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Sand seas and dune bedforms are climatic chronicles that have a wide range of scientific meanings. The Karakum and Kyzylkum sand seas in Central Asia span ∼500,000 km2, among the largest sand seas on Earth; yet, very little is known about their emergence and stabilization. Further, the internationally accessible literature lacks comprehensive studies on the interactions between contemporary climate and dune morphodynamics for this region. In this study, we applied the conventional approach for examining wind data—Fryberger’s drift equations and the latest Copernicus ERA5 wind reanalysis model—to demonstrate that the Karakum and Kyzylkum deserts had (and continue to have) low-energy environments during 1950–2019. Time-series multidimensional raster analysis and data mining indicated that 93% of surveyed desert areas were subjected to low-energy wind conditions during the last 70 years. The decrease in wind energy was further confirmed using the partitioning around medoids (PAM) unsupervised machine-learning clustering method and Getis-Ord Gi* statistics. Such an environmental setting promotes plant growth and biogenic crust development, and strengthens dune stability across the deserts. Furthermore, the results suggested that the spatial patterns of active dune morphologies (e.g., complex barchanoid ridges and overlaying superimpositions) were closely linked to the drift direction, power, and variability of contemporary winds, whereas stabilized aeolian formations (e.g., distinct formations of complex and compound vegetated linear dunes) indicated debatable disassociations. The relationship between the recognized orientation of the surveyed dune types and the computed resultant drift direction did not change significantly, suggesting that over time, the winds in these areas have most likely varied in strength, but not in direction. The calculated drift powers are not sufficient for the formation of registered mega profiles. Rather, they bolster dunes stability, stressing both deserts as indicative of earlier climatic eras that permitted aeolian sand activity and severe shifts that have initiated their steadiness. This is the first comprehensive study to statistically evaluate the links between the contemporary climate and dune morphologies of the Karakum and Kyzylkum deserts. Our study can serve as a foundation for future studies on climate change, dune mapping, and optically stimulated luminescence (OSL) dating, while offering a broad understanding of the region’s paleo and contemporary environmental systems dynamics.
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1 INTRODUCTION
Extending from the eastern Caspian Sea coast in Turkmenistan to the Syr-Darya River valley in Kazakhstan (Figure 1), the Karakum and Kyzylkum sand seas in Central Asia cover ∼500,000 km2. As most of the world’s sand seas are located in low-topography environments (Wilson, 1973; Livingstone et al., 2010), the Karakum (black sands) and Kyzylkum (red sands) deserts occupies the Turan lowlands, and are crossed by the Amu-Darya River. When combined, the Karakum and Kyzylkum Central Asian deserts (hereinafter referred to as KKCAD) are one of the world’s largest sand seas (Maman et al., 2021). Even though the arid Central Asian deserts provide an excellent natural laboratory for studying land surface processes and the interactions between different landforms and the atmosphere (Fitzsimmons et al., 2020), due to the vastness of the region, limited meteorological data and access to the field, there is a lack of detailed studies in the domain of paleo and current climatic performances and their interactions with dunes morphodynamics. In addition, the international scientific literature related to classifying and understanding the spatial attributes of the desert dune forms in KKCAD, with respect to wind power and directionality, is limited, in comparison to the studies on other globally recognized sand seas, such as Namib (e.g., Lancaster, 1983; Lancaster, 1989; Livingston et al., 2010), Sahara (e.g., Breed et al., 1979; Hu et al., 2021), Kalahari (e.g., Ashkenazy et al., 2011; Tsoar, 2013), and Takla Makan (e.g., Breed et al., 1979; Wang et al., 2002).
[image: Figure 1]FIGURE 1 | Map of the study area: location of Karakum and Kyzylkum Central Asian deserts, adapted from Maman et al. (2011).
The stability of the KKCAD was briefly discussed by Wilson (1973), Pye and Tsoar (1990), Lancaster (1995), and Thomas (1997), who classified the area as active, and by Babaev et al. (1994), Jumashov (1999), and Maman et al. (2011, 2021), who categorized the region as stable. At present, most sand seas are partially vegetated, and frequently described as partially or entirely relict (Twidale, 1981; Pye and Tsoar, 2009), as it is the case with KKCAD. However, in arid dune locations that receive some rainfall, permanent flora may be expected, which adds to the complexity regarding the classification of dune stability (Pye and Tsoar, 2009; Kinast et al., 2013). According to Maman et al. (2011), biogenic crusts and psammophylic (sand-loving) plants retain the bulk of the dunes in the stable region, nearly 95% of the total desert land; thus, only 5% of the desert land is active. Based on the optically stimulated luminescence (OSL) dating of 21 interdunal-sand samples collected predominantly from the Kyzylkum Desert (Maman et al., 2021) the ages of the dunes most recent stabilization phase are dated to the Mid to Late Holocene period, ranging between 3 and 7 ka, for both sand seas, when the climate changed from cold and dry to warm and wet. The Mid-Holocene sand sea stabilization suggests a progressive temperature shift from the last glacial maximum (LGM) to the early Holocene, excluding the Tian Shan range that differs because it is impacted by Asian Monsoons (Xu et al., 2010). Based on the theory that dune-building events are associated with glacial aridity (Sarnthein, 1978) and/or increased windiness related to glacial and cold events (McGee et al., 2010; Roskin et al., 2011a; Roskin et al., 2011b), Maman et al. (2021) suggested that the Mid-Holocene transition, from dry and cold to more humid and warm conditions with low wind power, led to the changes in the current landscapes of the KKCAD. .In summary, it is proposed that dune stability in the region was facilitated by enough precipitation and decreasing wind power in the Mid-Holocene, which were no longer sufficient to promote sand movement or impede germination thus have led to dunes stabilization, which has continued to this day.
According to a basic review of the region’s aeolian formations (Maman et al., 2021), KKCAD depicts compound and complex relief where two or more dunes of the same or distinct kinds coexist or overly one another. VLDs are identified at all states of complexity and are by far the most frequent dune type in KKCAD (Maman et al., 2011; 2021). Some areas in the KKCAD region are completely stable, whereas others remain active, coexisting with a stable dune profile corresponding to the same climatic and geographical environment (Maman et al., 2011), indicating a separate time of mobilization. Notably, in the current literature, there are no studies on the genesis or evolution of the aeolian structures in both deserts. Furthermore, for this region, there are no thorough observations of the current dune orientation and alignment with the existing climatic and environmental conditions. Thus, in this study, we examined the spatial patterns, geomorphology, orientation, and state of stability of the dunes in the KKCAD and analyzed their relationship to the contemporary precipitation and wind power. The wind regime data were collected from two sources—the Copernicus ERA5 reanalysis dataset (5,081 grid control points) and 36 National Oceanic and Atmospheric Administration (NOAA) weather stations—and used in sand rose calculations, according to Fryberger (1979). The regions that represented common dune types were used in a series of 3D models to derive the link between the drift potential exponents and the orientation of the dunes. A significant goal of our study was to understand the environmental parameters associated with dune stability and environmental energy during the last 70 years.
2 CLIMATE AND GEOMORPHIC SETTING OF THE STUDY AREA
The Köppen climate classification system assigns the label “Bwk” to the KKCAD region, referring to cold, dry, mid-latitude regions (Orlovsky, 1994; Maman et al., 2011). The aridification of this region of Central Asia occurred over a long period, from Tertiary to Pleistocene (Caves et al., 2016), coinciding with the uplift of the Asian high mountains (Abdrakhmatov et al., 1996), which cut off the rainfall supply from the south (Voigt et al., 2017; Hellwig et al., 2018; Fitzsimmons et al., 2020).
