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Abstract

:

Sand and dust storms are hazardous to the environment and have a significant role in desertification. Under the influence of climate change and human activities, dust storms and aeolian processes have been common phenomena in the Southern Balkash deserts in Kazakhstan, Central Asia. However, knowledge gaps on spatial and temporal characteristics of dust storms and aeolian process in the Southern Balkash deserts still exist. Therefore, in present study, meteorological observations and numerous cartographic materials were used to identify the powerful sources with the highest frequency of dust storms and aeolian processes in the Southern Balkash deserts. The result showed that the Southern Balkash deserts were covered mainly by transverse parabolic sands (48%), dome dunes (24%), and transverse dome dunes (23%), where the aeolian processes occurred to a significant degree. Significant and strong degrees of aeolian processes occurred in most of the Southern Balkash deserts. The eastern part of the Taukum and the northern part of the Zhamankum and Karakum deserts were prone to aeolian processes to a substantial degree. The Moiynkum, Bestas, Saryesikatyrau, and Taukum deserts had the most frequent storms, occuring, on average, 17 to 43 days/per year. The occurrence of dust storms has been of a stable decreasing trend since the 1990s, except for 2008–2009. Aeolian dust in the Southern Balkash deserts flowed mainly from the western and southwestern to the eastern and northeastern. The results of the present study shed light on the temporal and spatial characteristics of dust storms and aeolian processes in the Southern Balkash deserts. This is of great importance in helping to monitor and predict dust storms and motion patterns of aeolian dust in this region.
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1. Introduction


Central Asia, located in the northern hemisphere’s temperate desert belt, is covered mainly by drylands and is one of the most important sources of global aeolian dust and aerosol [1,2]. Sand and dust storms are becoming more common events in the arid and semi-arid regions of Central Asia, particularly around the desert zone, as global temperatures rise [3,4,5]. Deserts in Kazakhstan and Central Asia are characterized by a continental climate with long dry summers, strong winds, a scarcity of vegetation cover, a lack of moisture in the soil, relatively low air humidity, frequent waterlogging of the soil, and atmospheric droughts [6,7]. The strong winds can carry sand/dust and form dunes, mounds, and ridges, since winds can remove sand particles of different sizes and move them during deflation over long distances [8,9,10,11]. Desertification because of soil deflation has affected desert and semi-desert regions in Kazakhstan and Central Asia [12,13].



The vast “dust belt”, which is the primary permanent source of storms in Central Asia, extends from the west to the southern deserts: the Caspian Sea deserts, the Kyzylkum, Aralkum deserts (Aral Sea region), and Southern Balkash deserts [14]. Sandy and clayey deserts, with an area of about 30 million ha, are mostly spread in this zone [15]. Sandy deserts occupy about one-third of the entire desert zone. The largest include the Kyzylkum, the Karakum, the Aralkum, the Moiynkum, the Saryesikatyrau (Southern Balkash deserts), and the sands of the Caspian lowlands (Naryn deserts). The deserts arose tens of thousands of years ago on the site of former (ephemeral) rivers, playas, and saline lakes [16] and are located mainly in the lowlands [17,18]. They are often the primary and active sources of aeolian processes as sand and dust storms of high frequencies [19,20,21,22,23,24,25,26,27,28].



