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Abstract


The Tarim River Basin, China’s largest inland river basin, is renowned for its ecological fragility characterized by concurrent greening and desertification processes. Soil wind erosion emerges as a critical factor impacting the natural ecosystem of this region. This study employs a soil wind erosion model tailored to cultivated land, grassland, and desert terrains to analyze the multitemporal characteristics of and spatial variations in soil wind erosion across nine subbasins within the Tarim River Basin, utilizing observed data from 2010, 2015, and 2018. Additionally, this study investigates the influence of various factors, particularly wind speed, on the soil wind erosion dynamics. Following established standards of soil erosion classification, the intensity levels of soil erosion are assessed for each calculation grid within the study area alongside an analysis of the environmental factors influencing soil erosion. Findings indicate that approximately 38.79% of the total study area experiences soil wind erosion, with the Qarqan River Basin exhibiting the highest erosion modulus and the Aksu River Basin registering the lowest. Light and moderate erosion predominates in the Tarim River Basin, with an overall decreasing trend observed over the study period. Notably, the Qiemo River Basin, Dina River Basin, and Kaidu Kongque River Basin display relatively higher proportions of eroded area compared to their total subbasin area. Furthermore, this study underscores the substantial influence of the annual average wind speed on soil erosion within the study area, advocating for prioritizing soil and water conservation programs, particularly in the downstream regions of the Tarim River Basin, to mitigate future environmental degradation.
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1. Introduction


Soil wind erosion is a natural process of soil transportation and deposition by the wind. This is a common phenomenon, mainly occurring in dry sandy soil or any loose, dry, and fine-grained soil. Wind erosion causes a wide range of ecological and environmental problems, such as land desertification [1], crop yield reduction [2], sandstorms [3], and the deterioration of human settlements [4] by removing and depositing soil from one place to another. Given its detrimental impacts and extensive repercussions, soil wind erosion represents a critical scientific issue within arid and semi-arid regions. Beginning in the 1920s, researchers from the United States and the former Soviet Union embarked on comprehensive studies aimed at unraveling the processes, mechanisms, and principal factors influencing soil wind erosion, particularly focusing on the Great Plains of the Midwest United States and the expansive steppes of central Asia. This body of research has laid a foundational understanding, guiding subsequent investigations into the complexities of soil wind erosion and its significant environmental implications. In 1965, the United States Department of Agriculture (USDA) established the wind erosion equation (WEQ) for the first time to estimate the amount of soil wind erosion of cultivated land in the Great Plains [5]. The wind erosion prediction system (WEPS), developed from the wind erosion equation (WEQ), is a process-based high-resolution model designed to simulate weather, field conditions, and erosion dynamics [6]. The Bocharov soil wind erosion model [7], established by former Soviet Union soil scientists in 1984, takes human activity factors into account and provides an innovative idea for erosion prediction. Corresponding works in China began in the 1970s, which were accompanied by continuous and in-depth research on desertification [8]. Representative research focused on the impact of soil mechanical composition [9], water content [10,11], ploughing [12], livestock trampling [13], and other factors on soil wind erosion and the characteristics of erosion related to specific surfaces [14,15,16]. Based on these basic studies, Chinese scientists have developed mechanistic [17,18,19] and empirical models for different underlying surfaces (farmland, grassland, shrubbery, and sandy land) [20,21,22].



With the development of remote sensing technology, it is possible to monitor soil wind erosion in a large scale [23,24]. On this basis, a quantitative method has been carried out [25]. Such a method can be summarized into three categories. The first one is based on field surveys and a soil wind erosion model [26]. The second one uses remote sensing to retrieve soil wind erosion characteristics across a wide geographic range [27,28,29]. The third one estimates the spatial and temporal distribution of soil wind erosion by combining field surveys, remote sensing, erosion simulation, and land use reclassification [30,31,32].