The current climate of this region is highly variable (Fitzsimmons et al., 2020), with long, hot, cloudless, and dry summers from May–September, with the average July temperature exceeding 30 °C. Winters in the south are pleasant and damp, whereas those in the north are cold and frosty. In January, the average temperature ranges from −10°C to 0 °C (Orlovsky, 1994; Lioubimtseva et al., 2005; Maman et al., 2011). Precipitation falls mostly throughout the winter and early spring, with more than half of it falling between December and April (Owen et al., 2018). In summer, both the deserts are dominated by the westerlies (Chen et al., 2008) and, to a lesser extent, the northerly winds associated with the southwestern edge of the Siberian anticyclone, while the Siberian High dominates the region in winter (Franz, 1972; Lydolph, 1977; Dodonov and Baiguzina, 1995; Orlovsky et al., 2005; Fitzsimmons et al., 2020) (Figure 2). Notably, the study area is located at the crossroads of the Asian monsoon belt (Dettman et al., 2001; Cheng et al., 2016), mid-latitude westerlies (Vandenberghe et al., 2006; Li et al., 2018), and high-altitude polar fronts (Machalett et al., 2008).
[image: Figure 2]FIGURE 2 | Dune types in the Karakum and Kyzylkum Central Asian deserts (KKCAD), snaped and adapted from Bing Aerial Imagery web portal (https://www.bing.com/maps/aerial). The number in the frame represents the closer position of a dune type in the region, while the frame of the window itself represents corresponding areas in Figure 11.
In general, the annual average wind speed in this area (KKCAD) is not higher than 5 m/s across, except for the Caspian coasts on the northern slopes of the Kopetdagh ridge (Orlovsky, 1994) and the Kulkuduk unit (Nappe formations near the Kulkuduk town) that have wind speeds of 6–9 m/s. By calculating the drift potential (DP) and resultant drift potential (RDP) values according to Fryberger (1979), for the short available time sequence of 2005–2008; Maman et al. (2011) concluded that the winds in the area portrayed the characteristics of a low-energy environment (less than 200 VU), with high wind variabilities and directionality index (UDI) values of ≤ 0.5.
The annual precipitation in this area ranges from 110 mm in the Amu-Darya Delta to more than 300 mm in the Kopet Dag Range (Maman et al., 2011). Active aeolian formations stabilize if the wind speed is less than 6 m/s, annual average rainfall is more than 50–80 mm (Pye and Tsoar, 1990; Tsoar, 2005; 2008; Yizhaq et al., 2009), and there are no external stresses, such as animal burrowing or human trampling (Maman et al., 2021). Thus, the precipitation and wind statistics of this region indicate that the area can support appropriate plant cover. In this regard, most of the Karakum and Kyzylkum desert areas are dominated by vegetation and/or biological soil crusts (Maman et al., 2011), located in areas not affected by anthropogenic activity (Orlovsky, 2004).
In general, the contemporary and paleo-climate research on the interplay between fluvial and aeolian processes near the Syr-Darya and Amu-Darya rivers are quite restricted, in international as well as in literature available in Russian language. The raising of the Pamir-Alay Mountains created river channels that transect the Central Asian lowlands (Lioubimtseva, 2004). As a result, the paleo-Amu-Darya river and other paleo rivers (e.g., paleo-Syr-Darya, paleo-Murghab, paleo-Tedzhen, and other paleo-rivers coming from Tian Shan offshoots) deposited Neogene to Quaternary alluvium (Babaev, 1972; Nevodchikova, 1972; Walter and Box, 1983; Atamuradov, 1994; Thomas et al., 1999; Maman et al., 2011). Thus, present sandy dune forms in the KKCAD overlie Quaternary and Neocene alluvial deposits (Babaev, 1972; Nevodchikova, 1972; Maman et al., 2021).
In arid and semi-arid regions, linear dunes (vegetated and unvegetated) are the most prevalent desert dune forms, while barchans and transverse barchanoid ridges dominate the coastal dune fields (Inman et al., 1966; Wasson and Hyde, 1983; Pye, 1984; Illenberger, 1988; Pye and Tsoar, 2009; Craddock et al., 2015). Likewise, the Karakum and Kyzylkum deserts are dominated by vegetated linear dunes (VLDs), covering over 30% of the surface (Maman et al., 2021). Furthermore, VLDs are manifested in all different hierarchies (as simple, compound, and complex forms), covering the central part of both the deserts and manifested in different complexities and orientations (Figure 2; insets 6 and 7); they are also found in coastal regions. In the past 2 decades, VLDs became a widely studied subject in the aeolian geomorphology due to their recognized significance as a marker of past climates when dunes were active (e.g., Roskin et al., 2011a; 2014; Robins et al., 2021) and a complex internal morphology that is being studied for the origin and evolution (Tsoar et al., 2004). Like that, VLDs play a key role in understanding paleo-environmental behavior of the region and its relation to contemporary system dynamics. Other dune types comprises smaller portions of KKCAD compared to VLDs.
Non-vegetated linear dunes are referred in this research as seif dunes. They are found in the coastal area of the Caspian Sea (Figure 2; insets 8 and 9), in simple and compound forms—when relatively small seifs superimpose the major seif body—and complex forms—when smaller seifs overlap the mega-barchanoid ridges. In this study, a smaller portion was observed in the active patches in the dipper desert, mostly coexisting with star dunes (Figure 2; insets 3 and 4). Barchans and barchanoid ridges in different hierarchies were observed in the coastal areas of the Caspian Sea and in different sections along the Amu-Darya River (Figure 2; insets 5, 10, 11, and 12). A large area of vegetated and partially active barchanoid ridges was recognized in the west-southwest part of the Karakum Desert (Figure 3; inset 11). Finally, parabolic dunes were recognized close to all water bodies in the area: the Caspian Sea coast, south of the Aral Sea, and in a wide region north of the Aydarkul Lake, existing usually as complex formations that superimpose the VLDs or develop within interdunal areas (Figure 2; inset 1 and 2). We assume that the variability and distribution of aeolian landscapes and deposits in the KKCAD reflect the wind regimes of the regional climate subsystems and general surface stability.
[image: Figure 3]FIGURE 3 | Spatial distribution of the 36 NOAA weather stations within and surrounding the research area and 5081 ERA5 grid control points. Data is available at National Oceanic and Atmospheric Administration (NOAA) web portal and the European Centre for Medium-Range Weather Forecasts (ECMWF) data server, respectively.
3 MATERIALS AND METHODS
The materials used in this study comprised of three main data types derived from weather stations, reanalysis algorithms, and satellite imagery. The data were extracted through multiple time-series and spatiotemporal statistical observations.
3.1 Data sources
3.1.1 Weather station wind data
The wind data were collected from sparsely spaced meteorological stations in Turkmenistan, Uzbekistan, and Kazakhstan, and acquired from the National Centers for Environmental Information1 (hereinafter referred to as the NOAA weather stations). Only a few locations have been tracked for over a century, while other locations have considerable gaps and do not maintain continuous records, as commented by Cohen-Zada et al. (2017) (e.g., 40 years of data distributed across a 70-year span). Furthermore, numerous stations in the region effectively ceased operations because of major funding-cuts, following the collapse of the Union of Soviet Socialist Republics (USSR) (Lioubimtseva et al., 2005).
For the study area, only eight stations had records of wind speed and direction at altitudes of 10 m above the ground for the period from 1 January 2010 to 31 December 2019. Hence, the region was observed in a wider context, and the data from 36 weather stations that were located both inside and at a close distance from the study region were considered (Figure 3). All the available wind readings for the statistical period were obtained, and the observations labeled as missing values, “-9,999” were omitted.
3.1.2 Wind reanalysis data
The reanalysis data were obtained using the European Center for Medium-Range Weather Forecasts (ECMWF)2 ERA5 wind model. The ERA5 represents the latest Copernicus climate algorithm, generated using four-dimensional variational data assimilation (4D-Var) and the model predictions in the ECMWF integrated forecast system (IFS) CY41R2. It contains the data of 137 hybrid sigma/pressure (model) levels, in the vertical and two spatial resolutions on single (0.25°), or land (0.1°) levels, with a consistent view of the evolution of land variables since 1 January 1950, updated regularly until today. The adopted spatial and temporal resolutions of the attained datasets were 0.1° × 0.1° and 1 h, respectively. In this study, we exploit this dataset to accomplish several objectives: analyzing a 10-year dataset from 1 January 2010, to 31 December 2019, to link the dune orientation with the resultant drift direction (RDD) in the region, and a 70-year data set spanning 1 January 1950, to 31 December 2019, to understand the energy of the depositional environment and its spatiotemporal distribution in the study area.