Many terminal lakes in arid Central Asia have turned into deserts as a result of climate change and human activity, including a new salt desert in the playa of the Ebinur Lake basin, the newly formed Aralkum desert in the Aral Sea basin, and the world’s earliest Aral-Sea-type disaster (Lop Nur) in the Tarim Basin [29,30,31]. Since the 1970s, a substantial decrease in the Ile river runoff has led to a reduction in the Balkash Lake’s water depth, which accelerated the desertification process and had devastating effects on the diverse flora and fauna that depend on it [32]. Sand and dust storms are one of the main signs and causes of desertification in this region. Degradation and desertification are pervasive in the Southern Balkash deserts at present [20,33]. They have occurred mainly because of anthropogenic activities such as irrigation and electric energy production, which results in changes in the level of the Balkash Lake. The regulation of water resources and irrigation has led to the reduction of groundwater level, increasing water mineralization, and intensive soil salinization, consequently causing the growth of solonchak desert areas and the drying of ponds, leading to the promotion of aeolian processes such as dust/salt storms [25] and plant changes toward more xerophyte types [34,35,36]. This is due, in particular, to the problem of the irrational use and management of water resources in connection with the exploitation of resources, and the construction of technical structures in the Balkash Lake basin that attracts great attention all over the world to the processes of desertification [37,38]. Currently, most of the research work focuses on the change in water resources [39,40,41], water hydrochemistry [42,43], and paleoenvironmental change [44,45]. Dust activities caused by environmental changes in the Balkash Lake basin have also attracted some attention. Gholami et al. [46] identified the high susceptibility areas in Central Asia, including Karakum, Aralkum, Kyzylkum, and arid lands around Balkash Lake by introducing a new integrated modeling approach. Nobakht et al. [47] presented a new inventory of dust emission sources in Central Asia using a dust enhancement technique. They found that the higher frequency of dust storms observed in the Aral Sea region and Balkash-Zhetysu (Zhungar) regions was due to land damage. Unfortunately, little attention was paid to the detailed information on dust storms and aeolian processes in the Southern Balkash deserts. Thus, knowledge of the spatial and temporal characteristics of dust storms and aeolian processes in the Southern Balkash deserts is scarce. To bridge the knowledge gaps, the present study aims to provide new insights into the dust storms and aeolian processes in the Southern Balkash deserts in Kazakhstan, Central Asia.



Therefore, the primary purpose of this study was to analyze the temporal and spatial characteristics of dust storms and aeolian processes in the Southern Balkash deserts in order to know the modern soil deflation processes’ intensity in the desert. The novelty of this study is reflected by the presentation of the latest information on the spatial and temporal distribution of dust storms and the aeolian process. Firstly, the geology and geomorphology of the Southern Balkash deserts were presented to introduce the background information, and then we expounded the spatial and temporal characteristics of dust storms in the Southern Balkash deserts. Finally, wind regimes and wind direction, the nexus between soil texture and dust storm intensity, and the aeolian processes in the Southern Balkash deserts were elaborated in the present study.




2. Materials and Methods


2.1. Overview of the Study Area


The Southern Balkash deserts, with a vast area of about 70,000 km2, belong to sandy deserts according to features of the formation of the deserts of the study region [12]. It is located in southeast Kazakhstan within the shallow Balkash-Alakol depression and in the Balkash lowland, an accumulative plain gently sloping toward the north with a minimum absolute elevationof 340 m. It is divided in the north by the southern slopes of the Saryarka; in the west and south by the Shu-Ile watershed plateau; and in the southeast by the ridges of the Zhetysu Alatau (Figure 1). The desert is located in the zone of gray soils (serozems) interspersed with locally developed, mainly takyr-like solonchak, and meadow-boggy soils. The vegetation cover here is represented by wormwood and feather grass. Additionally, large areas are occupied by sandy desert soils developed in massifs of semi-fixed aeolian sands, where white haloxylon, calligonum, krascheninnikovia, and wormwood are found. Takyr-like soils are formed in drainless basins of dried-up lakes and are predominantly saline.



The climate of the deserts is continental and arid [48]. The Southern Balkash is described by large daily and annual fluctuations in air temperature and has a high solar radiation level and a long dry summer period. The air temperature in January is an average of −16 °C in the northern part, the southern part of the plain territory is −5 °C, and the mean temperature is about 20–25 °C; in July. In summer, the precipitation completely evaporates on the plain. The most significant monthly precipitation falls in spring (April–May) and the least falls in February and August–September [20]. The water balance of Balkash Lake mainly depends on the flow of the rivers of the Southern Balkash region, mainly from the Ile River. The Ile River crosses the desert, flowing into the lake. Some rivers flowing down the slopes of the Zhetysu Alatau also cross the Saryesikatyrau desert, flowing into Balkash Lake. Other smaller rivers are lost in the sands (Figure 1).




2.2. Dust Storm and Wind Data


“Dataset on dust storm climatology and wind regime for Kazakhstan” issued by KazHydromet (Kazakhstan) provides the dust storm and wind regime data from all the meteorological stations within Kazakhstan, which offers great advantages for dust activity studies. In the present study, the average monthly number of days in the dust storm data of four stations from the above dataset, namely the Bakanas, Kuigan, Matay, and Kapshagay, was used to characterize the variation of dust storm and wind directions in the Southern Balkash deserts. Statistical methods were used to analyze the long-term dynamics and seasonal frequency of dust storms by the average number of dusty days for 1971–2020 and in different months for 1966–2003, respectively. The wind rose of the four meteorological stations was built according to the wind direction data from 1966 to 2003 derived from the “Dataset on dust storm climatology and wind regime for Kazakhstan”.