Currently, the soil wind erosion models established by scientists have become instrumental in simulating, monitoring, and mitigating soil erosion in arid areas [33]. However, it is worth noting that these models have constraints that limit their application. For example, WEPS requires detailed input data about soil properties, crop systems, climate, and management practices. In areas where these data are not readily available or are of poor quality, the predictions made by WEPS may be less accurate [33]. In addition, WEPS is designed for field-scale predictions and might not be as effective for larger or smaller scales. It is also more suited for short to medium-term predictions and may not be as reliable for long-term forecasting [34]. A comparative study of the WEPP and SWAT models found that using soil wind erosion climate factors to represent soil moisture factors is not theoretically applicable to arid, semi-arid, and semi humid regions [35]. Hence, investigating soil wind erosion models tailored for typical arid and semi-arid regions holds significant importance for the sustainable development of these areas.



The Tarim River stands as the largest inland river within China. The arid climate prevailing across the Tarim River Basin renders it one of the nation’s most susceptible regions [36]. Various natural adversities, notably spring droughts, soil desiccation, wind erosion, and sandstorms, significantly impede the socio-economic advancement of this locale. Among these challenges, the deterioration of soil and air quality, exacerbated by wind-driven erosion, poses severe threats to both socio-economic prosperity and natural ecosystems, rendering them particularly vulnerable. Hence, attaining a comprehensive, systematic, and precise comprehension of soil wind erosion within the Tarim River Basin is imperative for elucidating the dynamics of water and soil loss in this region. Furthermore, such an understanding forms a critical foundation for devising overarching strategies for ecological restoration within the Tarim River Basin.



Against this backdrop, the present study endeavors to achieve the following objectives: (1) systematically investigate the spatiotemporal dynamics of soil wind erosion within the Tarim River Basin based on observed data from 2010, 2015, and 2018; (2) analyze the evolving multitemporal variations in soil wind erosion within the mainstem region of the Tarim River and its nine subbasins; and (3) delve into the driving forces and underlying mechanisms governing soil wind erosion in the Tarim River Basin. In summary, our aim is to delineate priority areas necessitating the implementation of soil and water conservation initiatives within the Tarim River Basin. This research endeavor not only enriches our understanding of soil wind erosion characteristics in quintessential inland river basins situated within the arid domains of central Asia but also furnishes crucial insights indispensable for formulating macro-policies aimed at mitigating soil and water losses.




2. Materials and Methods


2.1. Study Area


The Tarim River Basin is located in the south of southern Xinjiang (northwest part of China), with the Tianshan Mountains in the north, the Pamir Mountains Plateau in the west, the Kunlun Mountains and Arguin Mountains in the south, the Kuruktag Mountains in the east, and the Taklamakan Desert in the middle of Tarim River Basin. The study area includes nine subbasins (Aksu River Basin, Kashgar River Basin, Yarkand River Basin, Hotan River Basin, Kaidu Kongque River Basin, Dina River Basin, Weigan Kuqa River Basin, Keriya River Basin, and Qiemo River Basin) with an area of about 550,000 km2 (Figure 1).



The Tarim River Basin features a unique climate, positioning it among the most arid regions globally. Annually, it receives scant precipitation, frequently less than 50 mm, primarily because it lies in the rain shadow of adjacent mountain ranges, including the Tianshan Mountains to the north and the Kunlun Mountains to the south. The region experiences extreme temperatures due to its continental climate [36]. Summers can be very hot, with temperatures often exceeding 40 °C, while winters can be extremely cold, with temperatures dropping well below freezing. Humidity levels in the Tarim River Basin are generally low throughout the year, contributing to the overall arid conditions. The basin is known for its strong winds and frequent dust storms, particularly in the spring [37]. These can be attributed to the dry, barren landscape and the temperature gradients between the hot desert and the cooler mountains. While generally dry, the basin does receive some precipitation, which is highly variable and largely dependent on the season and specific location within the basin. The mountainous regions, in particular, receive more precipitation, often as snow, significantly contributing to the river’s flow [38].