The azimuthal U) and meridional V) components of the entire time-series of the 10-m height wind were processed to calculate the speed and direction of the wind, using the following equations:
[image: image]
Wind speeds are subsequently transformed in units of knots and monitored for 16 compass directions according to the processing criteria of the Fryberger (1979) sand rose calculations.
3.1.3 Precipitation data
The precipitation data were obtained using the Climate Change Knowledge Portal (CCKP) of the World Bank Group (WBG)3. The data were obtained from the Climatic Research Unit gridded Time Series (CRU TS), produced by the CRU of the University of East Anglia (UEA), and is accepted as the most widely used observational climate dataset (Harris et al., 2020; CCKP, 2021). In this dataset, the data are displayed on a 0.5° latitude × 0.5° longitude grid for all the land areas, except Antarctica. The CRU TS version 4.05 gridded dataset was produced from observational data and contained quality-controlled temperature and rainfall readings from hundreds of weather stations worldwide and different derivative products, such as monthly and long-term historical climatologies (Harris et al., 2020). The average annual rainfall for the previous four climatic cycles (1901–1930, 1931–1960,1961–1990, and 1991–2020) was acquired from the CCKP gateway page, to study alterations in spatiotemporal distribution of precipitation over the KKCAD and its relation to dunes stabilization agents.
3.1.4 Satellite imagery data
We incorporated numerous forms of satellite data, including optical imagery and several digital elevation models (DEMs) (Table 1). Satellite data were utilized to determine the dunes activity/stability, orientation, and dunes peak height, in order to develop and comprehend the relationship between the behavior of different dune types across the desert for different wind attributes.
TABLE 1 | Spatial resolution attributes for the remote sensing data used in this study.
[image: Table 1]3.2 Methodology
Previous studies demonstrated that sand seas and aeolian formations can provide records of current and previous climatic shifts and conditions (Lancaster, 1995; Muhs and Holliday, 1995; Roskin et al., 2011b; Leighton et al., 2013) and may be a regional indication of prior and current wind directions and strength (Lancaster, 1995; Muhs and Holliday, 1995; Leighton et al., 2013; Lindhorst and Reimann, 2021; Robins et al., 2021). The regional sand flow results could be approximated using three methodologies (Pye and Tsoar, 2009): by considering the a) wind velocity data, with a sand transport rate equation, such as that proposed by Bagnold (1941); Fryberger (1979); b) sandstorm duration and direction records (Dubief, 1952); and c) size and orientation of aeolian bedforms and sand streaks (Cohen-Zada et al., 2017). The drift potential is assumed to be an essential factor determining the formation and growth of dunes provided sufficient wind records are available (Zamani et al., 2020; Hu et al., 2021), and the first approach (use of wind chronicles) can yield the results for any period and particle size (Pye and Tsoar, 2009). As this is not always the case in remote desert areas, we tested the data sources to identify which method (reanalysis or weather measurements) was more accurate. The DP and sand rose exponents, RDP, RDD, and wind directionality index (UDI = RDP/DP) were calculated using the established MATLAB algorithm, according to Fryberger (1979) and Zamani et al. (2020). The data from 36 NOAA weather stations for 1 January 2010, to 31 December 2019, were compared to the nearest grid point of the ERA5 reanalysis assimilated dataset. Based on obtained findings, the relationship between dune orientation and DP was further examined, in reference to the ERA5 wind data. Figure 4 summarizes the overall workflow of this study.
[image: Figure 4]FIGURE 4 | Schematic illustration of the methodology applied in this study.
3.2.1 Multidimensional raster analysis
In this study, we used DP and UDI to analyze the alterations in the wind energy environments and dune activity during 1950–2019. In general, the data gathered for the same rasterized area along the temporal dimension are referred to as multidimensional data. This implies that, for each grid point or series of points, the value of the observed variable is given at a certain moment in time, and like that observed for the desired time extent. Essentially, the data was layered and stacked according to their spatiotemporal characteristics and statistically evaluated for the total of 355,670 monitored segments. Using the advantages of multidimensional data and spatiotemporal assessment, the original values for each grid point were saved, rather than interpolated, as carried out in many previous examinations and interpretations of DPs (e.g., Maman et al., 2011; Hu et al., 2021). Separate space-time cubes were built for DP and UDI (excluding circular variables and their resultant powers); notably, the data of these parameters were mined for the average values and linear trends over time. Additionally, the data were taken through Hot Spot Analysis (hereinafter referred to as HSA), to calculate the Getis-Ord Gi* statistics, and time-series partitioning around medoids (PAM) clustering (hereinafter referred to as TSC).
The HSA combines two statistical approaches: the Getis-Ord Gi* (Getis and Ord, 1992, Getis and Ord, 1996; Ord and Getis, 1995; Mitchell, 2005; Peeters et al., 2015) and the Mann–Kendall trend test (Mann, 1945; Kendall, 1975), to investigate how geographical groupings of extreme values evolve (extreme high values = hot spots; extreme low values = cold spots). The Getis-Ord Gi* statistic is an adaptation of the General G-statistic (Getis and Ord, 1992), a commonly used method for quantifying the degree of spatial autocorrelation over an area (Peeters et al., 2015). After the space-time HSA was completed, each bin in the input raster was assigned a z-score, p-value, and hot spot bin categorization. The Mann–Kendall trend test was then used to examine the hot and cold spot patterns. Note that for a feature to be a statistically significant hotspot, it must have a high value and be surrounded by additional features having high values.
The TSC algorithm (Montero and Vilar, 2014) can be used to determine the related locations in a space-time cube accurately; additionally, the algorithm divides them into distinct clusters, consisting of members who have similar time-series characteristics. In this context, the time series are comparable, if their values tend to grow and fall at approximately the same time and are proportionate. This clustering begins with the development of a matrix, which is then clustered using the k-medoids technique (Kaufman and Rousseau, 2009), commonly known as the PAM algorithm. This model locates the clusters inside a matrix, whose members are similar to those of other clusters, by selecting random locations to represent each cluster. More information on the multidimensional raster analysis, mentioned performances, and explanation pertaining to the classes assigned for HAS can be obtained from the Esri’s official website4.
3.2.2 Dune orientation versus drift potential (DP) exponents
The orientation of the dunes in KKCAD region and their current morphological profiles were extracted from multiple DEM sources and linked to the DP, RDD, RDP, and UDI values calculated for the statistical period of 2010–2019. The procedure was repeated for the VLDs, seif, barchan, barchanoid, star, and parabolic dunes surveyed in different portions of the KKCAD. As the coastal region had a complex dune setting, some incompatibilities existed between the dune orientation and RDDs, referring to a better correlation between the superimposed formations and the obtained RDDs, or the underlying mega-dunes. Thus, the wind data acquired for the active Caspian coastal region were split into the Northern Hemisphere seasons, namely, winter (November–February) and summer (May–August), as well as the geomagnetic time hours of sampling of the reanalysis data (06:00 h and 18:00 h) (Cohen-Zada et al., 2017), for the same statistical period. As the segment of different dune types varied significantly, we used Google Earth Pro, whose DEM model is based on the Shuttle Radar Topography Mission (SRTM) data (30 MP resolution), along with other sources (Table 1). For each dune type, six different dune locations were chosen, to derive relationship with contemporary winds. The average dune height for each field was extracted based on ten different, random, and approximately 10-km long intersects that were perpendicular to the crest lines of the dunes. The average RDPs were extracted for the same areas of interest (AOIs). Both the bed height and RDP values for the examined dune types were plotted and related to the UDI. Figure 4 portrays an example of a 3D assessment for determining the bed heights and orientation versus overlaying the resulting drift vectors and their powers.
