[image: image1]Quantitative Study on Morphological Characteristics of Barchan Dunes in Yamarak Desert, China

		ORIGINAL RESEARCH
published: 29 March 2022
doi: 10.3389/feart.2022.861991


[image: image2]
Quantitative Study on Morphological Characteristics of Barchan Dunes in Yamarak Desert, China
Jia Guang-Pu†,, Yang Guang*, Han Xue-Ying†, Zuo He-Jun and Yao Yun-Feng*
College of Desert Control Science and Engineering, Inner Mongolia Agricultural University, Hohhot, China
Edited by:
Faming Huang, Nanchang University, China
Reviewed by:
Bin Yang, Northwest University, China
Yang Zhang, Xi’an Jiaotong University, China
Nabil Embabi‬‏‬‬‬‬‬‬‬‬‬‬‬‬‬‬, Ain Shams University, Egypt
Carlos Alvarez Zambrano, University of California, Los Angeles, United States‬
* Correspondence: Yang Guang, yg331@126.com; Yao Yun-Feng, 18904718855@163.com
†These authors have contributed equally to this work
Specialty section: This article was submitted to Environmental Informatics and Remote Sensing, a section of the journal Frontiers in Earth Science
Received: 25 January 2022
Accepted: 11 March 2022
Published: 29 March 2022
Citation: Guang-Pu J, Guang Y, Xue-Ying H, He-Jun Z and Yun-Feng Y (2022) Quantitative Study on Morphological Characteristics of Barchan Dunes in Yamarak Desert, China. Front. Earth Sci. 10:861991. doi: 10.3389/feart.2022.861991

Although scholars have conducted many studies on barchan dunes in deserts and sandy areas around the world, few studies have been conducted on the morphological characteristics and changes in movement patterns of barchan dunes in the Yamarak Desert, China. To assess the changes in and movement patterns of these dunes, As well as the impact on the wind-sand hazards and geohazards around the study area, we selected several typical barchan dunes of different sizes in the Yamarak Desert and measured and calculated their morphologies using a combination of a 3-D laser scanner (RIEGL VZ-2000) and remote sensing image interpretation. The results show that the average coverage of the barchan dunes in the Yamarak Desert was 37.19%. Moreover, 62.81% of this area was covered by interdune sites. The movement velocity of the barchan dunes in this study area was 0–20 m/a, with an average movement velocity of 8.45 m/a. Of these dunes, 44.18% were fast-dominated dunes, 37.20% were particularly fast-dominated dunes, and 18.62% were moderately fast-dominated dunes. The barchan dunes moved in the 95–130° direction, which was basically consistent with the main wind direction of the area. The determination and function fitting of the barchan dune morphology shows that the correlation coefficients between all of the morphological parameters are greater than 0.8, except for the degree of spread and the symmetry of the two wings. We suggest adding the influences of other factors affecting barchan dunes and dune chains in the Yamarak Desert in future studies and paying attention to new wind-sand hazards and geohazards in the downwind corridor.
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INTRODUCTION
As a sub-discipline of geomorphology, wind and sand geomorphology specializes in the study of morphological features, spatial combinations of landforms, and their formation and evolution processes under the action of wind. The morphology and formation processes of wind-sand landforms are the core content of wind-sand geomorphology research; and its theoretical basis is that the process determines the morphology, and the morphology reflects the process (Tsoar, 1974; Lancaster, 1995; Dong Z. et al., 2011). Sandy landforms are landforms formed by wind erosion, transport, and accumulation of loose sand material on the surface, among which sand dunes are a common type of sandy landform (Wu, 1987).