The vegetation of the Tarim River Basin consists of mountain vegetation and plain vegetation. In the mainstream region of the Tarim River, the tree species are mainly Populus euphratica, the shrub species include Tamarix chinensis Lour and Halostachys caspica (M. Bieb.) C. A. Mey., and there are also Haloxylon ammodendron (C. A. Mey.) Bunge, Halimodendron halodendron (Pall.) Voss, etc. The herbs mainly include Phragmites australis, Apocynum venetum L., Glycyrrhiza uralensis Fisch, Karelinia caspia (Pall.) Less., Alhagi sparsifolia, etc.




2.2. Data Sources


Some of the data that are important in calculating soil wind erosion are shown in Table 1. Specifically, the fractional vegetation cover (FVC; the resolution is 30 m) was obtained by using the conversion model from the normalized difference vegetation index (NDVI, extracted via the Google Earth Engine platform) to the FVC. The land cover (at 0.5 m resolution) was based on a national basic survey program, which was based on the Land Use Status Classification Standard (GB/T 21010-2007) [39].



We also integrated a suite of environmental datasets to investigate the interplay between vegetation health, soil properties, human impact, and climatic variables on soil wind erosion. The NDVI data, serving as a proxy for vegetation health and productivity, were sourced from NASA’s EarthData Search (https://www.earthdata.nasa.gov/, accessed on 8 May 2023), which provides access to MODIS and Landsat satellite imagery. The soil water content and sand content were obtained from ISRIC’s SoilGrids (https://soilgrids.org/, accessed on 12 June 2023), offering high-resolution global soil information. The human footprint index, reflecting the cumulative impact of human activities on terrestrial systems, was derived from datasets available through the Socioeconomic Data and Applications Center (SEDAC, https://sedac.ciesin.columbia.edu/, accessed on 16 July 2023). Climate variables, including the mean annual temperature and mean annual precipitation, were sourced from WorldClim (https://worldclim.org/, accessed on 16 July 2023), which offers global climate data suitable for ecological and environmental modeling. The integration of these datasets allowed for a comprehensive analysis of the environmental factors influencing soil wind erosion, highlighting the significance of multidimensional environmental data in understanding and managing ecosystems.




2.3. Soil Wind Erosion Model


In this study, we used models for different land use types (cultivated land, grass land, and sand model) adopted in the first national water conservancy survey adopted by the Chinese State Council. On this basis, according to the standards of Soil Erosion Classification (SL 190-2007) [40], the area, spatial distribution, and soil wind erosion area of different erosion intensities were determined.



The cultivated land model is:


    Q   f a   = 0.018 ·   1 − W   ·   ∑  j = 1      T   j     · e x p     a   1   +     b   1       Z   0     +   c   1   ·       A ·   U   j       0.5        



(1)




where     Q   f a     is the soil wind erosion modulus of cultivated land t/(hm2·a), W is the topsoil moisture factor,     T   j     is the cumulative time of each wind speed grade during the occurrence of soil wind erosion in a year, min,     Z   0     is the surface roughness,   A   is the wind speed revision factor related to tillage practices,     U   j     is the wind factor, and     a   1    ,     b   1    , and     c   1     are constants related to soil type, and their values are shown in the Technical Regulations for Dynamic Monitoring of Regional Soil and Water Loss trial.



The grass (shrub) model is:


    Q   f g   = 0.018 ·   1 − W   ·   ∑  j = 1      T   j     · e x p     a   2   +   b   2     V   2   +   c   2   /       A ·   U   j       0.5        



(2)




where     Q   f g     is the soil wind erosion modulus of grassland,   V   is the vegetation coverage, and     a   2    ,     b   2    , and     c   2     are constants related to soil type. The other parameters have the same meaning as Equation (1).



