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Abstract

:

Gully erosion is considered to be a highly destructive form of soil erosion, often leading to the occurrence of natural calamities like landslides and mudslides. Remote sensing images have been extensively utilized in gully erosion research, and the suitability of extracting gully morphology parameters in various topographic regions needs to be clarified. Based on field measurements, this paper focuses on two widely used high-resolution remote sensing images: Unmanned Aerial Vehicle (UAV) and Google Earth (GE) imagery. It systematically examines the accuracy of gully morphological characteristic extraction using remote sensing in two regions with different terrain characteristics. The results show the following: (1) Compared to interpreting wide gullies with unclear shoulder lines, centimeter-level UAV imagery is more suitable for interpreting narrow gullies with clear shoulder lines. Conversely, the interpretability of sub-meter-level GE imagery is exactly the opposite. (2) The error in interpreting gully head points (GHPs) based on UAV images is less than 1 m, while the errors in gully length (GL), width (GW), perimeter (GP) and area (GA) are all below 3%, and these errors are hardly affected by gully morphology. (3) The error of GHPs based on GE images is concentrated within the range of 1–3 m. Meanwhile, the errors associated with GL, GP and GA are less than 10%. Conversely, the error of GW exceeds 11%. Furthermore, the aforementioned errors tend to increase as the gully width decreases and the complexity of the gully shoulder line increases. These findings shed light on the suitability of two commonly used remote sensing images for gully morphology extraction and provide valuable guidance for image selection in future research endeavors in this field.
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1. Introduction


Gully erosion is a globally prevalent phenomenon that exerts a significant destructive force on Earth’s surface [1]. Gully occurrence and the development process are often related to the spalling and collapse of soil on various scales [2]. Gullies are active channels that are strongly linked to human activities, which pose a substantial threat to soil and ecological environment quality [3,4,5], and often accompany and trigger natural disasters such as landslides and mudslides. The rapid and accurate acquisition of multi-dimensional gully morphology is crucial for evaluating gully erosion [6,7]. Remote sensing imaging is an important data source for addressing this issue, and the systematic evaluation of its suitability is a key challenge.



A gully refers to a channel with a certain width and depth that normal tillage cannot pass through [8]. The cross-sectional area (CSA) of a gully is typically above 1 ft2 (0.093 m2) [9,10], and its morphology can be characterized by multiple dimensions such as gully head point (GHP), gully length (GL), gully width (GW), gully perimeter (GP), gully area (GA), gully depth (GD) and gully volume (GV) [11,12]. Determining the initial position of a gully is a crucial step in studying its occurrence patterns and retreat rate [13]. Gully morphology, including GL, GW, GD, GP, GA and GV, is strongly associated with the process of gully erosion evolution [7]. These parameters provide valuable insights into comprehending the current gully erosion status and its hazards, as well as facilitating the identification of effective mitigation strategies.



In previous studies, the acquisition of gully morphological characteristics primarily involved on-site surveys and measurements using erosion pins, total stations, or the Global Positioning System (GPS) [13,14,15,16]. While this method provides the most direct and accurate information about erosion gullies, it is typically costly and impractical for large-scale gully erosion research. However, advancements in satellite remote sensing technology and aerial photogrammetry have enabled the acquisition of numerous images from aerospace and aerial remote sensing, with spatial resolutions reaching sub-meter or even centimeter levels [17,18]. Notably, Unmanned Aerial Vehicle (UAV) photogrammetry can also provide high-precision elevation data and generate Digital Surface Models (DSMs) for similar research purposes [12]. The advancements in technology have eliminated the necessity of solely relying on field survey methods for acquiring morphological information about gullies [12,13]. This can now be accomplished via the automated extraction of parameters such as GHPs and GL using a high-precision Digital Elevation Model (DEM) [11,19,20]. Alternatively, parameters like GHPs, GL, GW, GD, GP and GA can be visually obtained by utilizing multi-source remote sensing images [21,22,23]. With continuous improvement in the quality of remote sensing images, their application advantages on various scales are becoming increasingly prominent. After comprehensively considering factors such as research costs and accuracy requirements, an increasing number of researchers are choosing to utilize high-resolution images for extracting gully morphological information.