Barchan dunes are evolved from shield-shaped sand dunes (Embabi and Ashour, 1993). Because the sand piles make the ground undulate, when the wind sand flows through the sand piles, the wind speed near the ground changes, which makes the air pressure distribution different. At the top of the sand pile, the wind speed is high and the air pressure is low. On the leeward slope, the wind speed is low and the air pressure is high. The airflow from the top of the sand pile and around the two sides of the sand pile generates eddy on the leeward slope of the sand pile, which accumulates the sand grains on the two sides behind the sand pile, forming horseshoe-shaped small depressions on the leeward slope of the sand pile. Sand dunes are an important, unique, and complex ecological, topographic, and physical system (Bagnold, 1941; Pye and Tsoar, 1990; Lancaster, 1995; Joanna and Nield, 2008; Parteli et al., 2009; Reffet et al., 2010; Goudie and Viles, 2014; Lorenz and Zimbelman, 2014). About 20% of the desert area is covered by sand dunes, some of which endanger human settlements, agricultural land, and roads (Dong Z. B. et al., 2011). Their movement is also a major form of desertification movement in addition to desert spreading and dust storms. Sand dune morphology and distribution characteristics are the products of the interactions and dynamic balance between the regional wind, sand sources, and plants, and they are important for discerning regional wind conditions, changes in the sand transport potential, and research on sand dune dynamics (Arens et al., 2004).
The morphology and dynamics of sand dunes depend on the wind direction, wind speed, and inflowing sand (Alvarez and Franklin, 2019). Sand dunes refer to the landform of sand dunes formed by the transportation and accumulation of wind. According to the shape, it can be divided into barchan dunes and dune chains, longitudinal dunes, honeycomb dunes, parabolic dunes and so on, and according to the degree of flow, it can be divided into fixed dunes, semi-fixed dunes and mobile dunes. Barchan dunes are the most common type of dune morphology. Barchan dunes are formed under the influence of unidirectional winds, low sand sources, and sparse vegetation, with a crescent-shaped planar shape, wing angles pointing downwind, and an inner slip surface (Reitz et al., 2010), and they are the most widely distributed and simplest type of wind-sand landform in deserts worldwide (Herrmann and Sauermann, 2000; Andreotti et al., 2002a; Hersen, 2004; Hersen and Douady, 2005; Andreotti and Claudin, 2007; Parteli et al., 2007; Durán et al., 2009; Durán et al., 2010; Burrough et al., 2012). The formation and development of the wind-sand interactions, evolutionary mechanism, and dune distribution have received wide attention from the wind-sand physics community. A wide range of scholars have studied and explored the morphology and distribution patterns, sediment composition, and dynamic processes of sand dunes (Yizhaq et al., 2004). The research methods mainly include field measurements, remote sensing image analysis, numerical simulation and theoretical analysis, wind tunnel simulations of wind-sand environments, and underwater simulations (Assis and Franklin, 2020; Alvarez and Franklin, 2017; Alvarez and Franklin, 2020; Bacik et al., 2020; Yang et al., 2020; Ling et al., 1998; Hersen et al., 2002; Ren et al., 2010; Qu et al., 2011; Jiao et al., 2013; Hanoch et al., 2018; Zhang et al., 2018; Zhou et al., 2019; Alvarez and Franklin, 2019; Zhang et al., 2019; Zhang et al., 2014). Studying the movement and morphology of barchan dunes in desert areas has practical significance for sand control.
As a type of moving dune, the movement direction of barchan dunes can indicate the direction of the surface material transport and the movement speed can be used to estimate the quantity of sand material transport, all of which provide important reference indicators for wind and sand control projects (Dong et al., 2008; Wang et al., 2009; Diniega et al., 2010; Koprowski et al., 2010; Bristow et al., 2019; Zhu et al., 2021; Tsoar et al., 2004). The study area of this project was the Yamarak Desert, which is located in the territory of the Alashan League. This area has a long distribution range and a dune morphology dominated by barchan dunes and barchan dune chains. A large number of independent barchan dunes are distributed in the interior of the desert. Studying the formation mechanism of the desert, the morphological structure of the dunes, and the migration pattern of the dunes is of great value (Yang et al., 2019; Zhou et al., 1990; Zhu et al., 1964). With the improvement of modern monitoring technology, remote sensing images are gradually applied in the fields of geological landslide monitoring (Huang et al., 2021), landslide sensitivity prediction (Zhu et al., 2021), risk assessment (Huang et al., 2020), desert environment monitoring and so on. However, remote sensing images can usually only be used to monitor parameters such as the location and shape of dunes, and satellite images or aerial images cannot be used to directly determine the surface area of dunes, dune volume, dune height, and dune migration rate.
