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The Yuanmou dry-hot valley has been confirmed as a typical area subjected to severe soil erosion in southwestern China. The research on the soil erosion deformation exhibited by the dry-red soil that is extensively distributed in this region takes on critical significance in deepening the investigation of soil and water loss control efforts in the Yuanmou dry-hot valley. In this study, a time series of soil erosion deformation was established at different altitudinal gradients from March 2018 to October 2022 using Small Baseline Subset InSAR (SBAS-InSAR) technology to explore the deformation patterns exhibited by soil erosion in the dry-red soil of the Yuanmou dry-hot valley. Next, the time series of fractional vegetation cover (FVC) and monthly average rainfall in the identical period were analyzed comprehensively. The result of this study are presented as follows: 1) The dry-red soil regions in the Yuanmou dry-hot valley, which were observed in the line of sight (LOS) direction, attained the deformation rates ranging from −101.683 mm/yr to 30.57 mm/yr (Ascending),-79.658 mm/yr to 41.942 mm/yr (Descending). In general, areas with significant surface erosion were concentrated in the Longchuan River basin flowing through the north and south of Yuanmou County as well as in the river confluence zones. Uplifted areas have been more widely reported in the central and northern regions of Yuanmou (e.g., the Wudongde hydroelectric power station reservoir area). 2) A significant altitudinal gradient effect was exerted by soil erosion in the dry-red soil of the Yuanmou dry-hot valley. The valley-dam area and the medium and low mountain areas were subjected to the most severe soil erosion, and the maximum erosion reached over 80 mm. Erosion was mitigated in the low mountain areas around the dam and the medium and high mountain areas, and the maximum erosion reached 60 mm and 30 mm, respectively. At an altitude of 1,350 m, soil erosion in the dry-red soil was more significantly affected by rainfall. Nevertheless, at an altitude over 1,350 m, variations in FVC become the primary factor for soil erosion in the dry-red soil. The results of this study can scientifically support soil and water loss control efforts in the Yuanmou dry-hot valley.
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1 INTRODUCTION
Soil has been reported as a vital natural resource. Nearly 95% of the food worldwide originates from soil. Moreover, soil conserves at least a quarter of global biodiversity, offering ecosystems and humanity a wide variety of services (Rong et al., 2019; Borrelli et al., 2021; Pei et al., 2023). Soil erosion has been posing the most significant threat to soil, which results in soil loss or degradation. Consequently, shallower, less fertile, and infertile soil layers are triggered (Chen, Yang, et al., 2023), and even non-arable desertified areas have been formed (Vanwalleghem et al., 2017; Qiu et al., 2024). As revealed by existing research, changes in soil erosion are primarily driven by variations in rainfall and FVC. Under the variations in rainfall and vegetation cover, the process of soil erosion can either be slowed down or accelerated (Alatorre et al., 2012; Zhang et al., 2022; Zhao et al., 2022). However, under different altitude gradients, there are different types of vegetation distributed, and the vegetation coverage varies greatly, and the influence of precipitation and vegetation coverage on soil erosion is different. According to previous studies (Ou, 2017), the study area was divided into four different altitude gradients. Remote sensing was used to explore the response relationship between dry red soil erosion and precipitation and vegetation coverage under different altitude gradients in the dry hot valley of Yuanmo, and to distinguish the contribution degree of precipitation and vegetation coverage to dry red soil erosion under different altitude gradients in the dry hot valley of Yuanmo. It provides scientific basis for soil and water loss control and ecological restoration in Yuanmou dry-hot river Valley.
A total of three main categories of methods are capable of for monitoring surface deformation arising from erosion. The first category comprises conventional monitoring techniques (e.g., the use of precise leveling instruments and Global Navigation Satellite Systems (GNSS)). The above-mentioned methods are straightforward and offer high precision, whereas they are commonly limited by field conditions. Besides, these methods are time-consuming and may not conform to the requirements of large-scale surface deformation monitoring research (Zheng et al., 2018; Hu et al., 2019). The second category covers monitoring methods based on optical remote sensing imagery. Optical remote sensing is capable of capturing extensive surface information, and it is combined with a wide variety of machine learning algorithms for surface deformation monitoring (Ye et al., 2019). It has been extensively employed to identify geological hazards (e.g., landslides and debris flows) (Qiu et al., 2022; W. Yang et al., 2020), such that it serves as a crucial tool for Earth observations. Compared with conventional methods, optical remote sensing has overcome a range of drawbacks (e.g., low efficiency and hazardous working environments), whereas it can still be affected by weather conditions, especially in cloud-prone high-altitude regions. The third category involves InSAR-based ground monitoring techniques. The InSAR technology is characterized by its advantages of wide coverage, all-weather capabilities, and high accuracy (Liu et al., 2022), It has achieved widespread applications in a wide range of fields (e.g., landslide identification (Wang et al., 2022), mining subsidence monitoring (Z. Yang et al., 2020), urban deformation monitoring (Z. Zhang et al., 2018), glacier displacement tracking (Reinosch et al., 2021; Liu et al., 2024), and earthquake and volcano hazard monitoring (Wang et al., 2018). The time-series InSAR technology is capable of observing the identical area over extended time periods using repeat orbit passes. It identifies stable phase observations in interferograms, while it extracts deformation information after phase unwrapping. Notably, the SBAS-InSAR technology enhances coherence by combining multiple master images to constrain interferometric baseline, such that the millimeter-level monitoring accuracy can be attained (Yu et al., 2019; Ye et al., 2024). Moreover, since the launch of the SeaSat satellite carrying synthetic aperture radar by NASA in 1978, many countries have launched SAR satellites that exhibited different frequency bands for Earth observation (Born et al., 1979; Chen, Liang, et al., 2023). The above-described satellites with more scanning modes, shorter revisit cycles, and higher resolutions continuously provide more data support for radar interferometry’s theoretical and applied research. Furthermore, data sources have been enriched with the European Space Agency’s Sentinel-1A/B satellite radar data from the Copernicus program and the increasing availability of “cloud + edge” SAR data processing platforms (Bonì et al., 2020). This considerable data sources and a wide variety of processing methods highlight the unique advantages and significant potential application of the InSAR technology in monitoring surface deformation arising from erosion.