4 RESULTS
Our statistical observations of the wind data acquired from the 36 NOAA weather stations within and around the study area for the 2010–2019 period (Figure 5), reveal that the winds with velocities less than 6 m/s (included) and those flowing from the North and East dominated the area. The DPs calculated for the weather stations and the ERA5 reanalysis control points were statistically verified using the NCSS software5.
[image: Figure 5]FIGURE 5 | Wind roses constructed for 36 National Oceanic and Atmospheric Administration (NOAA) weather stations, overlayed over adapted map on dune types after Maman et al. (2021). Winds below 6 m/s dominate the area.
According to Fryberger (1979), winds with minimum velocity of 12 knots or ∼6.2 m/s are sufficient to generate sand saltation and form dunes in sand-reach environments. As such, they are referred to as erosive henceforth. For each of the 36 NOAA weather stations, Figure 6 portrays the percentage of no wind or low wind periods (referred to as “calms” in this study), along with the percentage of those surpassing the minimal sand saltation threshold, exclusive of winds between two mentioned categories. Based on the stationary-based meteorological reading, all investigated sites portrayed a significantly higher percentage of calm intervals than those that had an adequate force to commence erosion. The percentage of calms ranged from 1.4% (Dashoguz weather station) to 69.4% (Nurata weather station), which, in a 10-year-period, accounts for up to ∼7 years of low wind activity. Only 8 of the 36 sites had erosive winds blowing more than 10% of the overall monitored duration.
[image: Figure 6]FIGURE 6 | Sand Roses for 36 National Oceanic and Atmospheric Administration (NOAA) weather stations in relation to ERA5 grid points. Sand Rose follow the location of wind roses depicted in Figure 5. The green, red, and blue color of the information window below each rose stands for Turkmenistan, Uzbekistan, and the stations located in Kazakhstan, respectively. The circular correlation between two variable resultant drift vectors is 0.5864, revealing a low to moderate correlation.
Figure 7 depicts the descriptive statistics and correlation coefficients for two datasets on DP variables calculated from the data acquired from the 36 weather stations and the closest ERA5 grid control points. The RDDs and their RDPs exhibited the greatest correlation coefficients between the examined DP components (0.59 and 0.57, respectively), which indicated a low to moderate correlation. In addition, it was easy to deduce from the correlation coefficients and p-values that there was a low correlation between the observed variables. However, the DP values from both the weather stations and the reanalysis data classified the majority of the KKCAD region as a low-energy environment, with DP values of less than 200 VU. Based on the studied aeolian profiles and active dune orientation, it can be assumed that the local sand transport patterns in the KKCAD deviate considerably from those predicted using weather-station data. Such performance is generally attributed to one of the three dominantly recognized factors: low spatial and/or temporal resolution of measurements, topographical dependencies, or secondary atmospheric circulations (Pye and Tsoar, 2009; Cohen-Zada et al., 2017). Therefore, the ERA5 reanalysis-assimilated dataset was identified as a more relevant wind data source for correlating dune morphologies and climatic drivers in the KKCAD.
[image: Figure 7]FIGURE 7 | Sand Roses correlation for the National Oceanic and Atmospheric Administration (NOAA) weather stations and the nearest ERA5 grid control points. Circular and non-circular parameters are tested using number cruncher statistical systems (NCSS) software.
4.1 Spatiotemporal patterns of drift potential (DP)
The spatial patterns of the DP and UDI in the KKCAD are shown in Figure 8. According to Fryberger and Dean (1979) and the worldwide studies that include KKCAD region, the UDI values of 0–0.3, 0.3–0.8, and 0.8–1 represent high, intermediate, and low wind variabilities, respectively, whereas the DP values of 0–200, 200–400, and 400–600 VU represent low-, middle-, and high-energy environments, respectively.
[image: Figure 8]FIGURE 8 | Space-time cube statistical assessment. Average drift potential (DP) and wind directionality index (UDI) values, and their linear trends of change over 70 years.
Corresponding to the average UDI raster over the 70-year period considered in this study and 5,081 grid control pixels per year, no apparent rising or declining gradient for the directionality variable was observed. The UDI trend statistics demonstrated that erosive winds did not deviate significantly from their primary directions over the same data period, revealing the constancy of multidirectional winds in the region. The above-average values of DP were observed in the takyr-solonchak margin with the Karakum Desert’s southwest, which extended to the Caspian coastal dune fields—where the value can reach over 600 VU with the intrusion of stronger winds, and in the southeastern region. These regions were also areas represented by positive linear trends for calculated DPs, and were probably the most dynamic sections of the KKCAD.
In the Kyzylkum Desert, the DP values above 200 VU were observed only in a small portion of the northern desert margin. Most of the area either did not have a prevalence, or revealed a negative trend over the 70-year span in the annual drift potential calculation. Notably, most of the region sits in a low-energy environment setting, with high to moderate wind variability, represented by a DP of less than 150 VU, and a UDI dominantly below ∼0.4. Unidirectional winds with low wind variability were only observed in the Caspian Sea coast (in the western part of the Karakum Desert) and around the Aydarkul Lake (on the eastern margin of the Kyzylkum Desert).
In addition to the discussed activity in the coastal zone, the active formations were only observed as small, sparse, and very irregularly-shaped patches located in random areas that were not influenced by the local topography. Among them, the larger active field in the Kyzylkum Desert is seen as a complex intermittent dune field in the SE margin, stretching as a discontinuous meridional chain of active but small aeolian profiles, and ending before the Amu-Darya River. These fields have average DP values ranging between 50- and 200- VU and high wind variabilities (UDI<0.3). As observed in our study, the trend of DP changes in these regions was predominantly negative, indicating a decrease in the annual values over the observed period. Active patches in Karakum are represented by seif, star, and transverse dunes extending from the E–NE takyr border, pointing NE to the Amu-Darya River (Figure 2, intersecting zone between window 6 and window 4,5). The winds were highly variable (mostly 0.1–0.4), with the DP values exceeding 200 VU only in the minor eastern part of the dune field. The trend of the DPs was similar to that observed in Kyzylkum, where negative changes dominated.
The DP values were further statistically assessed using the HSA and TSC methods. As suggested in chapter 3 (visual representation given in the methodology workflow), the HSA method was used to indicate the areas where features with high or low values clustered geographically, by examining the behavior of the surrounding features; the study area was categorized using the trend z-score and p-value for each location. The local sum for a feature and its neighbors was compared proportionately to the total of all features. If the calculated local sum differed significantly from the predicted local sum, and the difference was extremely large to be considered random, a statistically significant z-score was calculated. The pattern in the KKCAD revealed that cold spots dominated the region, referring to the pixels having principally low DP values that were statistically significant cold spots for 90% of the time-step intervals (with no discernible trend). The statistical assessments of the pixels after the HSA are presented in Table 2. The coastline region was previously identified as a zone with a positive trend, by conventional linear regression, and the HSA statistics assigned it a similar category of intensifying hotspots. An intensifying hot spot was a statistically significant hot spot for 90% of the time-step interval, including the final time step. Furthermore, the total intensity of the clustering of high values in each time step increased, and this increase was statistically significant. In addition, sporadic and oscillating cold spots were observed in the region that represented the locations that were statistically significant cold spots for less than 90% of the time-step intervals. The distinguishing factor among these two is that the sporadic spot has never been a statistically significant hot spot with high values in prior time-step intervals, while the oscillating one had a history of being a statistically significant hotspot during previous time steps. In KKCAD, sporadic cold spots generally surrounded the oscillating cold spots.
TABLE 2 | Emerging hot-spot analysis: pixels summary.