In this study, a dune digital elevation model (DEM) was constructed using field measurements and high-definition remote sensing images from past years. The dune related parameters were extracted, the correlations between parameters were established, and the dune migration pattern in the Yamarak Desert was explored. The results of this study provide a theoretical basis and technical support for remote sensing dune monitoring and rapid 3-D simulation of dunes, as well as a reference for sand damage management.
STUDY AREA
Meteorological Conditions and Location
The Yamarak Desert (103°50′48″–105°27′28″ E, 39°35′23″–41°2′45″ N) is located on the northeastern part of the Alashan Plateau (Figure 1), northwest of the Helan Mountains. The topography is high in the east and low in the west. It is about 186 km long from east to west and 10–30 km wide from north to south, covering an area of 5,600 km2. Mobile dunes account for about 80% of this area and fixed and semi-fixed dunes account for 20%. The dune morphologies mainly include independent barchan dunes, barchan dune chains, and monopolies, followed by undulating sands. The climate of the region is controlled by the westerly circulation all year round. The area has a typical mid-temperate continental climate with scarce precipitation, an annual average precipitation of 102.9 mm, an annual maximum precipitation of 150.3 mm, an annual minimum precipitation of 33.3 mm, an annual average temperature of 7.8°C, an absolute maximum temperature of 39°C, an absolute minimum temperature of −29.6°C, an annual average evaporation of 2258.8 mm, and a frost-free period of 168 days. The daylight hours are 3,181 h, the solar radiation is 150 kcal/cm2, the prevailing wind direction is southwest, the main harmful wind is the northwest wind, the weather is windy, the annual average wind speed is 4.1 m/s, and wind and sand hazards are the main natural disasters. The light and heat resources are abundant, and the development of agriculture has potential advantages.
[image: Figure 1]FIGURE 1 | The location of the study area and the types of dunes. Note: panel (A) shows the specific location of the study area, panel (B) shows the main types of sand dunes in the study area, and panel (C) shows that the topography of the sub-marek desert is high on both sides and low in the middle, forming a “narrow pipe”-like appearance.
Vegetation Condition
The vegetation is mainly gravelly and sandy gravelly desert vegetation, and the plant species are mainly cathead spurge, small-leaved anemone, small-fruited white spurge, white sand artemisia, and sand needle grass. In addition, there are also valuable ancient relic species such as the national protected Mian Thorn and Bacopa monnieri plants (Yang et al., 2016).
METHODS
Dune Density Determination
The barchan dune morphology in the study area is mainly divided into three types (Herrmann et al., 2005; Parteli et al., 2014; Tsoar and Parteli, 2016) (Figure 1B): symmetric barchan (c1), bimodal dunes (c2), and Seif dunes (c3 and c4). Two profile lines (d1–d2 and d3–d4) were selected using high-resolution remote sensing images of the desert area, with the DEM perpendicular to the desert direction as the reference elevation; and the topographic variations in the desert and on both sides were extracted using the profile analysis tool in ArcGIS15.0 (Figure 1C). As can be seen from Figure 1C, the topography along profiles d1–d2 and d3–d4 is low in the middle and high on both sides. The Malagai Mountains and the Yingen Ula Mountains are to the northeast of the desert, and the Alaten Mountains are to the southwest of the desert (Ning and Wang, 2018), resulting in the location of the Yamarak Desert serving as a ventilation corridor, and its northwest trend is consistent with the trend of the Badain Jaran Desert, which provides a rich source of sand material for the formation of this desert.
Three sample lines (e1, e2, and e3) were laid out along the northwest-southeast direction in the desert using satellite images from China Resources III-02 acquired in 2019. The lengths of the three sample lines were measured, and the lengths of each barchan dunes were measured. The cumulative lengths of the dunes were calculated on each sample line, the dune density on each sample line was calculated according to the cumulative lengths of the dunes, and the dune density on the three sample lines was calculated. The average density of the dunes on the three sample lines was taken as the average density of the Yamarak dunes, which is given by the following equation:
[image: image]
where [image: image] is the dune density, [image: image] is the dune length (m), [image: image] is the length of the sample line (m), [image: image] is the number of sample lines, and [image: image] is the number of dunes.