The Yuanmou dry-hot valley has been confirmed as a distinctive geographical unit in China’s southwestern mountainous region. It serves as a vital area for agricultural development for its high heat and ample sunlight (Duan et al., 2016). However, this region is also subjected to several challenges (e.g., extreme high temperatures, drought, uneven rainfall, low FVC, and fragile ecological environment). It is noteworthy that dry-red soil in the region, which is characterized by high clay content, poor soil structure, and weak water-holding capacity, displays a widespread distribution. As a result, the soil turns out to be highly susceptible to erosion. As a result, the Yuanmou dry-hot valley has become a typical area of severe soil and water loss in the southwestern mountainous region of China (Chen et al., 2015; Ding et al., 2017). Since 2010, local farmers in Yuanmou County have spontaneously organized the construction of flat ditches for orchard planting, integrating soil and water loss control, land development, and fruit garden establishment (Lin et al., 2020). The cultivated land area and land use benefits in Yuanmou County have been notably increased over the past decade. However, increasingly pronounced conflicts between human and environmental needs have been triggered with the growth of the local population, the advancement of flat ditch projects, and intensified human activities. This has led to reduced FVC, coupled with the unique climatic influences of the area, contributing to the escalating level of soil erosion in the Yuanmou dry-hot valley. In the 21st century, both national and local governments have enacted a wide variety of policies to promote soil and water loss control, consistently emphasizing its importance. Accordingly, conducting research on the correlation between soil erosion of dry-red soil at different altitudinal gradients and variations in rainfall and FVC in the Yuanmou dry-hot valley takes on critical significance in regional sustainable development and soil and water conservation efforts.
In brief, given the sophisticated relationship between soil erosion and variations in rainfall and FVC, this study primarily aimed at exploring the response relationship between soil erosion of dry-red soil and variations in rainfall and FVC at different altitudinal gradients in the Yuanmou dry-hot valley. First, the SBAS-InSAR technology was employed to develop the surface deformation information of dry-red soil at different altitudinal gradients in the Yuanmou dry-hot valley between March 2018 and October 2022. Subsequently, the time series of FVC in the identical period was determined on the Google Earth Engine (GEE) platform. Lastly, with the aim of distinguishing the contributions of rainfall and FVC to soil erosion of dry-red soil at different altitudinal gradients in the Yuanmou dry-hot valley, a comprehensive analysis was conducted by combining the dry-red soil deformation information, FVC, and rainfall data. The ultimate objective of this study was to lay a scientific basis for soil and water loss control and ecological restoration efforts in Yuanmou and even the entire dry-hot valley region.
2 STUDY AREA AND DATA OVERVIEW
2.1 Study area
2.1.1 Geographic location and topography
In this study, the focus was placed on the Yuanmou dry-hot valley as the research area (Figure 1). The Yuanmou dry-hot valley is located in the Chuxiong Yi Autonomous Prefecture of Yunnan Province, China (25°25′–26°07′N, 101°35′–102°05′E), along the lower reaches of the Longchuan River, i.e., a major tributary of the Jinsha River (Deng et al., 2015). The valley covers a total area of approximately 2021.46 km2. The overall altitude ranges from 889 to 2,833 m, with a relative difference of 1,944 m. Due to the above-mentioned notable altitude difference, different landform types (e.g., river valleys, hills, and plateaus) have developed in the area (Ou et al., 2018). Moreover, landforms in the region displays a distinct vertical distribution, such that the entire Yuanmou dry-hot valley has been divided into four vertical zones (Table 1); (Li, 2021).
[image: Figure 1]FIGURE 1 | Location of the study area.