The desert model is delineated by:


    Q   f s   = 0.018 ·   1 − W   ·   ∑  j = 1      T   j     · e x p     a   3   +   b   3   V +   c   3     ln  ⁡    A ·   U   j     /   A ·   U   j          



(3)




where     Q   f s     is the soil wind erosion modulus of sandy land, and     a   3    ,     b   3    , and     c   3     are constants related to soil type. The other parameters have the same meanings as Equations (1) and (2).



In refining the calculation of the erosion modulus for the Tarim River Basin, the categorization of soil types linked to erosion was enhanced. For example, on the basis of the existing land use classification, four typical land types, including saline–alkali land, sand barrier, industrial facilities, and impervious surfaces, were extracted. These categories were incorporated to refine the calculation of the soil wind erosion in typical areas of the Tarim River Basin. Furthermore, for gravel-covered surfaces, the modeled result was adjusted according to the proportion of gravel. The soil wind erosion of undeveloped saline–alkali land was not included in the calculation. However, for those that have been developed, their erosion was calculated in accordance with desert conditions. For surfaces covered by sand barriers, the field observation was used to adjust the corresponding results.




2.4. Classification of Soil Wind Erosion Intensity


After obtaining the biweekly soil wind erosion modulus of cultivated land, grassland, and desert, we firstly added up these biweekly data during the monitoring period in order to gain the total erosion modulus. Then, according to the standards of Soil Erosion Classification (SL 190-2007) [40], the soil erosion intensity level of each calculating grid and the entire study area was determined.




2.5. Statistical Analysis


We employed correlation analysis to examine the strength and direction of the association between soil wind erosion and environmental variables. The Pearson correlation coefficient (r) was calculated to quantify the linear relationship between the variables. A correlation coefficient close to 1 indicates a strong positive relationship, while a coefficient close to -1 indicates a strong negative relationship. A coefficient around 0 suggests no linear correlation. Regression analysis was conducted to model the relationship between the dependent variable, soil wind erosion, and six independent variables, namely, the NDVI, soil water content, sand content, human footprint index, mean annual temperature, and mean annual precipitation. We utilized a linear regression model to predict the soil wind erosion based on the independent variables. The model’s coefficients were estimated using the ordinary least-squares method, providing insights into the impact of each independent variable on the dependent variable. The goodness-of-fit of the model was evaluated through the R-squared method.





3. Results


3.1. Spatial Variation in Soil Wind Erosion


In general, the soil wind erosion exhibited an increasing trend from the west (upper reach of the Tarim River Basin) to the east (middle and lower reach of the Tarim River Basin) part of the study area. In the west part, the erosion modulus was relatively lower; in comparison, the erosion modulus was relatively higher. The status of the soil wind erosion of each subbasin of the Tarim River Basin was different (Figure 2). The area of the soil wind erosion of the subbasins was sorted as follows: Kaidu Kongque River Basin > Qarqan River Basin > Hotan River Basin > Mainstream of Tarim River > Yarkand River Basin > Keriya River Basin > Kashgar River Basin > Aksu River Basin > Dina River Basin > Weigan Kuqa River Basin. The areas with severe soil wind erosion were mainly distributed in Kaidu Kongque River Basin, Qarqan River Basin, Hotan River Basin, and the mainstream of the Tarim River. The Kaidu Kongque River Basin, Qarqan River Basin, Hotan River Basin, and the mainstream of Tarim River are also the four regions with the largest desert area in the study area. At the same time, the Qarqan River Basin, Hotan River Basin, and the mainstream of Tarim River are the regions with the smallest grassland (or shrub) vegetation coverage in the study area. The proportion of erosion area (to the total area of basin) was higher in the Kaidu Kongque River Basin, Dina River Basin, and Qarqan River Basin compared with the other river basins (Figure 2).



