 1978 and not scheduled for completion until 2050 [76]. Other projects include those that focus on land uses associated with soil erosion problems, such as the Grain-for-Green program designed to convert cropland to forest and grassland [143], and the Beijing–Tianjin Sand Source Control program, a regional ecological restoration project initiated in northern parts of the country in 2000 [144] that involves a mix of measures, including grazing restrictions and the conversion of cropland to forest or grassland (though not for grazing). China also has a National Action Plan to implement the UNCCD, drawn up in 1996 and revised in 2003, and is the first country to establish a national desertification monitoring initiative as a follow-up action. The Desertification Combating Law of China was enacted in 2002.



Assessments of the efficacy of these policy developments in remediating desertification in general, and specifically in preventing SDS, indicate the complexities of managing the issues [145]. The GGW program has greatly improved vegetation cover and effectively reduced dust storm intensity in parts of northern China [8], but other researchers point to warmer temperatures and greater rainfall as being more important drivers of greening trends in the area [146], and the value of large-scale afforestation in controlling desertification and soil erosion in China has been questioned due to low tree survival rates [147]. Huang et al. [148] report that rangeland restoration programs have resulted in a systematic increase in the area of grassland in most northern and western regions, but Su et al. [149] warn that bush encroachment is an unexpected outcome of the grazing ban on sandy rangelands in Inner Mongolia.



Dust blown from China and neighboring Mongolia has greatly affected South Korea where the first Master Plan for Asian Dust Damage Prevention (2008–2012) has been developed in response. The plan involves 14 relevant governmental organizations and focuses on: (i) establishing a platform for monitoring of dust storms; (ii) developing a strategy to protect against damage; (iii) establishing the Northeast Asian sub-regional cooperation network, and (iv) strengthening disaster management nationally. The second phase of the Plan (2013–2017) adopted a precautionary approach to disaster risk management and paid particular attention to vulnerable population groups. The second plan aims to strengthen the SDS monitoring network to enhance forecast capacity, and to develop a risk management plan for vulnerable population groups and different sectors including health, food, and air transportation, and regional cooperation for SDS mitigation [150].



The regional dust problem in Northeast Asia has also prompted formulation of a Regional Master Plan for the Prevention and Control of Dust and Sandstorms in Northeast Asia, a project involving the governments of China, Japan, Mongolia and South Korea [151]. The plan has two components. Firstly, a phased program to establish a regional monitoring, forecasting and early warning network for SDS in Northeast Asia which has been realized within the WMO SDS-WAS Asia Node, with a regional center hosted by the China Meteorological Administration. The second component is an investment strategy to strengthen mitigation measures and to address root causes of SDS in the regional source areas.



Some progress has also been made towards developing a similar plan for West Asia [152]. Key objectives include strengthened cooperation among countries on solutions, research and early warning networks but although the plan has been developed in some detail it has not yet been implemented due to a lack of funding.




5.3. A Policy Framework for Improving SDS Hazard Mitigation


Following the recent resolutions from the UNGA, UNCCD has been developing a draft policy framework on SDS to assist countries and regions in developing more proactive SDS policies and better predictive mechanisms. Mitigation of SDS hazards involves actions that address both source area mitigation—the on-site issues surrounding wind erosion and sand encroachment—and mitigation of hazards brought by atmospheric dust in suspension and on deposition. The policy framework aims to establish a mode of SDS management with a major focus on disaster risk reduction, as advocated by the Sendai Framework. The ultimate goal is to reduce societal vulnerability to this recurrent hazard, using policy actions under three headings:

	(1)

	
post-impact crisis management (emergency response procedures);




	(2)

	
pre-impact governance programs to strengthen resilience, reduce vulnerability and minimize impacts (mitigation); and




	(3)

	
preparedness plans and policies.











6. Conclusions


The environmental effects associated with wind erosion and the movement of sand and dust through the atmosphere are numerous and wide-ranging, and include significant hazards to human populations in drylands and beyond. We conservatively estimate, using a simple review of peer-reviewed published sources, that 77% of all parties to the UNCCD are affected directly by SDS issues and 23% of all parties can be classified as SDS source areas.



Although many SDS hazards are well-known, the processes involved and their impacts are not all equally well-understood. Several areas deserve a greater research effort. Our knowledge and understanding of desert dust source regions, processes of emission and transport, remain incomplete, which means that our attempts to model desert dust movement and provide adequate forecasts that can help to mitigate impacts are imperfect. Similarly, assessments of the spatial distributions of vulnerability to SDS effects, on human health and various forms of economic activity, are scarce, a deficiency that undermines the development and implementation of effective mitigation measures. Action that can help to mitigate the health impacts of atmospheric dust also relies upon an understanding of how dust exposure is linked to various ailments and many of these causal links remain unclear.



Assessing damage caused by SDS in economic terms supplies critical input to policy development, an input that is gaining greater importance as risk management becomes the dominant approach of hazard mitigation policies. In this case, we note that there have been relatively few attempts to assess the economic burden of SDS impacts. Such assessments are of particular importance for those impacts that are transboundary in nature.



Policies designed to mitigate the impacts of wind erosion, particularly in agricultural areas, are among the most developed in certain parts of the world. These policies, and the mitigation methods they have advocated, illustrate valuable lessons—of both success and failure—for those countries seeking to develop such policies anew. Policies designed to mitigate the wider impacts of SDS, including many that are transboundary, have a shorter history, but further development and wider implementation of such policies has been advocated because of the recent marked increase in wind erosion and associated dust storms in several parts of the world. This paper has been designed to add a small additional momentum to that process of policy development.
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