Morphological Characteristics of Barchan Dunes
The morphological characteristics of the barchan dunes in the study area were used to select different morphological feature discriminative parameters and to establish quantitative feature discriminative indexes for the barchan dunes. According to the definition in Figure 2C, the morphological parameters of barchan dunes are described. The extracted parameters include the inner arc length of the dune (Li), the outer arc length of the dune (Lo), the ridge length of the dune (Lr), the projected width of the dune (L), the dune height (H), the chord length of the dune (Lc), the expansion degree of the two wings (De), the symmetry degree of the two wings (Ds), the projected area of the dune (Ap), the surface area of the dune (As), and the volume of the dune (V). The degree of symmetry of the two wings = [(distance from the left measured point to the reference point) − (distance from the right measured point to the reference point)]/2.
[image: Figure 2]FIGURE 2 | Schematic diagram of the extraction of the morphological parameters of the barchan dunes. Panel (A,B) represents the field measurement of sand dunes, and panel (C) represents the schematic diagram of morphological parameters of sand dunes.
Determination of Morphological Characteristics of Barchan Dunes
The RIEGL VZ-2000 was used to measure the barchan dunes in the Yamarak Desert at a distance of over 2000 m, with a target reflectivity of ≥90%, a laser emission frequency of up to 950 kHz, a scanning field of view of 100° × 360°, and scanning parameters, including the field of view, laser emission frequency, and effective measurement frequency. All of these parameters can be set. The fixed period was from 2013 to 2019, and a total of 74 barchan dunes were measured. First, color-corrected control points were placed in different parts of the dunes, a 3-D laser geomorphology scanner was placed in the inter-dune area to scan the morphological features of the dunes, and the scanned data were imported into the Riscan pro laser point cloud processing software for pre-processing data stitching and post-processing, including denoising, vector data creation, feature point (line) retention, vegetation filtering, data thinning, and datum point generation. Then, the pre-processed point cloud data were imported into the ArcGIS15.0 software to create a DEM map of the barchan dunes. Finally, the 3-D analysis module in ArcGIS15.0 was used to extract the morphological parameters of the dunes and to create Figures 2A,B. The 3-D laser geomorphology scanner measurements of the barchan dunes in the Yamarak Desert were obtained in situ.
Correlation Analysis and Movement Rule
MATLAB was used to correlate the extracted morphological parameters of the dunes; and based on the results, Origin2017 Pro was used to fit the morphological parameters to each other. The typical independent barchan dunes were selected, and Google Earth was used to extract the locations of the dunes in different years and to calculate the dune movement direction and the average annual movement distance of each dune (d). According to the dune movement grading method of (Zhu et al., 1981), the dune movement speed in the Yamarak Desert was classified into four classes: slow (<1 m/a), moderate (1–5 m/a), fast (>5–10 m/a), and especially fast (>10 m/a). The average annual movement rate of the dune was fitted to the dune height, dune projection area, and dune volume using Origin2017 Pro.
RESULTS
Description and Analysis of the Shape and Density of Barchan Dunes
Using field data and remote sensing data, descriptive statistics on the shape and density of barchan dunes are carried out respectively. Understanding and mastering the overall situation of dunes in the study area is more conducive to the subsequent study and classification of barchan dunes.
The Data Characteristics of Parameters of Barchan Dunes
Since some of the dunes in the study area did not exhibit the typical characteristics of barchan dunes due to fusion or separation effects with each other, which caused the original dunes to become larger dunes or dune chains, the dunes that exhibit the typical characteristics of barchan dunes were selected for the study in dune selection process, and the Origin2017 Pro data analysis software was used to perform descriptive statistical analysis of the parameters and to obtain a preliminary understanding of the dune morphology, including the distribution, degree of dispersion, outliers, anomalies, and extreme values of the parameters.