TABLE 1 | Vertical area division of Yuanmou dry-hot valley.
[image: Table 1]2.1.2 Rainfall and soil characteristics
The Yuanmou dry-hot valley is subjected to distinct wet and dry seasons, with an average annual temperature of 22°C and extreme temperatures reaching over 40°C. The average annual rainfall reaches 634 mm, with approximately 90% of rainfall occurring in the rainy season from May to October (B. Zhang et al., 2018). The average annual potential evapotranspiration is around 6 times the rainfall amount (Dong et al., 2013). The soils in the area have been classified into nine soil orders, 14 suborders, 25 great groups, as well as 51 soil species. The most prevalent among these divisions is dry-red soil with high clay content. To be specific, dry-red soil is typically red or reddish-orange in color, characterized by poor soil structure, weak water-holding capacity, low nutrient content. Furthermore, it is highly susceptible to erosion, leading to soil and water loss (Peng et al., 2013).
2.1.3 Vegetation characteristics
The natural vegetation in the Yuanmou dry-hot valley is primarily characterized by sparse shrubs and grasses, with a few shrubs and trees, which can be broadly divided into three layers (i.e., trees, shrubs, and grasses). The above-mentioned vegetation composition has adapted to the extreme natural conditions of the dry-hot valley in the long term. The plant communities in this area exhibit several traits (e.g., small stature, thorny surfaces, as well as well-developed root systems) (Du et al., 2022). The surface of the Yuanmou dry-hot valley is highly susceptible to erosion and damage since this valley region has the unique geographical environment and soil hydrological conditions, such that it is challenging to carry out ecological restoration in this region. As a result, the Yuanmou dry-hot valley has become a relatively typical area of severe soil and water loss in the upper reaches of the Yangtze River.
2.2 Data introduction
The main data employed in this study are elucidated in the following: ① C-band Sentinel-1A radar images downloaded freely from the European Space Agency (ESA). The above-mentioned images were in Interferometric Wide (IW) mode and Single Look Complex (SLC) format. The time span covered March 2018 to October 2022, with a swath width of 250 km. The polarization was VV, and the spatial resolution reached 5 m × 20 m. The above-described images were employed to determine the time series of surface deformation information regarding land erosion in the research area. They can be accessed online at https://search.asf.alaska.edu/#/. ② Sentinel-2 data: The Sentinel-2 satellite series comprised high-resolution multispectral imaging satellites equipped with the Multispectral Imager (MSI). The above-mentioned satellites flew at an altitude of 786 km, covering 13 spectral bands with a swath width of nearly 290 km. Level-2A products were adopted in this study, especially including the red, green, blue, and near-infrared bands, to determine the FVC in the research area. The above-described data can be accessed and downloaded from https://scihub.copernicus.eu/. ③ Precise Orbit Determination (POD) ephemeris data from the Copernicus Sentinels POD Data Hub to increase the satellite orbit accuracy, https://scihub.copernicus.eu/gnss/#/home. ④ 30-m resolution Digital Elevation Model (DEM) provided by JAXA ALOS WORLD 3D (https://www.eorc.jaxa.jp/ALOS/en/aw3d30/data/index.htm) to remove terrain phase effects from Sentinel-1A data processing. ⑤ Google Earth satellite images were utilized for high-resolution imagery comparison and analysis with InSAR results. The above-mentioned images can be accessed through http://www.google.cn/intl/zh-CN/earth/. ⑥ Monthly average rainfall data for Yuanmou County, which can be obtained from the China Meteorological Data Service Center: https://data.cma.cn/. Table 2 lists the detailed data descriptions.
TABLE 2 | Data introduction.
[image: Table 2]3 RESEARCH METHODS AND DATA PROCESSING
Figure 2 illustrates the overall technical method of this study. The primary technical processes are elucidated as follows: 1) Processing Sentinel-1A data using the SBAS-InSAR technology; 2) Calculating FVC on the Google Earth Engine (GEE) platform.
[image: Figure 2]FIGURE 2 | Technical roadmap.
3.1 Information acquisition of surface erosion deformation in Yuanmou dry-hot valley
The SBAS-InSAR technology, proposed by Berardino and Lanari based on differential InSAR, refers to a time-series InSAR method (Berardino et al., 2002; Ma et al., 2023). This technology is capable of reducing phase noise and errors by constraining multiple small baseline subsets based on time and spatial baseline thresholds, which can be adopted to retrieve surface deformation information from centimeters to millimeters. Compared with conventional D-InSAR technologies, the SBAS-InSAR technology exhibits a higher temporal sampling rate, which can be used to perform long-term time-series observations and extract non-linear ground deformation information (Chen et al., 2021). Compared with PS-InSAR technologies, the SBAS-InSAR technology is not required to consider temporal and spatial baselines or select master images, and it raises less rigorous requirements for the number of images (Osmanoğlu et al., 2016).