The spatial distribution of wind speed was based on gridded mean wind speed data from Global Wind Atlas version 3.1. It is developed, owned, and operated by the Technical University of Denmark (DTU) and contains all new data on wind resources around the world. As such, it can be used to identify global, national, regional, and local high-wind areas. Global Wind Atlas has made high-resolution climate and wind statistical data available to users through their geoportal (http://globalwindatlas.com/, accessed on 15 September 2021). The resolution of gridded data is 1 km [49]. The mean wind speed calculated at a height of 100 m and every 250 m on land surfaces was used in the present study.




2.3. Archive Cartographic Materials


Numerous archive cartographic materials with information on soil texture [50] and plant communities [51] were selected to investigate the sources of aeolian processes and dust storms in the Southern Balkash deserts in Kazakhstan.



Firstly, the archive cartographic materials were vectorized. Then, the spatial distribution of dust storms was analyzed using geostatistical methods in Arc Map. As a result, on the vectorized cartographic map, the present study defined the relationship between the origin of dust storms and soil texture with plant communities, identified the sources of sand and dust storms shown on the map, and estimated the area of storms of different degrees.



Initial topographic information and the geomorphological types of sands were obtained from Soviet topographic maps at 1:500,000 scales. The degree of manifestation of aeolian processes and the degree of desertification were derived from the maps of the National Atlas of Kazakhstan [52]. The overlaying of thematic layers in a GIS environment was performed to analyze the regional distribution of and the spatial relationship bewteen sands and aeolian processes.





3. Results and Discussion


3.1. Geology and Geomorphology of the Southern Balkash Deserts


The Southern Balkash depressions were located in the deserts that took shape in the Neogene. Paleogene deposits are found mainly on the periphery. Paleogene and Neogene formations lie like a mantle on the leveled surface of the Paleozoic. In the Quaternary period, the active formation of the relief was accompanied by the accumulation and redistribution of deposits. This process developed against intense tectonic movements and climate fluctuations, which caused great diversity in the genesis of Quaternary deposits and significant differences in their thicknesses [53]. Modern aeolian deposits are widespread in the Southern Balkash depression. Their composition is feldspar-quartz. Granites, amphiboles, mica, chlorite, and epidote are found in trace levels in the sands; apatite, hematite, pyroxene, and sphene are less prevalent [54]. According to the geomorphology of the sands, the transverse parabolic sands (48%) are dominant in the region, and they cover Saryesikatyrau, Bestas, Zhamankum, and Irizhar sands. Dome dunes (24%) cover the eastern sands, including the Karakum and the southern part of the Saryesikatyrau. Transverse-dome dunes cover the Taukum and Moiynkum deserts with an area of 23% to form the territory of the Southern Balkash deserts (Figure 1).



The ridges of the Bestas sands extend in a northwesterly direction. Their height is 6–8 m, their width is several tens of meters, and their length is up to 200 m; rarely are ridges 8–20 m high. The ridges are slightly soddy and covered with a characteristic powder—coarse sand [55]. The height of the ridges and mounds of the Moiynkum sands is 2–6 m, occasionally reaching 15 m. The direction of the strike of the ridges is north and northwest. The slopes are gentle. The structure of the ridges is the same as that in the Bestas sands. The sands are well-fixed by vegetation. The southern shore of Balkash Lake, along the entire lake, adjoins the coastal lacustrine-saline plain with an area of more than 27 thousand km². The greatest width reaches 30 km. Dense crusts of salts on the surface and vast regions of solonetzes and plump solonchaks can be sources of salt aerosols. The aeolian relief is represented by chains of coastal dunes and dunes up to 8 m high and sometimes form complex star-shaped dunes that are 10–15 m high [56].




3.2. Spatial and Temporal Characteristics of Dust Storms in the Southern Balkash Deserts


Sand and dust storms occurring at different frequencies and for different durations are common in arid and semi-arid regions in Kazakhstan and Central Asia, which develop intensive soil deflation and contribute to the spread of desertification. According to analyses of observation data from weather stations, storms are typical almost all over Kazakhstan with its continental climate, the high wind speed (≥6 m/s) regime, frequent soil and atmospheric droughts, and the scarcity of vegetation cover [57]. The broad diversity characterizes the spatial distribution of the storms in the Southern Balkash deserts.