[image: Table 2]The TSC results represented the locations in which the DP values and their temporal vectors were correlated across a spatio-temporal dimension for 70 years period. As shown in Figure 9, three clusters simulate an optimal number of classes, similar to Fryberger’s (1979) (low-, middle-, and high-energy environments). The TSC method enabled us to group most of the pixels where the DP values were no more than 100 VU. Note that the final clustering was performed based on both the original and neighboring values and their spatiotemporal variations and correlations. Only extreme pixels were extracted into the high-energy cluster (barely visible in Figure 9, owing to the scaling factors and areal extend of only 0.08% of the total area), and the zone with middle-energy was extended. Notably, the large northern part of the Kyzylkum Desert was assigned the same class as the previously discussed dynamical coastal region with other pixels that had higher DP values, most probably explained by similar changing aspects over the 70-year period. A large portion of the middle-energy cluster in the eastern Kyzylkum area overlays an extremely complex geomorphic setting, where small, dense, and vegetated parabolic-like dunes superimpose the VLDs and their interdunal areas.
[image: Figure 9]FIGURE 9 | Drift potential (DP) time-series PAM clustering, statistical evaluation, and time-series medoids vector for the three clusters calculated in this study.
The zones within the KKCAD previously considered to have positive trends are likely to portray a slight increase in the DP and eventually, gradient deeper into a middle-energy environment. The wind over active patches portrayed a slight drop in the DP values, referring to a possible decrease in its velocity, resulting in the strengthening of dune stabilization in this region, if no additional disturbances will occur in the region (e.g., anthropogenic pressures, intensive storm events). To derive a more precise conclusion, one should look closely at much smaller AOIs within a large area of the KKCAD and derive a link to the underlying aeolian performances, using better spatial resolution and field confirmations. In conclusion, most of the area maintained its recognizable dynamics, while remaining within a low-energy environmental setting; notably, we observed no distinct areas that portrayed drastic DP decreases or increases during the study period.
4.2 Associating dune orientation and resultant drift direction (RDD)
4.2.1 Certain dune types
In this study, the morphologies of the dune in the KKCAD region were analyzed using several remote sensing (RS) and geographic information system (GIS) data sources, to assess the dune types in the region and the existence of superimposed features, determine their directions, and estimate their dunes pick heights. Due to the wasteness of the study region, it is difficult to characterize the morphologies of all the dunes identified at the local scale in a single comprehensive study; hence, the research is focused on dunes that are emblematic of the region. The calculated RDDs and their RDPs (Figure 10) allowed us to evaluate whether the contemporary winds in the study area had the necessary force and trajectory to saltate sand grains and generate dunes.
[image: Figure 10]FIGURE 10 | Sand roses resultant drift direction (RDD) for 5081 ERA5 grid control point over the Kyzylkum (inset a) and Karakum (inset b) Central Asian deserts (KKCAD), calculated for the statistical period 2010–2019. The color of the RDD vector represents the intensity of their powers, with a maximum reaching only 240.4 VU. The yellow arrows represent the manually inserted discernible wind drift trajectories, whereas the rings represent the significant intersections across the region, where erosive winds deviate from their primary routes. A four-climatic-precipitation-cycles composite (inset c), spanning from 1901 to 2020, emphasizes a sufficient amount of rainfall over the whole study area.
Figure 11 depicts a section of the studied dunes and the accompanying DP estimates, while Figure 12 depicts a schematic summary of the wind performances over examined dune types. The predominant aeolian forms are VLD, seif, barchan, barchanoid ridge, parabolic, and star dunes. In various hierarchies (simple, compound, and complex), these forms appeared in the interior and coastal regions. The three primary entrance routes for winds powerful enough to reconfigure sandy deserts, were from the North-West, North, and Northeast directions. Even though westerlies were common, they appear with lower velocities compared to north-easterly winds. Smaller intrusions were noticeable at the eastern edge of Karakum, where the wind flow was from the Pamir Mountains, deflected by the northwesterlies to the southeast.
[image: Figure 11]FIGURE 11 | Dune types recognized in the area and their drift potential (DP) calculations for the statistical period 2010–2019. The number in the upper left corner stands for the corresponding window in Figure 2. The Costal Caspian region is split into Northern Hemisphere seasons, winter (November–February) and summer (May–August), as well as the geomagnetic time hour of sampling of the reanalysis data, 06:00 h and 18:00 h, for 2010–2019.
[image: Figure 12]FIGURE 12 | Examined average of vegetated linear dunes (VLDs), seif, barchan, barchanoid, star, and parabolic dunes heights and overlapping resultant drift potential (RDPs) aligned to the calculated wind directionality index (UDI) values.
The VLDs (the most common dune type) in the Karakum and Kyzylkum deserts appeared at heights of 15–50 m, with resultant drift potentials of 10–50 VU, for high–moderate wind variability (0.15< RDP/DP <0.45). They were formed across the Caspian coastal region as simple formations. Moving east, they merged with parabolic dunes, after which they occupied the interior of the KKCAD region, comprising the entire region of the Kyzylkum Desert and the bulk of the Karakum. The internal section was represented by complex and compound formations, wherein mega VLDs were superimposed by parabolic dunes, as seen in the eastern part of the Kyzylkum Desert (Figure 3; window 2), and by other linear dunes with different orientation, as seen in the central Karakum (Figure 3; window 6). Satellite images illustrated the NNW-SSE trends of the mega VLDs, with NNE-SSW trends of linear (as seen in Karakum) and S-N trends of parabolic (as seen in Kyzylkum) dune superimpositions. Where the middle Kyzylkum is divided by a hilly ridge known as the Kulkuduk unit that lies perpendicular to the incoming wind direction (Figure 2, intersecting zone between windows 7 and 4,5), the effect of topography on near-surface airflow is evident. Thus, several variations from the largely characterized directions of the discussed VLDs were seen in dune field surrounding the unit.
The orientation of the VLDs in the Caspian coastal region (Figure 11) matches with the summer drift directions (May–August). As this segment of the KKCAD is partially stabilized by biogenic crusts, the crust flourishing in more humid intervals during the year may preclude the entire annual remodeling of the accessible desert. As a result, the dry season could have fewer biogenic crusts, allowing more sand to be accessible for erosion and reshaping, which may explain the stronger alignment between dune orientation and drift directions computed for the total of the summer winds. This is a clear indication of fluctuations in wind speed and direction, precipitation, and/or seasonal variations in sand availability in the region (Courrech du Pont et al., 2014; Gao et al., 2015). Non-etheless, the results indicated the low-energy reworking of the VLD crest lines in both the Karakum and Kyzylkum deserts, with the RDP values being less than 50 VU. Under the current unimodal wind regime, the latest eastern section of the Kyzylkum Desert exposes stable VLDs, where the RDP values are extremely low and the RDD is almost perpendicular to the longitudinal axes of the dunes. As VLDs appear considerably larger than the power of the present erosive winds, this underlies their certain genesis during times of significantly stronger winds with somewhat uni-to bi-modal regional wind directions (Wasson and Hyde, 1983; Craddock et al., 2015) and drastically higher availability of sand supply (Maman et al., 2021).
The area’s second dominant structures were large barchanoid ridges on the Caspian Sea shore, with the crest lines being aligned N-S and the typical height being 30–50 m. Their stoss slopes were superimposed by seif dunes that were primarily oriented ENE–WSW, with clean interdunal areas that were seasonally filled with water. Compared to the underlying barchanoid ridges, the overlaid forms of the seif dunes were correlated with the predicted annual RDDs. Overall, the barchanoid ridges identified in the study area were altered by moderate (0.6) to uni- (0.95) directional winds, with the RDPs ranging from 50 VU to 300 VU, the highest discovered RDPs in the KKCAD (according to the ERA5 wind reanalysis model).