It is assumed that N+1 SAR images are acquired for the identical study area, one of these images was selected as the master image, and the others were co-registered to this master image. Under the combination conditions, a range of interferometric pairs M can be expressed as Eq. 1 (Tizzani et al., 2007):
[image: image]
For the [image: image] differential interferogram generated from the two images at time instances TA and TB (TA<TB), the interferometric phase of the pixel in the azimuth coordinate x and range coordinate y is written as Eq. 2
[image: image]
Where [image: image] denotes the cumulative shape variable of the radar line of sight direction; [image: image] represents the residual terrain phase in the differential interferogram; [image: image] expresses the atmospheric delay phase; and [image: image] denotes the decoherent noise.
With the aim of obtaining a settlement sequence with physical significance, the product of the average phase velocity and time between two acquisition times is defined as Eq. 3
[image: image]
The phase value of the j interferogram is defined as Eq. 4
[image: image]
The integral of the speed between the master and slave images in the respective time period is rewritten into an M×N as Eq. 5
[image: image]
Matrix B will be prone to rank defects since a multi main image strategy is applied in differential interferograms of SBAS-InSAR technology. Thus, singular value decomposition (SVD) can be adopted to develop the generalized inverse matrix of matrix B. On that basis, the minimum norm solution of the velocity vector can be yielded. Lastly, the shape variables of the respective time period can be derived (Cigna et al., 2021; Su et al., 2022) by integrating the velocity in each time period.
The SBAS-InSAR technology was employed to process Sentinel-1A data for ascending and descending orbits in the study area. First, the precise orbit determination ephemeris of the Copernican Sentinel-1A satellite was adopted to correct its orbital parameters, as an attempt to reduce the effect exerted by orbital errors on the interference phase. Subsequently, the maximum percentage of critical baseline and the maximum time baseline thresholds were set to 5% and 36days, respectively. The multi aspect ratio was set to 1:4, such that speckle noise can be effectively suppressed. Minimum Cost Flow unwrapping and Goldstein filtering were applied to interference workflow processing, the interference maps were generated, and pairs with unsatisfactory interference effects were eliminated. Moreover, deformation inversion was performed using the least squares method and the singular value decomposition method. Lastly, the radar line of sight (LOS) deformation information under the ascending and descending orbits in the research area was yielded after geocoding.
Since radar side imaging exhibits the inherent characteristics, imaging was recorded following the order of ground object reflection information in the distance direction, and even small variations in altitude can trigger considerable distortion. The above-described inducing factors comprised perspective shrinkage, overlap, and shadows (Dun et al., 2021; Guo et al., 2021), (Figure 3).
[image: Figure 3]FIGURE 3 | Geometric distortion of radar imaging.
To ensure the accuracy of InSAR deformation monitoring, based on the local incidence angle [image: image] of the satellite and the incident angle [image: image] of the radar line of sight, the Layer and Shadow Map (LSM) algorithm and R-index were used to identify the geometric distortion of radar visibility in the study area, as shown in Figure 4. The correlation between the local incident angle of the satellite and the incident angle of the radar line of sight is as Eq. 6
[image: image]
[image: Figure 4]FIGURE 4 | Analysis of radar visibility in the study area, (A) is the result of ascending, (B) is the result of descending.
As depicted in Figure 4, both ascending and descending orbit data displayed certain geometric distortions. Ascending orbit data mainly exerted layover effects, while descending orbit data displayed shadows predominantly. As indicated by the result, certain geometric distortions were inevitable during InSAR data processing in the complex geological conditions of the Yuanmou dry-hot valley region, due to the effect of radar satellite characteristics and the terrain morphology of the study area. Accordingly, prior to analyzing InSAR results, masking should be applied to the identified shadow and layover areas, as shown in Figure 5. This method can retain the valid InSAR observation areas and use a combined ascending and descending orbit method for comprehensive deformation analysis, thus ensuring the accuracy of land surface erosion and deformation monitoring.
[image: Figure 5]FIGURE 5 | Deformation rate of the study area after mask processing, (A) is the result of ascending, (B) is the result of descending.
Due to the lack of on-site monitoring data in the identical period, the InSAR results were validated using cross validation of the ascending and descending orbit deformation rates. The LOS deformation rate of the descending orbit data in the study area was taken as the X-axis, and the LOS deformation rate of the ascending orbit data was taken as the Y-axis. A scatter density map was drawn for a total of 5,297,742 points, as shown in Figure 6. The correlation coefficient R = 0.55 between the LOS deformation rate at the same point of the ascent and descent data, and most of the deformation rate values at the same point are not significantly different, suggesting a high correlation between the monitoring results of the two data in the study area, proving the feasibility of joint analysis of ascent and descent data.
[image: Figure 6]FIGURE 6 | Scatter density map of points with the same name for ascending and descending.