The Southern Balkash deserts in Kazakhstan are regions with the most frequent storms. (Figure 2). Dust storms, occurring at a frequency of more than 20 days, are common in the coastal areas of the Balkash Lake and Ile River basin, primarily in Moiynkum, Bestas, and western Saryesi-katyrau sands. In addition, the Taukum, Zhalkum, Irizhar, and Saryesikatyrau deserts are subject to dust storms at a frequency of 10–20 days per year. Mountainous areas were comparatively less prone to dust storms. The frequency of their occurrence was <10 days/year (Figure 2). The annual amount of days with deflationary processes in the form of storms reached 30–90 days in the Moiynkum and Taukum deserts, decreasing to 10–20 days in the foothills of the Zhetysu (Zhungar) Alatau [36].



The Bakanas region showed a large number of storms because of takyr-like soils containing clay particles and many silty sand sediments that are prone to the soil deflation process. In addition, this region was affected by human activity, particularly irrigation agriculture and the water supply for electric energy production from water reservoirs [58]. The overall dynamics of the storms have shown an increasing trend since the 1970s up to 1988 (Figure 3) and can be explained by the establishment of the Kapshagay water reservoir in the 1970s. The Balkash Lake area has shrunk to 4700 km2 due to intensive water use from the Ile, Karatal, and Lepsi rivers [20]. Consequently, a significant part of the coastal area was exposed to salinity and soil degradation. Due to the regulation and reduction of the river flows of the Ile and Karatal, many lakes are drying, including the salt lakes in the deltas [58]. As a result, new sources of dust/sand storms, leading to high concentrations of salt in atmospheric streams, have appeared in the deserts of the Southern Balkash. These salts provoke the deterioration of pasture conditions, and the reduction of biodiversity, salinity, and desertification in general.



The geographical location and climatic features of Kazakhstan are variable with its large territory. Consequently, storm activities differ with annual and inter-annual variability. For example, the spring and summer seasons are more favorable to storm outbreaks. According to the data analysis of storms in the Southern Balkash deserts, two peaks were detected from 1966 to 2003: in April–June and July–September (Figure 4).



Because of the sharp rise in temperature and high wind speed in the spring [59], the surface of southern deserts deteriorates in theintensive evaporation of humidity, which, together with strong winds, contributes to the development of dust and sand storm phenomena. As a result, the southern deserts of the Balkash (meteorological stations: Bakanas, Kuigan, and Matay) are one of the main areas of Kazakhstan where regular storms occur, especially in the period from April to August and April–September (Figure 4). The average annual duration of storms for the period 1966–2003 was 43 days at the Bakanas meteorological station, 40 days at the Kuigan station, and 28 and 17 days per year at the Matay and Kapshagay stations, respectively.




3.3. Wind Regime and Wind Direction in the Southern Balkash Deserts


In Kazakhstan, the wind regime mostly has a continental character. It is conditioned mainly by local barik-circulation conditions, depending on orographic features, sun exposure, and topography [60]. The wind speed is variable within Kazakhstan, and it is high mainly in the desert zone. Almost 50% of the territory of Kazakhstan has an annual wind speed of an average of 4–5 m/s. It can reach a speed of ≥6 m/s in the Caspian Sea’s coastal areas, mountain passes, and corridors in the south and southeast of Kazakhstan. In the Southern Balkash deserts, wind speed ranges from 0.5 m/s in the mountainous areas to 8 m/s toward the deserts (Figure 5). The maximum wind speeds occur in the spring—summer period, meaning that deflation processes are intense at this time [61,62].



The aeolian process in deserts is a regular phenomenon, and the wind regime is related to baric topography and climatic conditions. Wind regime defines the speed and direction of the movement of wind in a particular desert area [12,20]. In the Southern Balkash deserts, the western winds are dominant and controlled by the general circulation of air masses in southeastern Kazakhstan [36,56]. Consequently, the sand movement directions are northeast, southeast, and east (the Bakanas, Matay, and Kuigan stations) (Figure 5). The direction and speed of the movement of active dunes mainly depend on the relief, and local orographic conditions play their role in the appearance of winds. Therefore, wind of a westerly direction is observed at the Kapshagay station. This is due to a well-known local easterly mountain and valley, “Shelek”, and the wind and orographic condition of the region. It is created by transferring cold air from the part of the Ile Alatau that is a glacierized zone in the headwaters of the Shelek River to the Ile River valley (Figure 5). The mean annual wind speed is 8–10 m/s [63]. The character of mountain-valley winds depends on the height of the local topography, the slope exposure, and the gorge directions.