In 2018, the average soil wind erosion modulus in the Tarim River Basin was 1539.33 t·km−2·a−1, with a soil wind erosion area of 214,441.39 km2. This accounted for approximately 38.79% of the Tarim River Basin’s total area. Mild erosion accounted for 67.84% of the total erosion area, followed by moderate erosion (accounting for 13.16%), and strong and above erosion was less than 10.00%. There were significant differences in the soil wind erosion modulus among the subbasins of the Tarim River Basin, with an average soil wind erosion modulus ranging from 274.83 to 4537.20 t·km−2·a−1 (Figure 3). The average value of the soil wind erosion modulus, from large to small, was in the following order: Qarqan River Basin, Kaidu Kongque River Basin, mainstream of Tarim River, Dina River Basin, Kashgar River Basin, Kriya River Basin, Hotan River Basin, Weigan Kuche River Basin, Yarkand River Basin, and Aksu River Basin (Figure 4).



Significant variations were observed in the intensity of soil wind erosion across the different subbasins. In 2018, the proportion of the light erosion area to the total erosion area in the mainstream region of the Tarim River and the Qarqan River basin was 34.64% and 38.53%, respectively, while in the other basins, it ranged from 70.70% to 91.78%, with an average of 81.31% (Figure 4). The proportions of the medium erosion area in the mainstream region of the Tarim River, Keriya River, Weigan Kuche River, Qarqan River, and Hotan River basins to the total erosion area (from 10.88% to 36.45%) were relatively higher compare with the other river basins (with an average of 6.15%). The proportions of the strong erosion area in the Qarqan River and Dina River basins to the total erosion area ranged from 12.34% to 20.28%, with an average of 3.49% in the other basins. The proportions of the extremely strong and severe erosion areas in the Qarqan River Basin, the mainstream region of the Tarim River, and the Kaidu Kongque River Basin were relatively higher than the other regions (Figure 4).




3.2. Multitemporal Variation of Soil Wind Erosion


The average soil wind erosion area (average value of 2010, 2015 and 2018) of the study area was 217,355.14 km2, which accounted for about 38.79% of the area in the monitoring area of the Tarim River Basin. Compared to 2010, the total area of soil wind erosion decreased by 9581.78 km2 in 2018, which accounted for 4.28% of the total erosion area in 2010 (Table 2). Among these different kinds of erosion intensities (light, medium, strong, extremely strong, and severe), the light-intensity erosion decreased from 2010 to 2015 and then increased slightly to 2018, exhibiting a decreasing trend in the study area from 2010 to 2018. The medium-intensity erosion was exactly the opposite of the light-intensity erosion, and it obtained an increasing–decreasing trend during the study period. The strong-intensity erosion continuously increased from 2010 to 2018 (Table 2), whereas the extremely strong-intensity erosion continuously decreased. The severe erosion demonstrated a trend in line with that of the light-intensity erosion (Table 2).



We calculated the average area of wind erosion for the nine subbasins and the mainstream region of the Tarim River. We found that the Kaidu Kongque River Basin obtained the highest average area of wind erosion (46,752.03 km2) among the nine subbasins and the mainstream region of Tarim River, although the area decreased from 50,372.96 km2 in 2010 to 45,562.77 km2 in 2015 and to 44,320.37 km2 in 2018 (Figure 2). The Qarqan River Basin also had a relatively higher area of erosion, with an average area of 35,110.10 km2 during the study period. In comparison, the erosion area of the Weigan Kuqa River Basin and the Dina River Basin were relatively lower among the nine subbasins and the mainstream region of Tarim River, with an average area of 9857.71 km2 and 10,654.27 km2, respectively, from 2010 to 2018 (Figure 2). Among these nine subbasins and the mainstream region of the Tarim River, the erosion area of the Yarkand River Basin, Hotan River Basin, Kaidu Kongque River Basin, Keriya River Basin, and Qarqan River Basin showed a decreasing trend from 2010 to 2018. In comparison, the mainstream region of the Tarim River, the Aksu River Basin, the Kashgar River Basin, and the Dina River Basin displayed a decreasing–increasing trend during the study period. In addition, the Weigan Kuqa River Basin showed an increasing trend from 2010 to 2018. The average proportion of the erosion area to the total area in these nine subbasins and the mainstream region of Tarim River was also worth investigating. We found that the Qarqan River Basin obtained the highest average proportion, with a value of 83.54%, which indicates that the soil wind erosion was widespread in the basin (Figure 2). Additionally, the Kaidu Kongque River Basin and Dina River Basin possessed a relatively higher proportion of erosion area to the total basin’s area, with values of 63.46% and 58.71%, respectively. In comparison, the proportion was relatively lower in the mainstream region of the Tarim River, the Aksu River Basin, the Kashgar River Basin, the Yarkand River Basin, the Hotan River Basin, the Weigan Kuqa River Basin, and the Keriya River Basin, especially the Aksu River Basin, where the average proportion during the study period was only 18.80%, indicating a relatively scarce level of soil wind erosion in the basin (Figure 2).