As can be seen from Table 1, the data characteristics of the parameters of the barchan dunes were analyzed. As can be seen from the results shown in Figure 3A, the distribution span of Li is 687.26 m, the minimum value is 124.31 m, and the maximum value is 811.57 m, which is mainly due to the formation of large dunes via mutual fusion between adjacent dunes through wind and sand action. The standard deviation of the Li values is 179.68 m, which indicates that most of the arc lengths within the dunes differ significantly from the mean value, and their distributions are more dispersed. The skewness of the Li values is 0.79, indicating that the symmetric distribution form of Li is right skewed, and the tail trails farther on the right side. The kurtosis of the Li values is −0.28, indicating that the steepness of the arc lengths within the dunes is flatter than the normal distribution form. As can be seen from Figure 3B, the distribution span of Lo is 971.64 m, the minimum value is 236.86 m, and the maximum value is 1208.50 m. The main reason for this is also dunes fusing with each other to form larger dunes. The standard deviation of the Lo values is 273.52 m, which indicates that its distribution is more dispersed. The skewness of the Lo values is 0.56, which indicates that the symmetric distribution form of the dunes’ outer arc lengths is right skewed. The kurtosis of the Lo values is −0.78, which indicates that the steepness of the arc length inside the dune is flatter than the normal distribution form.
TABLE 1 | Morphological parameter data characteristics of crescent-shaped sand dunes.
[image: Table 1][image: Figure 3]FIGURE 3 | Descriptive analysis of the morphological parameters of the crescent-shaped sand dunes.
As can be seen from Figures 3C–H, the data distributions of the parameters Lr, Lc, H, De, Ds, and Ap span 759.49 m, 242.36 m, 20.99 m, 63.20 m, 178.43 m, and 139197.59 m2, respectively, which is also mainly due to the fusion or separation effects between dunes. The standard deviations of the values of the parameters Lr, Lc, H, De, Ds, and Ap are 194.53 m, 55.73 m, 6.08 m, 13.56 m, 42.45 m, and 31009.99 m2, respectively, indicating that their data distributions are more dispersed. The skewness values of the parameters Lr, Lc, H, De, Ds, and Ap are 0.75, 0.84, 0.67, −0.15, 1.71, and 1.42, respectively, indicating that their data are symmetrically distributed, except for parameter De; and the symmetric distribution of which is right-skewed, except for the parameter Lr. The kurtosis values of the parameters Lr, Lc, H, De, Ds, and Ap are −0.30, 0.20, −0.68, −0.19, 2.17, and 1.94, respectively, indicating that the steepness of Lr, H, and De is flatter than the normal distribution form, and the steepness of Lc, Ds, and Ap is steeper than the normal distribution form.
Descriptive Analysis of Dune Density
Before the correlation analysis of each dune parameter was performed, the abnormal values of each parameter needed to be removed. As can be seen from Figure 4, the lower and upper ends of the box represent Q1 and Q3, respectively, and the spacing between them (i.e., the interquartile range, IQR) represents 50% of the values falling between the IQR. When the spacing between the values and Q3 exceeds 1.5 times the IQR, the value is identified as abnormal data and is rejected or specially treated. As can be seen from Figures 4G,H, for parameters De and Ap, six and two data points were eliminated, respectively, before performing the correlation analysis.
[image: Figure 4]FIGURE 4 | Box line diagram of the morphological parameters of the crescent-shaped sand dunes.
As can be seen from Table 2, the dune coverage in the desert was determined using the sample line method. The lengths of sample lines d1, d2, and d3 were 59022.03 m, 58961.47 m, and 59264.54 m, respectively, the cumulative lengths of the dunes on these sample lines were 22587.03 m, 22113.14 m, and 17657.7 m, respectively, and the cumulative lengths of the dunes on these sample lines accounted for 38.27%. The average coverage of the barchan dunes in this desert was 37.19%. Moreover, 62.81% was covered by interdune land covered with low and sparse shrubs and a large amount of coarse gravel, which was also an important factor in the barchan dunes remaining independent.
TABLE 2 | Dune density and interdune bottomland density.