3.2 FVC extraction based on pixel dichotomy method
Vegetation has been reported as an indispensable component of the geographical environment, and it takes on critical significance in the ecological system (Prach et al., 2001). Moreover, it is vital for surface energy exchange and the global water cycle. Vegetation is endowed with a crucial function of protecting against soil erosion, whereas soil erosion hinders vegetation from growing and developing. In general, FVC has been defined as the percentage of the vertical projected area of vegetation (e.g., leaves, stems, and branches) on the ground to the total study area. Moreover, FVC can represent the growth trend of vegetation to a certain extent, and it has been extensively employed in research regarding climate, hydrology, and soil (Zhang et al., 2019; Gao et al., 2020).
The pixel dichotomy model was presented as a linear model by Adams, Smith, and Johnson for the first time (Adams et al., 1986). The fundamental idea of this model aims at progressively approaching the roots of equations by repeatedly narrowing the interval where the potential root lies. It is assumed that the surface information of a pixel only comprises vegetation and soil, such that the proportion of vegetation information in the pixel is expressed as Eq. 7 (Li et al., 2014; Yang et al., 2023):
[image: image]
Where [image: image] denotes a single pixel; [image: image] represents soil information; and [image: image] expresses vegetation information.
The Normalized Difference Vegetation Index (NDVI) is effective in representing vegetation status. Thus, with NDVI as a single pixel information, setting NDVIsoil as a pixel cumulative NDVI value of approximately 2% (i.e., soil information content), and adopting NDVIveg as a pixel cumulative NDVI value of 98% (i.e., vegetation information content), Eq. 7 is rewritten as Eq. 8:
[image: image]
The normalized difference vegetation index (NDVI) for the study area was calculated monthly on the Google Earth Engine platform, using Sentinel-2 optical remote sensing images from March 2018 to October 2022. Subsequently, the time series FVC for the study area was computed in accordance with the pixel dichotomy model principle. Figure 7 illustrates a portion of the FVC for the study area.
[image: Figure 7]FIGURE 7 | Partial FVC in the Study Area, (A) is the result for May 2018, (B) is the result for April 2020, (C) is the result for January 2022.
4 RESULT AND ANALYSIS
4.1 Analysis of spatial characteristics of surface erosion deformation
Figure 8 presents the radar line of sight (LOS) surface deformation information of dry-red soil of the Yuanmou dry-hot valley, obtained using the SBAS-InSAR technology from March 2018 to October 2022. The overall deformation rate for the ascending orbit data ranged from −101.683 mm/yr to 30.570 mm/yr; for the descending orbit data, it ranges from −79.658 mm/yr to 41.942 mm/yr. It's important to note that InSAR results represent true surface deformation projected onto the LOS direction. A positive deformation rate indicates uplift towards the satellite, while a negative value indicates subsidence or erosion away from the satellite. The surface deformation information obtained from the ascending and descending orbit datasets does not perfectly correspond due to the side-looking imaging geometry of the Sentinel-1A satellite and the topographic variations in the study area. The Sentinel-1A satellite’s ascending orbit data is acquired with the satellite flying from south to north, with the radar LOS direction on the right side of the satellite, while for the descending orbit, the situation is reversed. Thus, for detecting surface deformation in the complex geological conditions of the dry-hot valley area, a combination of data from different orbits should be utilized to ensure more accurate acquisition of surface deformation information.
[image: Figure 8]FIGURE 8 | Surface deformation information of dry-red soil, (A) is the result of ascending, (B) is the result of descending.
To analyze the spatial distribution characteristics displayed by surface deformation in the Yuanmou dry-hot valley, the distribution of water systems in the study area was overlaid with the ascending and descending orbit deformation information (Figure 8). As depicted in Figure 8, the deformation features of the ascending and descending orbit data can be generally correlated spatially. In the region of dry-red soil distribution in the Yuanmou dry-hot valley, areas of surface uplift are mainly located in the northern Wudongde hydropower station reservoir area and the central region. The possible reason for this is the Wudongde hydropower station, situated at the border of Luliang County in Yunnan Province and Huidong County in Sichuan Province, which began reservoir filling at the end of 2019. Due to the larger particle size and loose structure of the dry-red soil, it can quickly absorb and store considerable water. Soil absorption and swelling can cause mountain uplift. When uplift reaches a critical threshold, the possibility of reservoir bank landslide disasters is significantly high. Thus, this area should be a focal point of observation in subsequent research. Erosion-prone areas are primarily situated along the southern side of riverbanks and at the confluence of rivers. Yuanmou County is traversed by the Longchuan River from south to north, carrying away substantial sediment, sand, and gravel when flowing through. The water-absorbing and swelling nature of dry-red soil makes it more susceptible to erosion from river scouring, particularly at the confluence of rivers where the flow rate and velocity increase. Vortices and whirlpools can be formed sometimes, exerting a greater effect on the soil on the banks, thus enhancing the erosive capacity of the water on the soil.