Considering this, the direction of the wind could either coincide or not coincide with the regular nature of the winds of the surrounding plains, i.e., they can either increase or decrease the overall strength of the wind [20]. In addition, local air circulation in the region prevails over the general atmospheric circulation [64,65]. That is why the local winds are often vital in the region and steadily blowing. They are noted in the surrounding area of mountain spurs and gorges [12].



Strong winds can erode and move a large number of small particles, deposit them elsewhere, and form dunes in a desert or on a beach. Consequently, wind is one of the main relief-forming factors in a sandy desert. Additionally, strong winds cause dust and sand storms in the Taukum, Moiynkum, and Saryesikatyrau deserts, and sand with different-sized particles can transport from the surface and accumulate elsewhere. In deserts, winds cross the threshold speed of 6 m/s cause sand deflation [66,67,68]. Windy, dry weather with a wind speed of 6 m/s was observed on 60 to 127 days/year in the Southern Balkash deserts; such weather occurred on 80–100 days per year in most areas of the Saryesikatyrau and Taukum sands; the occurrence of this weather reached up to 100–120 days/year in the southern shore of Balkash Lake [67,68].




3.4. The Relationship between Strong and Very Strong Dust Storm Origin and Soil Texture


A strong dust storm in Kazakhstan occurs when the wind speed is 10–14 m/s with visibility from 500 m to 1000 m [69]. They last from 3 to 12 h. Storms lasting 12 h with a wind speed of >15 m/s and a visibility decrease to ≥50 m are extreme storms [57,70]. Severe and extreme dust storms last 3.1−4 days and largely cover the Ile River valley, the eastern half of the Moiynkum desert, and the Saryesikatyrau desert (Figure 6). These are agricultural areas with wind speeds surpassing >8 m/s and predominantly light-composed soils (soil particle size > 250 microns), as well as the dryness of sandy deserts with minimal vegetation cover, result in powerful dust storms [56]. The dust storms covering the areas in the Southern Balkash deserts can be considered in three groups of the following frequencies: 3.1–4 days (20%), 1.1–3 days (48%), and one day(32%) in the whole region of deserts.



Soil texture is a critical soil feature defining the soil surface’s resistance to wind erosion or soil deflation. Soil textures include lightly and heavily loamy, loamy, sandy loam, sandy, clay, and soils of various compositions (Figure 6). As is well-known, the potential and active sources of dust storms are distributed in soils with a light texture (sandy loam and sandy) that are prone to soil deflation (Figure 6).



The sources of strong and very strong dust storms with frequencies of 1.1–3 days and 3.1–4 days per year are found mainly in areas with high wind speed and light-textured soils (Figure 6). Furthermore, such places are located in regions of sandy deserts with sparse vegetation or sometimes barren dunes. In addition, the parts were used intensively for agricultural purposes and industrial development. Moreover, the light-textured soils or sands with a psammophytic plant community are the source for the outbreak of aerosols of different sizes in the atmosphere can be clearly noticed by monitoring from space satellites [59,71].



Since the plant community plays its role in forming dust/sand storms, according to the edaphic deserts map analysis of Middle Asia, the psammophytic vegetation is vulnerable to dust and sand storms. Therefore, the Edaphic deserts with psammophytic plant communities are distributed in vast sandy massifs such as the Kyzylkum, Moiynkum, Aral Karakum, Southern Balkash deserts (Saryesiktyrau and Taukum) [51].




3.5. Aeolian Processes in the Southern Balkash Deserts


The aeolian process, closely related to weathering processes, is widely developed and distributed in the arid zone, particularly in deserts. It first appeared in the second half of the Middle Quaternary era [53] and continue to this day: deflationary basins are being worked out; sandy mounds, dunes, and rows are winding up; and the most considerable total thickness of aeolian deposits in the Southern Balkash deserts reaches 25–30 m [72,73].



Aeolian processes are actively manifested in the sandy and sandy loam deposits of the Southern Balkash deserts, which are locally weakly fixed by vegetation. Silty sands and light sandy loams are intensively blown and contribute to the formation of large massifs of scattered sands in the Southern Balkash deserts. The sandy massifs of the Southern Balkash deserts, such as the Taukum, Saryesikatyrau, and Moiynkum deserts, have an elongated direction due to the northwestern and northeastern winds and aeolian processes that partly took part in their formation. According to the composed map, the degree of the occurrence of the aeolian process is significant and strong in most of the Southern Balkash deserts (Figure 7). In the Taukum sandy massifs, aeolian processes are most active in spring [56], and its eastern part is prone to them to a strong degree (Figure 7). As well as the northern part of the Zhamankum sands (the left bank of the Karatal river) and Karakum sands (eastern coast of the Balkash Lake) are subject to the aeolian process to a strong degree (Figure 7).