Obviously, the quality of the selected remote sensing images and DEM data in the study will significantly interfere with the results. The research demonstrates that using a very-high-resolution DEM can result in an overestimation of the gully extent due to increased local positional errors in gully mapping [24]. On the other hand, if the resolution is too low, the range of gullies may be underestimated, and the mapping accuracy may be compromised by the morphological characteristics of the gullies. Regarding remote sensing images, as the resolution improves, the derived morphological information of the gullies becomes more detailed, thus enhancing the accuracy of visual interpretation. Gully length is the most accessible morphological information through visual interpretation in remote sensing images. The research demonstrated that using Advanced Land Observing Satellite (Alos) images with a spatial resolution of 2.5 m, only fuzzy traces of gullies could be identified [25]. However, when combined with other auxiliary data, it was possible to extract the optimal GL [26]. On the other hand, the accuracy of GF-1 image extraction with a resolution of 2 m reached more than 90% [27]. With the spatial resolution of remote sensing images being greater than 2 m, the extraction accuracy of GL is significantly improved, enabling reliable extraction of gully morphological parameters with more complex dimensions. For instance, an aerial photograph with a resolution of 1.2 m can be utilized to interpret the boundary of the gully [28]. With a QuickBird (QB) image of 0.61 m resolution, the visual interpretation error of the GA and GP can be controlled at around 5% [29]. Furthermore, the accuracy of GL extracted based on a 0.51 m Google Earth (GE) image is as high as 98% [23]. The accuracy of GP and GA obtained from a 0.5 m Pleiades-1 panchromatic image is also approximately 90% [30]. Additionally, when using centimeter-level UAV images, the errors in morphological parameters such as GL, GW, GP and GA are less than 9% [12]. The accuracy requirements for the location of GHPs in remote sensing images are the highest. They are commonly extracted based on sub-meter- or centimeter-level remote sensing images, such as QB [29], Pleiades [30] and UAV images [31].



UAV images and GE images have become common data sources for gully erosion research in recent years. Among them, decimeter-level and centimeter-level UAV images can provide substantial support for the extraction of multi-dimensional morphological parameters of gullies, and further provide valuable data for erosion sensitivity prediction and erosion model construction [12,32,33]. However, the application of UAV images is primarily focused on small watersheds due to its high technological and manpower costs, limiting its use on larger spatial scales. Conversely, sub-meter-resolution GE images offer wide coverage and high spatial resolution, making them advantageous for gully erosion research. They can provide historical sub-meter level images of most regions worldwide. In recent years, they have been frequently used in gully erosion research [34], and have shown clear advantages in studying gully dynamics [17,22,35].



The geomorphological features of different terrain areas exhibit significant variations, resulting in diverse, multi-dimensional, morphological characteristics of gullies in each area. As a consequence, these differences manifest in distinct surface textures, shadows and color characteristics in remote sensing images, thereby influencing the accuracy of researchers’ gully identification using such images [27]. However, this issue has not received sufficient attention. The lack of sufficient comparative analysis between the accuracy of remote sensing interpretation in similar images from different terrains and the accuracy of interpretation within diverse images within the same terrain has resulted in some studies relying on accuracy verification results from other regions [29,36]. We believe that this drawback greatly impacts the selection of remote sensing images and the grasp of research results in this specific study.



This paper focuses on the research of widely applied centimeter-level UAV imagery and sub-meter-level GE imagery. The objectives of the paper were as follows: (1) Based on field measurements in two regions with different terrain characteristics, comprehensively evaluate the accuracy of visually interpreting multi-dimensional morphological parameters of gullies using sub-meter-level GE imagery and centimeter-level UAV imagery. (2) Clarify the suitability of these two commonly used remote sensing images in gully-erosion-related research, and analyze the factors that affect the remote sensing interpretation errors of gully morphology, providing accuracy assurance for gully erosion hazard assessments.




2. Materials and Methods


2.1. Study Area


The development of gullies in the Loess Plateau and the typical black soil region in China is widespread, and there are significant differences in gully morphology. This provides an excellent opportunity for a systematic analysis of the accuracy of parameter extraction for gullies of different dimensions. Therefore, this article selects representative watersheds in these two regions to conduct thorough field investigations (Figure 1).



Study Area 1 is Wangwugou watershed (109°57′31″~109°57′57″E, 37°42′51″~37°43′30″N), which is located in the first sub-area of the hilly and gully region of the Loess Plateau. The soil texture in this watershed primarily consists of silt particles, with loose soil texture. The watershed covers an area of 0.44 km2, with an elevation ranging from 963.03 m to 1113.14 m. The average slope gradient is 29.57°. The land use here is mostly cultivated land and grassland, with cultivated land accounting for over 50% (approximately 27% of which is on sloping terrain). According to the annual mean results, the temperature in the area is 9.5 °C, with wind speeds below 2 m/s and approximately 450 mm of precipitation, predominantly concentrated in the summer. Gully erosion is a frequent phenomenon in this region, primarily observed on steep slopes. These gullies exhibit significant dimensions, often exceeding 10 m in depth and width. However, their length is relatively short, typically not exceeding 100 m. Additionally, the edges of the gullies tend to be straight.