4.2 Analysis of typical erosion deformation areas and characteristic points
In the four altitudinal gradients where dry-red soil is distributed, representative areas of erosion deformation were selected from both ascending and descending orbit data. Among these, A-D represent the selected typical erosion deformation areas from the ascending orbit data, while E-H represent those from the descending orbit data. It is worth noting that the main objective of this study is to explore the correlation between dry-red soil erosion at different altitudinal gradients in the Yuanmou dry-hot valley and its response to rainfall and FVC in its natural state. To eliminate the effect of non-natural factors such as human activities on soil erosion, the selection of typical erosion deformation areas attempts to avoid human-activity areas (e.g., farmlands and urban regions) as much as possible. Furthermore, a synchronous comparative analysis of surface deformation information from both ascending and descending orbits was employed for mutual validation (Figures 9, 10). The deformation rate monitoring points from the selected typical erosion deformation areas were overlaid with high-resolution optical images (Figures 11, 12).
[image: Figure 9]FIGURE 9 | Typical erosion deformation areas at different altitudinal gradients.
[image: Figure 10]FIGURE 10 | Typical erosion and deformation area for ascending and descending, (A) is the result of ascending, (B) is the result of descending.
[image: Figure 11]FIGURE 11 | Typical erosion area deformation rate of ascending. (A) Typical erosion deformation zone A, (B) Typical erosion deformation zone B, (C) Typical erosion deformation zone C, (D) Typical erosion deformation zone D.
[image: Figure 12]FIGURE 12 | Typical erosion area deformation rate of descending. (A) Typical erosion deformation zone E, (B) Typical erosion deformation zone F, (C) Typical erosion deformation zone G, (D) Typical erosion deformation zone H.
To further analyze the response relationship between dry-red soil erosion at different altitudinal gradients in the Yuanmou dry-hot valley and rainfall and FVC, characteristic deformation points were selected in several typical erosion deformation areas. The above-mentioned points are numbered consistently with the typical erosion deformation areas. In conjunction with monthly average rainfall and time series FVC, time series curves of erosion deformation points from March 2018 to October 2022 were plotted, as shown in Figures 13–16. In addition, the average slope within the four altitude gradients was counted separately, and the slope factor was combined for auxiliary analysis. The statistical results are shown in Table 3.
[image: Figure 13]FIGURE 13 | Time series curve of typical erosion deformation points in the valley-dam area. (A) Time series curve of typical erosion deformation point A, (B) Time series curve of typical erosion deformation point E.
[image: Figure 14]FIGURE 14 | Time series curve of typical erosion deformation points in low mountain areas around the dam. (A) Time series curve of typical erosion deformation point B, (B) Time series curve of typical erosion deformation point F.
[image: Figure 15]FIGURE 15 | Time series curve of typical deformation points of dry-red soil in medium and low mountain areas. (A) Time series curve of typical erosion deformation point C, (B) Time series curve of typical erosion deformation point G.
[image: Figure 16]FIGURE 16 | Time series curve of typical deformation points of dry-red soil in medium and high mountain areas. (A) Time series curve of typical erosion deformation point D, (B) Time series curve of typical erosion deformation point H.
TABLE 3 | The average gradient of four different elevations.
[image: Table 3]A and E are the typical erosion deformation points of the ascending and descending orbits in the valley-dam area below 1,100 m elevation, respectively, and the maximum erosion amounts are about 80 mm. B and F are the typical deformation points of the ascending and descending orbits of the low mountain areas around the dam at elevations from 1,100 to 1,350 m, respectively. Compared with the valley-dam area, the erosion has slowed down somewhat, and the maximum amount of erosion is about 60 mm. The valley-dam area and the low mountain areas around the dam account for about 90% of the dry-red soil area in the Yuanmou dry-hot valley, and the average slope is 12.33° and 13.80°, respectively. Because the slope is slow, the sediment is less likely to be carried away by other erosion effects. The time series curve of typical erosion deformation points shows periodic changes, and the erosion and uplift amounts are roughly the same. Soil erosion intensifies during high vegetation coverage in rainy season, while soil erosion slows down during low vegetation coverage in dry season.
In general, under low FVC, the surface was mostly exposed and more susceptible to erosion and settling. When vegetation conditions were better, the soil’s erosion resistance turned out to be stronger (Jacquemart and Tiampo, 2021; Yan et al., 2023). However, even during the rainy season with the higher FVC, soil erosion remained more pronounced. In contrast, in the dry season, erosion was reduced under low vegetation cover. As revealed by the above result, in the Yuanmou dry-hot valley below an altitude of 1,350 m, the response of dry-red soil erosion to rainfall became more pronounced, and vegetation cover exerted a limited effect on soil and water conservation. The reason is that vegetation below 1,350 m above sea level in Yuanmo dry-hot valley is mostly sparsely irrigated grass with short plants and underdeveloped roots. Under the action of rain, it is difficult to effectively fix soil and slow down erosion even if vegetation coverage is high. In addition, the surface temperature of the dry-hot valley is higher, especially in the low altitude area, the evapotranspiration capacity is stronger, and the soil water loss is faster. Therefore, during the dry season, the vegetation coverage decreases, and the soil water is lost under the action of strong evapotranspiration, resulting in soil expansion and surface uplift. Once continuous heavy rainfall occurs, the soil erosion amount will increase significantly.