The accumulation of aeolian deposits is associated with local, regional, and global atmospheric processes (strong winds, heavy rains, etc.), and the deposits can be found everywhere [74]. Heavy rains contribute to the movement of a significant amount of fine earth on the slopes. Erosion furrows are formed at 5–10 cm in deep and inter-ridge depressions, and dry channels are formed at 10–20 cm. Deflation and aeolian accumulation quickly destroy these forms of aeolian relief [75]. The intensity of the manifestation of aeolian accumulation processes is clearly pronounced within the modern lacustrine sloping swampy plain. The plain comprises lacustrine-marsh deposits, partly fine-grained silty sands overlain by aeolian sands. They were formed due to the wind processing of sandy beaches and the inflow from the central parts of the Taukum sandy massif. Intense deflation zones are confined to the elevated southeastern part of the Taukum (Figure 7). Under the influence of southwestern and northeastern winds, sand is continuously blown and accumulates in depressions between ridges. Local deflation processes occur in fixed transverse-dome dunes in the Taukum and on the border of the Saryesikatyrau and Moiynkum sands.





4. Conclusions


In the present study, a dataset on dust storm climatology and wind regime and archive cartographic materials, coupled with classical statistical methods and geostatistical methods, were used to study the spatial and temporal characteristics of dust storms and aeolian processes in the Southern Balkash deserts in Kazakhstan, Central Asia. The main results and conclusions were drawn as follows.



Transverse-parabolic sands (48%) dominate the Southern Balkash deserts, and dome dunes (24%) cover the eastern sands, including the Karakum and the southern part of the Saryesikatyrau. Transverse-dome dunes cover 23% of the territory of the Southern Balkash deserts.



Dust storms with a frequency of >20 days are distributed in the Balkash Lake and Ile River valley coastal areas. The Bakanas region shows a large number of storms because of takyr-like soils containing clay particles and many silty sand sediments that are prone to the soil deflation process. The Moiynkum, Bestas, Saryesikatyrau, and Taukum deserts are the areas with the most frequent sand and dust storms (17 to 43 days/per year). The occurrence of and and dust storms has steadily decreased since the 1990s, except for 2008–2009. Seasonally, two peaks (April–June and July–September) of sand and dust storms were detected between 1966 and 2003.



The sources of strong and very strong dust storms in the Southern Balkash deserts, with a frequency of 1.1–3 days and 3.1–4 days per year, are found primarily in areas with a high wind speed and light-textured soils. The degree of the occurrence of aeolian processes is significant and strong in most Southern Balkash deserts. Aeolian dust flows mainly from the western and southwestern directions to the eastern and northeastern directions.



This study can be considered the first attempt at revealing the temporal and spatial characteristics of dust storms and aeolian processes in the Southern Balkash deserts, which allows an assessment of the intensity of modern soil deflation processes and predicts the possibility of sand movement in the Southern Balkash deserts. In the future, we will continue to carry out research on the impact of wind erosion on desertification, dust emission flux, and the prevention of desertification in the Southern Balkash deserts by conducting an observation and model simulation. This will be of great importance to the monitoring and early warning of dust storms and sustainable development in this region.
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Figure 1. Desert sands and their geomorphological types in the Southern Balkash deserts. 
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Figure 2. Spatial distribution of dust storms in the Southern Balkash deserts. 
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Figure 3. Long-term dynamics of sand and dust storms in the Southern Balkash deserts. 






Figure 3. Long-term dynamics of sand and dust storms in the Southern Balkash deserts.



[image: Land 12 00668 g003]







[image: Land 12 00668 g004 550] 





Figure 4. Seasonal frequency of storms for the period 1966–2003 in the Southern Balkash deserts. 
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Figure 5. Spatial wind speed and its directions in the Southern Balkash deserts. 
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Figure 6. The relationship between the origin of strong and very strong dust storms and soil texture. 
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Figure 7. Regional division (zoning) of the aeolian processes in the Southern Balkash deserts. 
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