3.3. The Impact of Environmental Variables on Wind Erosion


In our detailed investigation into the various factors affecting soil wind erosion, we meticulously evaluated the roles of the NDVI, soil water content, sand content, human footprint index, mean annual temperature, and mean annual precipitation. Through rigorous statistical methodologies, our research unveiled nuanced insights into their interactions with soil wind erosion. Notably, the analysis identified the NDVI and human footprint index as significant negative influencers on soil wind erosion, with correlation coefficients (r2) of 0.12 and 0.18, respectively, and with statistical significance (p < 0.05, Figure 5). The mean annual precipitation was negatively correlated with soil wind erosion, presenting a correlation coefficient (r2) of 0.31 with statistical significance (p < 0.05). This suggests that increased precipitation levels are associated with reduced soil wind erosion, possibly due to enhanced vegetation growth and soil cohesion from moisture, which in turn protect the soil surface from wind detachment and transportation. Interestingly, this study did not find significant correlations between soil wind erosion and the other factors examined, namely, the soil water content, sand content, and mean annual temperature.





4. Discussions


4.1. The Reliability of Our Method


In this study, we employed models that were previously utilized in the inaugural national water conservancy survey, endorsed by the Chinese State Council, to simulate the spatiotemporal variations in the soil wind erosion within our designated study area. The models were specified to different land use types (cultivated land, grass land, and sand model). Our findings indicate that the soil wind erosion intensity was generally higher in the eastern part of the study area, situated in the middle and lower reaches of the Tarim River Basin. It was reported that the WEPS-model-simulated wind erosion is relatively higher in Wuqia County, at the Tieganlike station, in Ruoqiang County, in Wensu County, in Tacheng County, in Kelamayi City, in Mulei county, in Akedala County, at the Shisanjianfang station, at the Hongliuhe station, and at the Kumishi station among the 64 stations in Xinjiang Province [41]. It should be noted that Wuqia County, the Tieganlike station, and Wensu County were within our study area and are located in the middle reach of the Tarim River Rasin, and Ruoqiang County is located in the lower reach of the basin, indicating the reasonability of our method. In addition, another study on soil erosion observation and simulation in the Taklimakan Desert revealed that the soil wind erosion intensity is 10 ug·m−2·s−1 at the upper reach of the Keriya River Basin, which is equivalent to 315.36 t·km−2·a−1 [42]. In the present study, we also found that the soil wind erosion at the upper reach of the Keriya River Basin belongs to the light-intensity type, which corresponds to from 200 to 2500 t·km−2·a−1 in terms of the erosion modulus according to the national standards of Soil Erosion Classification (SL 190-2007) [40]. The similarity of the corresponding research further proved the reliability of our method.




4.2. The Drivers of Soil Wind Erosion in the Tarim River Basin


Compared with 2010, the area of soil wind erosion in the Tarim River Basin in 2015 decreased by 10,422.29 km2; among the different erosion types, the areas of light, extremely strong, and severe erosion decreased by 9237.25 km2, 875.97 km2, and 1207.22 km2, respectively. However, medium and strong erosion increased by 357.05 km2 and 541.11 km2, respectively. At the same time, the increase in the area of erosion does not mean that strong erosion was transformed into light or medium erosion but that the original moderate and strong erosion was transformed into the erosion type with a lower intensity, and the original extremely strong and severe erosion was transformed into moderate and strong erosion, which has been reported elsewhere [43] and is the result of the joint action of human activities and natural factors [44].