A large field of barchanoid ridges was recognized in the southern internal area of the Karakum desert, entirely occupied by vegetation and biogenic crusts (Figure 11; inset 11). Although the annual RDD correlated with the orientation of the barchanoid crest lines, the RDP revealed extremely low values of nearly 15 VU, indicating that the area supports vegetation growth and crust development. Altogether, this area received an average annual precipitation of more than 125 mm over the previous four climatic cycles, with moderate drifting wind velocities maintaining the sturdiness of these barchanoid ridges, in contrast to those recorded on the coast. Furthermore, simple barchans were observed along both sides of the Amu-Darya River. The height of the simple barchans in the KKCAD is not more than 10 m, and the dunes are aligned to their sizes by multi (RDP/DP ∼ 0.4) to uni (RDP/DP ∼ 0.96) directional winds, with RDP values of 10–200 VU, as observed in the Karakum and Kyzylkum deserts.
The seif and star dunes generally appear together as fully active formations in the KKCAD, although they comprise a minor area, compared to the previously discussed aeolian arrangements. In this study, the seif dunes were oriented NE–SW in the surveyed areas and were highly aligned with the calculated RDDs. They were registered in active patches in the dipper desert and in complex and compound settings on the Caspian shore, where they overlapped giant barchanoid ridges and other, larger, seif formations, respectively. At the top of the giant barchanoid dunes, seif dunes result from the bed instability of the underlying barchan sands (Hu et al., 2021). The directionality index for their formation was 0.5 on average, which accounted for the bi-modal wind regimes expected for their formation. The height of the seif dunes observed in the Karakum and Kyzylkum was 5–30 m, formed when the RDP values were roughly 40–100 VU. The star dunes were the rarest dune types recognized in the study area. They occupied a small region in South Kyzylkum at the Amu-Darya River and coexisted in active patches, together with transverse and seif dunes. Although the star dunes were a minority in the study region, when looking at high-resolution images, we observed that blended with the seif dunes, they override the discussed coastal barchanoid ridges. Their heights did not exceed 10 m, and their formation was followed by RDPs of less than 60 VU for conditions of multi-to-moderate wind variability (0.2< RDP/DP <0.45).
Parabolic dunes were observed to have small (3 m) to medium (12 m) heights. As these dunes were noticeably smaller than other formations (same represented star dunes and seif dunes), because of the insufficient DEM resolution, their actual sizes may differ in nature. In the study area, they exist in conditions of high to moderate wind variability (0.2< RDP/DP <0.5) and with low RDP values that did not exceed 50 VU. Recognized forms have a U-shape over the entire observed region without exhibiting a V shape. According to multi-spectral satellite imagery, dunes in the area certainly demonstrate a trend of the south–north imposition. Such orientation is not in line with the present RDD route in the region. The dunes were interspersed with circularly arranged cavities in the sand, along with circular arrangements of vegetation in the extended portion of the region, possibly explained as either a honeycomb formation or a massive manifestation of internal old and complex blowout dunes scooped out by the wind (discussed in further text).
Although the active patches in internal KKCAD revealed the presence of additional transverse and star dune blends, they represented a minority that could not be studied using the current satellite data, due to the poor resolution of the existing models, as noticed for parabolic dunes.
4.2.2 Uncertain dune types
Two forms of parabolic-like formations have been identified that cannot be linked to recognized behaviors of parabolic dunes in general (Figure 13). Honeycomb-like dunes formations were found in various locations south of the Sarygamysh Lake and Aral sea, where they portrayed a complex of vegetated and crusted settings. According to Jakel (2004), a honeycomb dune is formed on dune slopes in active dune fields because of the sand’s reaction to rain and wind. Following a rain event, the wind uncovers and removes the dry sand beneath the wet layer, producing holes up to 0.5 m in depth and causing the wet sand to sink. This movement exposes dry sand, whereas continual rain prevents further deflation. The same processes can occur on the crests of the dunes. Conversely, honeycomb dunes have been identified as permanent and semi-fixed sand dunes in the Chinese deserts by Zhenda and Youlin (1990) and Liu et al. (2015).
[image: Figure 13]FIGURE 13 | Uncertain dune types. (A) bowl-like formations snapped from ©Bing Maps Aerial Imagery and adapted. (B) Fully stabilized bowl-like form, with partially vegetated bounding ring and adapted from Esri (C) Martian honeycomb dunes, taken from NASA official webpage (D) Karakum honeycomb pattern snapped from ©Bing Maps Aerial Imagery and adapted.
Northern of the Aydakul Lake, in variety of sizes, vegetated linear bowl-shaped formations are recognized. They were seen as spatially exceptionally danse (Figure 13). With the yearly average precipitation ranging from 150 mm (minimum) to 400 mm (maximum) during the preceding four climatic cycles, the vast field of bowl-like dunes observed in the eastern Kyzylkum region was also the region with the highest average annual precipitation. This explained the extensive distribution of biogenic crusts and vegetation over the eastern region. Except in the eastern Kyzylkum, a described unique behavior was not recognized in other places of KKCAD.
Notably, blowout dunes are commonly described as the place of origin of U-shaped parabolic dunes (Livingstone and Andre, 1996) and/or a common feature superimposed on a parabolic formation (Hesp et al., 2016; Tripaldi et al., 2018), referring to superimpositions on mega-dunes. They can be correlated to biotic and abiotic developmental processes, such as vegetation-induced blowout closure and erosional blowout expansion, respectively (Schwarz et al., 2018). According to Smyth et al. (2020), erosional hollows in dunes are essential natural processes for landscape disturbance, because they break the succession of the dune and provide a supply of nutrient-deficient sand via aeolian (wind) sediment erosion and the subsequent deposition. Generally, such forms were recorded in coastal regions (Sloss et al., 2012; Schwarz et al., 2018), although a recent assessment by Tripaldi et al. (2018) depicted the existence of blowouts in giant parabolic dunes found in Argentina’s inland subtropical dune fields. Non-etheless, most of the investigated bowl-like formations in the KKCAD do not include active sand; rather, their core bodies are wholly or partially stabilized by the crust, distinguishing them from the reported coastal blowouts.
Thus, in this study, we questioned two different formations: the honeycomb form, which is more consistent with the phenomenon observed in the western KKCAD region around the lakes, and the bowl-like-form, observed in the eastern region of the Kyzylkum. Their relation to contemporary winds is unclear, as it is unknown which climatic and environmental setting is required for their initiation, retention, or maintenance. Notably, the important question that arises from this observation is whether these bowl-shaped dunes represent paleo-blowouts or a new type of sand dune formation. Due to the lack of better resolution of the currently available DEMs and the inability to conduct or compare the field examinations of mentioned formations in the KKCAD area or the Central Asian region (due to the short timeframe of the ongoing project), it remains hypothetical whether the circular pattern recognized in the eastern Kyzylkum Desert represents a novel dune kind. Honeycomb dunes are mentioned but not examined in the literature on aeolian structures; consequently, the mapping and morphological understanding of the “honeycomb” structure remains unclear.
5 DISCUSSION
5.1 Dunes morphologies and environmental system dynamics
The dynamic evolution of various dunes in a sand sea is a complex process that includes different elements, ranging from local topography, sand transport, wind performances, and energy exchange (Bagnold, 1941; Pye and Tsoar, 2009; Charru et al., 2013; Hu et al., 2021; Gadal et al., 2022) to a complex sequence of interactions between different morphologies, anthropogenic disturbances and various plant cover rates (Gao et al., 2015; Hu et al., 2021). Although some of these components may be predicted and modeled effectively, other environmental and anthropogenic factors may be more difficult to model. In particular, wind regime and sand availability have an impact on dune morphologies, especially bedforms (Wasson & Hyde, 1983; Cooke et al., 1993; Courrech du Pont et al., 2014; Gao et al., 2015), and their spatial pattern is largely governed by the history of these two variables (Reffet et al., 2010; Pye et al., 2019; Hu et al., 2021). In recent years, more attention has been given to model relationship between stabilization agents and effect of plants and biogenic crust on dunes morphodynamics (e.g., Kinast et al., 2013; Chen et al., 2021; Gadal et al., 2022).