[image: Table 2]Dependence Between Various Morphological Parameters of the Sand Dunes
The correlation analysis results for the morphological parameters of the dunes are shown in Figure 5. It can be tentatively concluded that the correlation coefficients of parameters De and Ds are less than 0.2, while the correlation coefficients between De and Ds and the rest of the parameters are less than 0.6. Excluding De and Ds, the correlation coefficients between the other morphological parameters are very strong (>0.8).
[image: Figure 5]FIGURE 5 | Correlation analysis of the morphological parameters of the sand dunes.
The results of the function fitting relationship of the morphological parameters of the sand dunes are shown in Figure 6. The extracted morphological parameters of the measured dunes were plotted, and it was found that Lo and Lr both exhibit smaller power function trends with increasing Li, with R2 values of 0.9545 and 0.9965, respectively (Figure 6A). The correlations between Li and L and between Li and H exhibit a small decreasing trend, with R2 values of 0.7425 and 0.6772, respectively (Figure 6B). There is a decreasing power function trend between parameters Li and Lc, with an R2 value of 0.7425, and there is an increasing power function trend between Li and V, with an R2 value of 0.8383 (Figure 6C). There are increasing power function trends between Li and both Ap and As, with R2 values of 0.8298 and 0.8470, respectively (Figure 6D). There are decreasing power function trends between Lo and both L and H, with R2 values of 0.8788 and 0.7153, respectively (Figure 6E). There are increasing power function trends between Lo and both Ap and As, with R2 values of 0.9618 and 0.9609, respectively (Figure 6F). There are decreasing function trends between Lr and both L and H, with R2 values of 0.8336 and 0.8457, respectively (Figure 6G).
[image: Figure 6]FIGURE 6 | Correlations between the various morphological parameters of the sand dunes.
There is a decreasing power function trend between Lc and Lo, with an R2 value of 0.8795, and there is an increasing power function trend between Lc and Lr, with an R2 value of 0.8090 (Figure 6H). There are increasing power function trends between Lr and both Ap and As, with R2 values of 0.8862 and 0.9005, respectively (Figure 6I), showing a good fitting relationship. There are decreasing power function trends between V and both Lo and Lr, with R2 values of 0.9586 and 0.9217, respectively (Figure 6J). There are increasing power function trends between L and both Ap and As, with R2 values of 0.9271 and 0.9195, respectively (Figure 6K). There is an increasing power function trend between L and V, with an R2 value of 0.8877, and there is a decreasing power function trend between L and H, with an R2 value of 0.8092 (Figure 6L). There are increasing power function trends between Lc and both Ap and As, with R2 values of 0.9179 and 0.9208, respectively (Figure 6M). There are decreasing power function trends between V and both Ap and As, with R2 values of 0.9665 and 0.9785, respectively (Figure 6N). There are increasing power function trends between Lc and both V and L, with R2 values of 0.8877 and 0.9987, respectively (Figure 6O).
Relationship Between Velocity and Shape Parameters
Barchan dunes of different sizes in the Yamarak Desert were selected, and the rate of the dune movement was calculated by measuring the distance travelled by the dunes using surrounding fixed points (brazier or scrub) as references. By calculating the movement rate of the dunes, the percentage of the dunes that moved predominantly fast was found to be 44.18%, the percentage of dunes that moved especially fast was 37.20%, and the percentage of dunes that moved at moderate speed was 18.62%. The overall average movement rate of the dunes was 8.45 m/s. The width of the dunes ranged from 50 to 250 m, the volume of the dunes ranged from 0.5 × 105 to 8 × 105 m3, the height of the dunes ranged from 5 to 13 m, and the direction of movement of the dunes ranged from 95° to 130°. As can be seen from Figure 7, the movement rate of the dune exhibited a gradually decreasing power function trend increasing dune width, with an R2 value of 0.6678. The rate of movement of the dunes exhibited a gradually decreasing power function with increasing dune volume, with an R2 value of 0.7708. The rate of movement of the dunes exhibited a gradually decreasing power function with increasing dune height, with an R2 value of 0.6990.