The impact of human activities is mainly reflected in the following two aspects: Firstly, some projects implemented in the research area (such as sand barriers, soil stubble, farmland film covering, and the construction of photovoltaic facilities) have increased the surface roughness, increased the critical starting wind speed for soil wind erosion, changed the structure of the near-surface airflow, avoided direct wind action on surface soil particles, and reduced the force of airflow on surface soil particles, which in turn has led to a decrease in the modulus of surface soil wind erosion [45]. Secondly, changes in the surface vegetation cover have led to changes in the soil wind erosion. Compared to 2010, in 2015, there was a total increase of 766.79 km2 in arable land, forest land, and grassland, and the sand and gravel surface decreased by 2588.03 km2; therefore, the changes in the area of these land use/cover types have led to corresponding changes in the erosion area involved in the calculation.



As presented previously, the vegetation delineated by the NDVI is an important variable that influences soil wind erosion. Plants and their roots stabilize the soil, making it harder for the wind to pick up and transport soil particles. When vegetation is sparse or absent, such as in deserts or areas affected by deforestation, soil becomes more vulnerable to wind erosion. In our study area, the vegetation coverage underwent profound changes; in 2015, the vegetation coverage increased by 47.52% compared to 2010, thus effectively reducing the soil wind erosion on exposed surfaces, as mentioned in a previous study [46]. In areas with higher precipitation, we also observed a negative correlation between precipitation and wind erosion. The observation that areas with higher precipitation levels exhibit more robust vegetation cover led to the identification of a negative correlation between precipitation and wind erosion. This relationship can be understood through several key mechanisms that underscore the protective role of vegetation against soil degradation processes. Firstly, vegetation anchors soil through complex root systems, which consolidate soil particles and enhance soil stability. This root-induced cohesion significantly diminishes the susceptibility of soil to wind erosion by preventing the dislodgment of soil particles. Secondly, the physical presence of vegetation above ground acts as a barrier to wind, effectively reducing the wind velocity at the soil surface. This reduction in wind speed directly influences the wind’s capacity to mobilize and transport soil particles, thus mitigating wind erosion. In addition, increased precipitation contributes to higher soil moisture levels, which, in turn, make soil particles heavier and more resistant to aeolian transport. But, interestingly, we did not find any significant relationship between the soil water content and erosion modulus, which demonstrates that the complex interplay between the soil water content and erosion processes is influenced by multiple soil properties, environmental conditions, and external factors. A comprehensive analysis considering these multifaceted interactions is essential to elucidate the nuanced effects of soil moisture on erosion dynamics.



Beyond factors like the NDVI, human activity, and precipitation, wind emerges as a pivotal natural force in soil wind erosion, which is especially pronounced in arid and semi-arid regions. The phenomenon occurs as strong winds lift and transport loose soil particles, significantly eroding topsoil and degrading land. Among the influences, the wind speed is paramount; stronger winds have the energy to mobilize larger soil particles over greater distances, exacerbating erosion [47]. We investigated the linear relationship between the annual average wind speed and erosion intensity at 46 points selected randomly within the study area and found that there exists a significant linear relationship between them (Figure 6). In addition, this process underscores the necessity of integrating wind speed with other variables in erosion studies to accurately assess and mitigate the impact [48].