The diversity of the Central Asian landscape and climate, in general, is widely acknowledged (e.g., Shahgedanova, 2003; Dallmeyer et al., 2010; Cheng et al., 2016), especially as an arid-marginal region subjected to rapid land-use changes and desertification processes (Lioubimtseva et al., 2005; Lioubimtseva and Cole, 2006; Lioubimtseva, 2015; Pueppke et al., 2018); however, for the KKCAD region, the nature of the interaction between the desert land surface forms and the atmosphere is poorly understood and underestimated in the existing literature. Even though the relationship between aeolian morphology and wind regimes is complicated by the presence of relict forms (Wilson, 1973; Maman et al., 2011), the sediment availability, underlying local topography (Wasson and Hyde, 1983), the interplay between synoptic-scale airflow and high mountain belts (Fitzsimmons et al., 2020), northerly and easterly winds are still evident in KKCAD. Notably, vegetation and biogenic crust communities represent a distinct factor that additionally modulates and weakens their present reworking of the sandy deserts. In this assessment, we observed that the bulk of the examined aeolian formations in the study area was stable, including the active zone that was not devoid of sparse vegetation or vegetation-crust blends that do not interfere with the operation of the dunes or results in semi-stabilized sands, as commented by Maman et al. (2011). Because of the high precipitation rate during the past 120 years (150–400 mm/yr), in a gradient from west to east, low wind-drift potential (DP<100VU) and moderate wind regime (RDP/DP ∼ 0.4), the growth of vegetation and biogenic crusts improved (Ashkenazy et al., 2011; Maman et al., 2011) in the entire region. Once established, they will most likely provide long-term stability to the underlying aeolian arrangements (Neuman and Maxwell, 1999; Argaman et al., 2006; Ashkenazy et al., 2011; Maman et al., 2011). This is further supported by climate change studies and the scenarios of the interaction between biogenic crust with the available CO2 in the atmosphere (Ashkenazy et al., 2011). In KKCAD, such scenario coincides with the report of Lioubimtseva et al. (2005) on the increased proliferation of biogenic crusts over the past several decades in the Karakum Desert, as the crust consumes CO2 to flourish. Previous studies have shown that the crust, composed of cyanobacteria, algae, lichen, and mosses, is not a rare formation in the world’s sand seas (Maman et al., 2011), and a distinct feature of the main sand seas is the presence of considerable regions of stabilized dunes on their margins, most of which were active during the last glacial maximum (LGM) (Sarnthein, 1978; Sarnthein et al., 1981; Pye and Tsoar, 2009). For example, both the Kalahari Basin and Australian dunes are covered with biogenic, primarily cyanobacterial crusts (Hesse and Simpson, 2006; Thomas and Dougill, 2006; 2007; Ashkenazy et al., 2011), that are most likely to be further developed and impacted by changes in the future climate. As the Karakum and Kyzylkum deserts are dominated by both vegetation and crusts, which blanket dominant NNW-SSE and N-S trends of dunes, the emergence of active patches determined in randomly isolated and stable locations is unknown and has previously been questioned by Maman et al. (2011). One of the assumptions is that crust was eroded from fully stabilized sandy lands creating active patches as a result. According to Ashkenazy et al. (2011), biogenic crusts can withstand strong winds (up to 30 m/s), without experiencing erosion (Neuman and Maxwell, 1999; Argaman et al., 2006), survive in a dormant mode in drought conditions, and return to active growth and development within a few hours after rainfall (even if the precipitation is low). Still, the type of driving climatic forces that can erode a biogenic crust and lead to the reactivation of dunes remains unclear. New studies on dunes bistability suggests different mechanisms for active-stable dunes coexistence in the same geographic area where phenomenon cannot be explained using hysteresis curve theory (Tsoar, 2005), discussed further in the text.
5.2 Climate and paleoclimate intersects
The aeolian sand and loess deposition in KKCAD suggest the increase in the strength and intensity of wind activity during the LGM, which boosted the aeolian transport and the formation of mega aeolian dunes (Maman et al., 2021). Previous studies have proposed that the Mid-Holocene transition from dry and cold to more humid and warm conditions, with low wind power (McGee et al., 2010), led to changes in the current landscapes of Central Asia, and thus the Karakum and Kyzylkum sand seas. Dodonov and Baiguzina (1995) suggested a model centered on the glacial-interglacial cyclicity of the Asiatic high (Siberian-Mongolian) and the westerlies during the Pleistocene period. According to Maman et al. (2021), cold winds flowed from the Northern European ice sheet to the south during glacial eras, which may explain the current dune direction in the study area. As the wind force was not adequate to produce sand movement or inhibit plant germination, even during the Mid-Holocene, dune stabilization was initiated in the region. Furthermore, the wetter environment and greater precipitation promoted vegetation and the production of biogenic crusts (Maman et al., 2011), which helped stabilize the dunes (Kidron et al., 2010). Studies on the lake sediments in Central Asia demonstrated a considerable rise in the effective moisture content between 8 ka and 4 ka during the mid-Holocene period (Chen et al., 2008; Rudaya et al., 2009). The OSL dates reported by Maman et al. (2021) did not match the clusters of sand-deposition ages reported in other studies (Li et al., 2002; Zhou et al., 2008; He et al., 2010; Roskin et al., 2011b; Li and Fan, 2011; Fitzsimmons et al., 2020), that indicated the initiation of dune stability during the Early or Late Holocene period. Fitzsimmons et al. (2020) reported only one OSL date for the Moyunkum Desert (southern Kazakhstan), which is consistent with the period of dune activity in the KKCAD. The longitudinal axes of the linear dunes reported in the western section of Moyunkum were generally oriented north-south, trending somewhat to the east, which corresponded to the orientation of the VLDs observed in the KKCAD region. Thus, we could conclude that the climate of the Moyunkum desert, north-east of the KKCAD, was and is virtually the same as that responsible for the dune formation and activity in the KKCAD. Compared to our study, dunes in Khartouran Erg (norteastern Iran) revealed similar wind performances. There, erosive winds are indicative of a low-energy environment (Rahdari and Rodríguez-Seijo, 2021) and predominantly enter from the eastern and northern directions with a directionality index ranging between 0.3 and 0.6. While wind-carried sand has a southwest trajectory, authors suggest that sand dunes have been fixed for a long time historically. Such observation coincides with our results for the KKCAD region. In contrast, in the Registan sand sea (southwestern Afghanistan), the present climatic conditions differ drastically and represent unimodal wind regimes, presently reworking barchanoid dunes of different sizes along the region (Abbasi et al., 2018).
Finally, the great majority of the KKCAD is represented by complex and compound linear forms, stabilized by blends of vegetation and biogenic crusts. Where dunes are seen as active, they rarely appear in simple forms and are usually superimposed on top of other linear or barchanoid dunes. In contrast to extremely complex stable formations, the mechanism for active dunes formation is known and in line with calculated drift potentials and general wind interactions with active linear profiles. Other active forms identified in the area stand for barchans and barchanoid ridges, with the exception of discussed stabilized barchanoid field in Karakum desert. Thus, the Karakum and Kyzylkum deserts are accepted as relicts of a former sand sea.
When it comes to previously discussed active-stable dunes coexistence, a recent study by Xu et al. (2020) showed different paths of recovery and collapse of vegetation at system-wide scales, implying that hysteretic behavior occurs in spatially extended systems which supports coo-existence of active and stable dune fields in small proximities. They suggested that the exact timing of changes in dune state at individual sites can be determined by numerical dating (e.g., OSL dating technique) and that a careful site-specific reconstruction of temporal changes in dune activity at individual sites or the cluster of multiple well-dated dune records will reveal the temporal pattern of dune field activity during the past 12,000 years and substantial differences in dune state shifts between individual sites. In that regard, studies on biogenic soil crusts in Central Asia are generally limited (Büdel, 2001) and only a few sites are well-documented and dated (Chandler, 2015; Pye et al., 2019; Hu et al., 2021; Maman et al., 2021), thus precise conclusion on shifts between states of stability of dunes in KKCAD requires precise and careful field assessments and modeling. This hinders our ability to derive precise links and discuss temporal variations between the present and paleo-wind characteristics in active zones of KKCAD and determine the eventual periods of patch reactivations at individual sites.