[image: Figure 7]FIGURE 7 | The correlations between the length of the dune, the height of the dune, the volume of the dune, and the direction of movement.
DISCUSSION
Effects of External Factors on Crescent Dunes
According to previous research results, barchan dunes are the most basic type of landforms in wind and sand landscapes, and their movement characteristics have received wide attention from scholars at home and abroad (Zhao et al., 1993; Li, 1994; Stam, 1997; Andreotti et al., 2002b; Wu et al., 2011). Barchan dunes are one of the fastest moving dune types. their movement direction can indicate the migration direction of sand materials, and their movement speed can characterize the loss of sand materials, which can be used as the main reference index for wind and sand fixation projects. The movement of barchan dunes is influenced by many factors, including the abundance of sand sources, vegetation coverage, topographic relief, wind conditions, and human activities (Yizhaq et al., 2007). In addition, the study methods and scale of the dune movement are different. The study area is mostly vegetated scrub and inter-dune bottomland, except for sand dunes (62.81% coverage), which is one of the important factors slowing down the dune movement.
Some scholars believe that barchan dune movement is a constant equilibrium state (Hersen, 2004), while others believe that barchan dune movement is a non-equilibrium state that is mainly controlled by the two wing angles of the dune and the stable polygon formed at the top of the dune (El belrhiti and Douady, 2011). However, some scholars believe that barchan dune movement is an always changing process (Yang et al., 2014) and is a geomorphic activity controlled by multiple factors, the change of any one of which will directly affect the morphology of the barchan dune.
Influence of Internal Factors on Crescent Dunes
According to the results of this study, the correlation coefficients among the morphological parameters of the barchan dunes indicate that they are closely related, except for the correlation coefficients between the degree of spread and the symmetry of the two wings and the other parameters, which are less than 0.6. The correlation coefficients between the other parameters are greater than 0.8. The dunes were analyzed using actual field measurements, and the rate of the movement of the barchan dunes in the study area was mainly affected by the barchan dune body itself. As the width, height, and volume of the dune increased, the rate of dune movement gradually decreased, which is consistent with the results of previous studies. However, the dunes are mainly barchan dunes and barchan dune chains, and there are a large number of independent barchan dunes in the interior of the desert, which is connected to the Badain Jaran Desert in the northwest and the Tengger Desert and Ulanbu Desert in the southeast. If we cannot determine the rule of the movement of the sand dunes in this area as soon as possible and adjust the corresponding control measures in time, the drifting sand will surely devour the pastures, salt fields, farmland, and other places, and it will also cause new wind and sand threats to the downwind part of the Hexi Corridor, Ningxia Plain, Hetao Plain, and even the Beijing-Tianjin area.
CONCLUSION
The barchan dunes in the Yamarak Desert moved at a rate of 0–20 m/a, with an average rate of 8.45 m/a. The percentage of predominantly fast dunes was 44.18%, the percentage of exceptionally fast dunes was 37.20%, and the percentage of moderately fast-moving dunes was 18.62%. The dunes moved in the 95–130° direction, which was generally consistent with the main wind direction in the area. Correlations were found between the morphological parameters of the typical barchan dunes, with correlation coefficients of greater than 0.8 between all of the parameters, except the degree of spread of the two wings and the degree of symmetry of the two wings. The rate of movement of the barchan dunes gradually decreased as a power function with increasing dune width, dune height, and dune volume.
Many factors influence the rate of movement of the barchan dunes in the Yamarak Desert, including the sand supply, vegetation cover, degree of topographic relief, wind strength, climate change, and human activities. In this study, only the topographic relief and the degree of ground cover in the study area were discussed, and subsequent studies should increase the study of other factors to gain a more complete understanding of the barchan dunes in this region.
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Note: The extracted parameters inciude the inner arc ength of the dune (Li, the outer arc length of the dune (Lo, the ridge length of the clune (Lr, the chordlength of the dune (Lc), the dune
height (H), the expansion degree of the two wings (De), the symmeltry degree of the two wings (Ds), and the projcted arsa of the dune (Ap).
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