5. Conclusions


In summary, our study delved into the spatiotemporal dynamics of soil wind erosion within the Tarim River Basin, employing a specialized soil wind erosion model. Several key conclusions emerge from our analysis: Firstly, the soil wind erosion area encompassed approximately 40% of the basin’s total area, primarily characterized by mild erosion. Although the proportion of the soil wind erosion area in the Tarim River Basin fell below the average for the Xinjiang Uygur Autonomous Region, it surpassed the average for northern China. Secondly, our findings reveal that, as of 2018, soil wind erosion hotspots are concentrated in the Kaidu Kongque River Basin, Qarqan River Basin, Hotan River Basin, and the mainstream region of the Tarim River. Thirdly, a positive trend was observed, as the total area affected by soil wind erosion has decreased since 2010, indicating a gradual improvement in the natural environment of the Tarim River Basin. Lastly, our study underscores the imperative for prioritizing soil and water conservation efforts, particularly in the downstream regions of the Tarim River Basin, to safeguard against further environmental degradation. These findings collectively provide valuable insights for informing targeted conservation strategies aimed at preserving the ecological integrity of this vital basin.
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Figure 1. Study area. 






Figure 1. Study area.
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Figure 2. Erosion area and its proportion to total area in each subbasin of Tarim River Basin ((a), Erosion area, (b), the proportion of erosion area to total area). MSTR, ARB, KRB, YRB, HRB, KKRB, DRB, WKRB, KRRB, and QRB indicate mainstream of Tarim River Basin, Aksu River Basin, Kashgar River Basin, Yarkand River Basin, Hotan River Basin, Kaidu Kongque River Basin, Dina River Basin, Weigan Kuqa River Basin, Keriya River Basin, and Qiemo River Basin, respectively. 
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Figure 3. Soil wind erosion intensity statistics for various subbasins in the Tarim River Basin in 2018. MSTR, ARB, KRB, YRB, HRB, KKRB, DRB, WKRB, KRRB, and QRB indicate mainstream of Tarim River Basin, Aksu River Basin, Kashgar River Basin, Yarkand River Basin, Hotan River Basin, Kaidu Kongque River Basin, Dina River Basin, Weigan Kuqa River Basin, Keriya River Basin and Qiemo River Basin, respectively. 
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Figure 4. Soil wind erosion intensity in Tarim River Basin in 2010, 2015, and 2018. 
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Figure 5. Impacts of environmental and anthropogenic factors on soil wind erosion (Each dot represents an observation point, with the x-axis displaying the factor being analyzed and the y-axis showing the corresponding wind erosion modulus). 
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Figure 6. The linear relationship between annual average wind speed and erosion intensity (Each dot represents an observation point). 
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Table 1. Data sources.
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	Type
	The Data Sources





	Wind force factor
	Based on the observation data in the monitoring area from 1991 to 2018



	Topsoil moisture factor
	Based on AMSR-E Level2A brightness temperature data inversion in 2010, 2015, and 2018



	Roughness factor
	Field survey data in 2018 and 2019 as well as existing data and the literature in the previous period (from 2006 to 2016)



	Vegetation coverage
	Remote-sensing-derived monthly mean FVC data from 2008–2010, 2013–2015, and 2016–2018



	Land cover
	National basic survey program



	Topography
	The Shuttle Radar Topography Mission










 





Table 2. Area and percentage of different intensities of soil wind erosion in Tarim River Basin.
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Erosion Intensity

	
Erosion Area (km2)

	
Percentage of Total Erosion Area (%)




	
2010

	
2015

	
2018

	
2010

	
2015

	
2018






	
Light (and micro)

	
154,015.92

	
144,778.67

	
144,962.37

	
68.75

	
67.78

	
67.60




	
Medium

	
28,137.31

	
28,494.36

	
28,477.82

	
12.56

	
13.34

	
13.28




	
Strong

	
15,457.60

	
15,998.71

	
16,983.76

	
6.90

	
7.49

	
7.92




	
Extremely strong

	
16,532.91

	
15,656.94

	
15,161.01

	
7.38

	
7.33

	
7.07




	
Severe

	
9879.42

	
8672.20

	
8856.43

	
4.41

	
4.06

	
4.13




	
Total erosion area

	
224,023.16

	
213,600.87

	
214,441.38

	
100

	
100

	
100
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