5.2.1 Aeolian-fluvial interactions
As it splits two sand seas, the Amu-Darya is assumed to be the most important river and agent in aeolian-fluvial interactions for the KKCAD region. The local name of the Amu-Darya River is “Jeikhun” or “mad”, which is explained by river’s dynamical nature throughout history, as well as its ability to shift and modify its course and destroy riverbanks in sudden events. According to Berkovich et al. (1973), in 1898 in the upstream near Kerki town, Amu-Darya washed 10 m of the riverbank for 6 min, followed by an event in 1932 when it washed 500 m of the bank near Turtkul town. Amu-Darya River is characterized by low bed stability and a very large volume of sediments. One of the important factors specific to the Amu-Darya is a decrease of sediment volume downstream as a result of their accumulation, which causes systematic increase of the bottom of the channel (Berkovich et al., 1973) and may influence processes around, as river splits two sand seas. Separate sandy ridges, stretched along the dominant direction of the wind, move from the terrace to the floodplain, crossing the curved shapes of the manned floodplain relief. Barchans invade the left bank floodplain, descending from the watershed plateau (Chalov, 2022).
Maman et al. (2021) reported that most of the sand samples collected for OSL measurements, showed unimodal distributions typical of aeolian sand and are classified as fine to very fine sands. All samples displayed positive skewness values indicating that the distribution has a more pronounced tail of fine material compared with a log-normal distribution (Pye and Tsoar, 2009), which corresponds to dune sand and river sand sources that are positively skewed (Besler, 2008). Sand samples taken in the eastern sands of KKCAD were well to moderately well sorted with values lower than or close to unity, while the western samples were moderately to very poorly sorted (Maman et al., 2021), which may be attributed to their relative proximity to the source of the sand (Pye and Tsoar, 2009), the Amu-Darya River that drains the Pamir mountains.
Petrov (1976) described the KKCAD as alluvium-aeolian sands. Tectonic activity in the Central Asian area decreased throughout the Quaternary when alluvial deposits were modified by aeolian activity (Atamuradov, 1994). According to Atamuradov (1994), the area’s climate alternated between humid and arid during the Quaternary, and the level of the Caspian Sea fluctuated as well, affecting the course of the Amu-Darya River when aeolian bedforms emerged.
Study of the transition from dune environment to the fluvial dominated environment in the Negev Desert in Pleistocene-early Holocene showed the sensitivity of sandy river margins to the alternation of aeolian-fluvial processes. Aeolian domination occurs when wind power increases, while increasing fluvial activity under humid conditions of early-Holocene, led to sedimentation in water bodies (Robins et al., 2022). Thus, it can be assumed that active dunes—times of aeolian domination blocked watercourses in the KKCAD while stabilization times, lead to a return to fluvial domination at present days.
5.3 Unique dune types in the region
The parabolic bowl-shaped dunes seen in satellite imagery and referred to as “parabolic” by Maman et al. (2021) differ from the information of such dunes in other regions, especially when using high-resolution data. Notably, in this study, these dunes were almost evenly spread over an area that exceeded 30,000 km2, with the diameter ranging from 30 to 300 m (average), portraying a distinct vegetated perimeter (in the form of a bounding ring), without a flat surface in the center (Figure 13). They may represent some revered forms of parabolic dunes, reworked by the generation of winds and currently stabilized by the contemporary ones. These structures registered in eastern Kyzylkum must be further analyzed in field data acquisition, in order to explore their potential linkage to the existing aeolian literature or announce them as novel.
As no detailed geomorphological studies of honeycomb dunes on the Earth have been identified, we find these bedforms to be extremely interesting, analogous to the honeycomb dunes observed by the National Aeronautics and Space Administration (NASA) Mars Reconnaissance Orbiter High Resolution Imaging Science Experiment (HiRISE)6. Their patterns have been compared with those identified in the KKCAD region (Figure 13). However, the Martian dune fields seem to represent active aeolian forms, whereas stabilized and predominantly crusted, and somewhat partially active forms, were observed in the KKCAD region in this study. Note that NASA suggests that this type of dune form does not originate as wind-blown dunes, interpreting the polygons as evidence of a dried-up lake7. As the honeycomb pattern is seen further south in regions of the Sarygamish Lake and the Aral Sea, we could conclude that the same environmental mechanism could be responsible for their development on the Earth. Similar reticulated structures identified in different areas on Mars are termed “networking dunes”, although mentioned structures are considered there as complex star formations, or some form of reversing transverse dunes, formed by the stronger multidirectional winds (Keszthelyi et al., 2008; Kerber & Head, 2011; Hargitai, 2014). It could be suggested that existence and geomorphological appearance of these dunes structures on Mars should be examined in relation to present and paleo aeolian forms and climatic performances on Earth (e.g., those discussed for KKCAD).
6 CONCLUSION
To evaluate the winds in the region, their necessary forces and trajectories to produce sand germination and support present alignment to the underlying dune orientation, we utilized the processing and fusion of numerous different forms of data types, statistical processing methods, GIS analysis, and satellite imaging observations.
The crucial phase addressed by this study was the performance assessment of both the data sources, as the majority of current aeolian studies concerning wind spatiotemporal performances in the world’s deserts either apply the wind data derived from discrete locations (weather stations) or from reanalysis models. Reanalysis models are known to exaggerate or underestimate wind speeds. However, for this site, we chose the ERA5 dataset as a more credible wind data source, as it offers an alignment between the estimated RDDs and orientation of active morphologies.
Through multidimensional raster analysis, we present a novel method for examining the drift potential of aeolian deserts. Apart from shoreline and takyr area, the calculated DP values over the KKCAD region portray a predominately negative trend of change over the previous 7 decades, suggesting that these sand seas will eventually entirely stabilize. Throughout the same statistical period, 93% of the region was part of a low-energy environment (<200 VU).
The morphological categorization of the dune types in the KKCAD revealed a complex mosaic of dunes of various forms and generations. Such complexity develops because dunes of various sizes respond to changing wind patterns at varying speeds, resulting in morphologies that symbolize the integration of partial geomorphological adjustment to a plethora of past wind occurrences (Pye et al., 2019; Hu et al., 2021). The strength of the present wind that flows from the North and Northeast directions in the Central Asian deserts is substantially lower than that of the historic prevailing winds, resulting in the stability of the region’s massive aeolian morphologies. Thus, the dune shape, orientation, level of complexity, and various levels of bed stability in the Karakum and Kyzylkum deserts suggest that several dune generations evolved through a series of rework and stabilization of older sands.
This study explored the novel dune types identified in the study area that could not be related to the existing aeolian literature on active and stable aeolian dune forms. With minor exceptions in the study region, we demonstrated that the dunes in the Karakum and Kyzylkum regions exhibit distinctive characteristics reminiscent of relict environments. We conclude that the current alignment of dune orientations, with the calculated resultant drift directions and powers, should be further examined in relation to paleoenvironmental conditions and additional OSL dating, at a sufficient spatial resolution, applicable to the large extent of the KKCAD. The dynamics of the contemporary stabilization could be eventually assessed, by tracking the dynamics of the biogenic crusts and the anthropogenic/environmental disturbances, which for areas of vast extents, such as sand seas, can be carried out using satellite imagery, time-series analysis and machine or deep learning modeling. Furthermore, we suggest that multidimensional data mining methods applied in this study can be used to analyze the relationship between aeolian geomorphology and climate in other arid or non-arid world regions.
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