Study Area 2, the Yangpaigou watershed, is located in Keshan Farm (125°21′26″~125°26′28″E, 48°17′32″~48°20′49″N), which is a typical rolling-hill mollisol area in Northeast China. The soil texture in this watershed is classified as silty clay (United States Department of Agriculture). The watershed covers approximately 15.98 km2, with an elevation ranging from 283.59 m to 349.35 m and an average slope of 1.50°. The predominant land use here is cultivated land, accounting for 89.18% of the total area, with oblique ridge tillage. The annual mean results reveal that the temperature in the area is 2.4 °C, with a wind speed of 4 m/s and approximately 499 mm of precipitation. The watershed experiences composite soil erosion resulting from the combined effects of freeze–thaw–wind–hydraulic processes occurring simultaneously in both time and space. Gully erosion is prevalent in the region, particularly on gentle slopes. These gullies typically exhibit smaller dimensions, with depths and widths mostly below 5 m. In contrast, their length is relatively long, extending up to several hundred meters. Moreover, the edges of the gullies tend to meander.




2.2. Field Measurement of Gully


The instruments utilized for conducting field surveys and measurements in both research areas are the Zhonghaida H32 Global Navigation Satellite System (GNSS) Real-Time Kinematic (RTK) receivers. These instruments offer a dynamic measurement accuracy with a plane accuracy of ±(8 + D0 × 10−6) mm (where D0 represents the distance between the measured points), and an elevation accuracy of ±(15 + D0 × 10−6) mm. Field survey in the Loess Plateau was carried out in April 2021, characterized by low vegetation cover and clear weather conditions, which provided favorable conditions for fieldwork. In the black soil region, the fieldwork took place in April 2022 when there was less snow cover and spring plowing had not yet been carried out. This allowed for a relatively clear delineation of the gully boundaries. To ensure efficiency in the field investigation and measurement tasks, we standardized the measurement accuracy. In the northeast black area, we employed the GNSS network differential mode as the preferred measurement mode. However, due to the network signal instability in the Loess Plateau, we had to resort to using the GNSS single base station differential mode for measurements in that specific region. A total of 32 typical Loess gullies and 7 black soil gullies were surveyed, including essential morphological parameters such as GHPs, GL, GW, GP, GA, GD and CSA. The step size for parameter measurements was set at 0.3–0.5 m, which could be shortened to 0.1 m in areas with significant terrain variations. Additionally, when conditions permitted, we expanded the measurement of GHPs in the black soil region, resulting in a total of 14 points being measured.




2.3. UAV Aerial Photogrammetry and GE Image Preprocessing


The Da Jiang Innovation (DJI) 4 RTK UAV was used for aerial photogrammetry. The flying height was 300 m, with recommended course side overlap rates (80% and 70%). The terrain of the Loess Plateau changes greatly. To ensure consistent photo resolution, ground-like flights were employed for course adjustments. In order to maintain consistency between field measurements and aerial survey accuracy, as well as coordinate systems, the GNSS post-processed kinematic (PPK) method was adopted in the Loess Plateau, where network signal stability was a concern. Meanwhile, the GNSS network differential model continued to be used in black soil areas. For the black soil region, six ground control points were established through the GNSS network differential mode, serving as image control points for aerial photogrammetry. In aerial photogrammetry, 6 ground control points with ‘+’ shaped markers were evenly arranged for geographical reference, with a size of 0.5 m × 0.5 m. The aerial data processing was carried out using Pix4mapper (https://pix4d.com/ (accessed on 1 June 2021 and 12 June 2022)), and finally a Digital Orthophoto Map (DOM) with a resolution of 8 cm in the two study areas was generated for visual interpretation. In the centimeter-level UAV image, the accuracy of the image control points was within 3 cm, and the edge of the gully was clearly visible.