C and G are the typical erosion deformation points of the ascending and descending orbits of the medium and low mountain areas at an altitude of 1,350–1,600 m, respectively. The medium and low mountain areas accounts for about 7% of the dry-red soil area of the Yuanmo dry-hot valley, with an average slope of 20.93°. Compared with the valley-dam area and the low mountain areas around the dam, the soil is more vulnerable to erosion due to the increase of slope. The time series curve of typical erosion deformation points shows a continuous and oscillating decline. During the high vegetation coverage in rainy season, soil erosion slows down, while during the low vegetation coverage in dry season, soil erosion intensifies. It shows that vegetation coverage change is the main factor affecting soil erosion of dry-red soil in the medium and low mountain areas of Yuanmou dry-hot valley. The reason is that some evergreen broad-leaved forests with large plants begin to appear in the area above 1,350 m above sea level in Yuanmo dry-hot Valley. Vegetation develops during the rainy season with high vegetation coverage, and leaves play a certain role in intercepting the precipitation and slowing down soil erosion. During the dry season, the vegetation coverage decreases, and the water in the soil is lost under the action of evapotranspiration, resulting in the soil becoming loose. In the absence of vegetation protection, the soil is more difficult to resist the impact of external forces such as wind and water flow, and the erosion is intensified. Although vegetation slowed down soil erosion in the medium and low mountain areas to a certain extent, soil erosion increased year by year due to the steep slope in this area.
D and H are typical deformation points in the ascending and descending orbits of medium and high mountain areas with elevations above 1,600 m. These areas account for only 3% of the Yuanmou dry-hot valley with dry-red soil regions. With an average slope of 21.79°, they are the areas with the weakest soil erosion among the four elevation gradients. The time series curve of typical erosion deformation points shows a periodic continuous decline. During the rainy season, when vegetation coverage is high, soil erosion slows down, while during the dry season, when vegetation coverage is low, soil erosion intensifies. Similar to the medium and low mountain areas, soil erosion in the medium and high mountain areas of the Yuanmou dry-hot valley is mainly influenced by vegetation coverage. During the rainy season, with higher vegetation coverage, soil erosion is weaker, but during the dry season, soil erosion worsens due to reduced vegetation coverage. With the steepest slopes, overall, soil erosion increases year by year.
In this altitude range, besides evergreen broad-leaved forests, there were also some larger plant species of subtropical coniferous forests (e.g., pine and fir trees). Coniferous trees have well-developed root systems that penetrate deep into the soil, stabilizing soil structure and reducing soil loosening and collapse. Compared with broad-leaved forests, the needle-like leaves and branch structure of coniferous trees are more effective in intercepting rainfall, preventing direct contact of rainwater with the ground, and reducing water impact. As a result, the water flow velocity can be reduced. Furthermore, due to the higher altitude, surface temperature and evapotranspiration are relatively weaker compared with lower altitudes. Therefore, even in the dry season with low vegetation coverage, soil erosion is much less compared to the medium and low mountain areas.
5 DISCUSSION
5.1 InSAR result analysis
In this study, the response relationship between dry-red soil erosion and rainfall and FVC was investigated using remote sensing techniques at different altitudinal gradients in the Yuanmou dry-hot valley. This study aimed at differentiating the contributions of rainfall and FVC to dry-red soil erosion in different altitudinal gradients. Accordingly, the accuracy and reliability of erosion deformation monitoring results using InSAR technology can directly affect the accuracy of this study. Given the lack of simultaneous ground measurement data, a cross-validation method using ascending and descending orbit datasets was adopted to validate the InSAR results. A comparison was drawn with InSAR results obtained by other researchers in the identical region (Peng, 2022) to further verify the accuracy of the InSAR results in this study, and the main differences are listed in Table 4. As depicted in the table, the InSAR results in this study were consistent in magnitude with previous research findings. Moreover, the error distribution curve was generated for the 5,297,742 co-located deformation points from ascending and descending orbit data in the study area (Figure 17). The measurement errors for ascending and descending data were primarily distributed between -5 mm and 5 mm, with a maximum error not exceeding 15 mm. The distribution conformed to a normal distribution curve, and the probability density of errors exceeding 5 mm was below 0.05. Furthermore, the dry-red soil erosion deformation patterns detected by ascending and descending data in the four different altitudinal gradients correspond to each other, with similar erosion rates, thus verifying the accuracy and effectiveness of the results in this study.
TABLE 4 | Comparative study differences.
[image: Table 4][image: Figure 17]FIGURE 17 | Measurement error of orbit ascending and descending data, (A) is the result of ascending, (B) is the result of descending.
5.2 Analysis of the response relationship between dry-red soil erosion and rainfall and fractional vegetation cover in Yuanmou dry-hot valley
In this study, we employed SBAS-InSAR technology to investigate the relationship between soil erosion of dry-red soil and precipitation and vegetation coverage gradients in the Yuanmou dry-hot valley. Due to the unique geographical and climatic conditions of the Yuanmou dry-hot valley, different types of vegetation develop within different altitude gradients, exerting varying degrees of inhibition and protection against soil erosion of dry-red soil. Below an altitude of 1,350 m, the vegetation consists mainly of sparse shrubs and grasses. Even with relatively high vegetation coverage, it is difficult to effectively prevent soil erosion, with rainfall being the primary factor influencing erosion of dry-red soil—the greater the rainfall, the more severe the soil erosion. Above 1,350 m, larger vegetation begins to develop. When vegetation coverage is high, it effectively slows down soil erosion. Changes in vegetation coverage are the primary factor affecting soil erosion of dry-red soil—increased vegetation coverage leads to reduced soil erosion.
To further analyze the response relationship between dry-red soil erosion and rainfall and FVC in the Yuanmou dry-hot valley, our research results were compared with published similar studies, and the contributions and limitations of our study to existing research were summarized. SUN(Sun et al., 2013), in a study of the contribution of rainfall and vegetation cover to soil erosion in the Loess Plateau, suggested that variations in vegetation cover contribute more to soil erosion than rainfall. SUN’s research covered the Loess Plateau as a whole, suggesting that in most areas of the Loess Plateau, variations in vegetation cover more signficiantly affected soil erosion than rainfall. In contrast, this study focused on different altitudinal gradients in the Yuanmou dry-hot valley, providing a more detailed spatial differentiation of the contributions of rainfall and vegetation cover to dry-red soil erosion. XU (Xu et al., 2019), in a study of Chen Town in Sanming City, Fujian Province, quantified the response relationship between vegetation cover and rainfall on soil erosion using a power-law regression model. XU proposed that when vegetation cover was less than 40%, and rainfall exceeded 80 mm, the risk of soil erosion increases sharply. When vegetation cover exceeded 40%, even heavy rainfall would not cause significant soil loss. In contrast, the contributions of vegetation cover and rainfall to soil erosion was only spatially differentiated, without further quantifying the relationships among the three factors. Exploring the quantitative relationship between rainfall, vegetation cover, and soil erosion in different altitudinal gradients is an important avenue for future research.
Furthermore, to further validate the accuracy of the results of this study, field investigations were carried out in the middle and low mountain areas (altitude range: 1350m–1600 m) of Yuanmou. Field photographs were taken (Figure 18). As depicted in the photographs, dry-red soil with better vegetation cover was less susceptible to erosion, whereas areas without vegetation cover formed gullies and exhibited distinct signs of soil erosion.
[image: Figure 18]FIGURE 18 | Field survey photos.
6 CONCLUSION
In this study, the response relationship between dry-red soil erosion and rainfall and FVC was explored using remote sensing techniques at different altitudinal gradients in the Yuanmou dry-hot valley to clarify the sophisticated relationship between soil erosion, rainfall, and FVC. The study aimed to distinguish the contributions of rainfall and FVC to dry-red soil erosion at different altitudinal gradients. First, the SBAS-InSAR technology was used to acquire the surface deformation rates of dry-red soil erosion in the Yuanmou dry-hot valley from March 2018 to October 2022. Subsequently, a time series of FVC for the same period was calculated and extracted using pixel-based classification in the Google Earth Engine platform. Lastly, a comprehensive analysis was conducted, combining the surface deformation rates, time series of FVC, and rainfall data, to study the patterns of dry-red soil erosion at different altitudinal gradients. The results indicate that the dry-red soil erosion patterns detected by ascending and descending data at four distinct altitudinal gradients correspond to each other, with similar erosion magnitudes. The overall dry-red soil erosion deformation rates in the Yuanmou dry-hot valley range from −101.683 mm/yr to 30.57 mm/yr (Ascending),-79.658 mm/yr to 41.942 mm/yr (Descending). Areas with severe surface erosion are concentrated in the Longchuan River basin and a wide variety of river confluence zones, while areas with surface uplift are mostly found in the central and northern parts, specifically the Wudongde hydropower station reservoir area. The study reveals a noticeable altitudinal gradient effect on dry-red soil erosion in the Yuanmou dry-hot valley. The valley-dam area and the medium and low mountain areas were subjected to the most serious soil erosion, and the maximum erosion reached over 80 mm. Erosion was mitigated in the low mountain areas around the dam, with a maximum erosion of 60 mm. The medium and high mountain areas exhibit the weakest erosion, with a maximum erosion of only 30 mm. The correlation between dry-red soil erosion, rainfall, and FVC is divided by an altitude threshold of 1,350 m. Below 1,350 m, soil erosion is more strongly influenced by rainfall, whereas above 1,350 m, variations in FVC are the primary factors affecting soil erosion.
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