The GE images were obtained from the official website (https://earth.google.com/ (accessed on 16 March 2023)), which contains 20 levels. The image level selected in this study was the 19th level, and the accuracy reached the sub-meter level. The acquisition time of the image needed to be close to the field measurement time without snow cover. After rigorous screening, two periods of GE images were selected on 21 June 2021 (Study Area 1) and 29 September 2021 (Study Area 2), in which various morphological information of the gullies could be clearly seen. The downloaded GE images were in image format, without any coordinate or projection information. A manual definition of projection and coordinate conversion was required. Then, the geographic registration tool in the ArcGIS 10.5 software platform was used to align the GE images with the UAV images. It is important to note that the registration accuracy differed between the two study areas. In Study Area 1, which had smaller coverage, the registration accuracy reached 20 cm or even higher. On the other hand, in Study Area 2, which had larger image coverage and more factors influencing registration, the difficulty of registration increased. As a result, the registration error in Study Area 2 was approximately four times that of Study Area 1.




2.4. Method of Interpretation of Gully Shape Parameters


Visual interpretation was conducted indoors using the ArcGIS 10.5 software platform, which involved interpreting the morphology of gullies in both the UAV images and GE images. The interpretation results for the two study areas are presented in Figure 2. The gully head point refers to the exact location where a gully has cut through the ground surface. It represents the closest point along a gully to the watershed divide. The gully length refers to the projected distance of the flow path from the head point to the outlet point. The boundary of each gully was digitized, and a closed curve was drawn along the vertical contour line at the end of the gully. The area covered by the closed curve means the gully area, and the boundary length indicates the gully perimeter. In the Loess Plateau, each gully was measured three times (1/4, 1/2 and 3/4), while in the black soil zone of Northeast China, we measured the width and depth every 10 m. Finally, the mean value was taken as the GW, GD and CSA of the gully. The width of the gully refers to the straight distance between the left and right sides of the gully. The CSAs were extracted using 3D analysis tools in ArcGIS 10.5.




2.5. Gully Morphological Indexes and Calculation Methods


In this study, the parameters used to evaluate gully morphology included directly extracted measurements from the gully itself, such as gully length, width, perimeter, area, depth and cross-sectional area. Additionally, derived morphological indices that required calculations were utilized, including gully length-to-width ratio (L/W), width-to-depth ratio (W/D) and gully sinuosity index (SI). These parameters and indices were employed to assess the planform shape, cross-sectional profile and edge complexity of the gullies. The L/W is the gully’s narrowness, and a larger index value means that the gully plane is slender. The W/D was utilized to express the gully’s cross-section characteristics, and the larger value indicates that the GW is much larger than GD. The SI is the complexity of the gully shoulder line, which is the knowledge of the landscape pattern patch shape index (Equation (1)) [36,37]. The larger value indicates that the gully’s shoulder line is more tortuous.


  S I =   0.25   *   G P   √ G A    



(1)




where GP is the gully’s perimeter, m; GA is the gully’s area, m2; and SI is the shoulder line complexity of the erosion gully.




2.6. Error Evaluation Indexes


The GHP positioning accuracy is expressed by the length from the interpretation point to the measured point in Equation (2). Gully length (GL), gully width (GW), perimeter (GP) and area (GA) errors are described by the mean absolute error (MAE), mean square error (MSE), root-mean-square error (RMSE), mean absolute percentage error (MAPE) (Equation (3)) and Nash–Sutcliffe efficiency coefficient (NSE) (Equation (4)) [12].


    R   d   =           X   0   −   X   s       2   +     Y   0   −   Y   s       2     2    



(2)






    R   M A P E   = A B S (   p   i   −   P   i   ) /   P   i   × 100  



(3)






    R   N S E   = 1 −     ∑  i = 1   n    (   p   i   −   P   i     )   2         ∑  i = 1   n    (   p   i   − P   )   2        



(4)




where Rd represents the positioning error of the gully head point; X0 and Y0 are the image interpretation coordinates of gullies; XS and YS are the coordinates of RTK points; RMAPE and RNSE represent mean absolute percentage error and Nash–Sutcliffe efficiency coefficient; pi is the interpretation value; Pi is the measured average;   P   is the measured mean; and n is the sample size.





3. Results


3.1. Gully Morphologies in Different Terrain Regions


The multi-dimensional morphological differences in gullies in diverse terrain regions are shown in Table 1, and the differences in the morphological characteristic indices are shown in Figure 3. More detailed information is shown in Appendix A, Table A1. The multi-dimensional morphological differences between Loess gullies and black soil gullies are obvious, with significant differences in the morphological characteristic indices such as L/W, W/D and SI (p < 0.01). The lengths of Loess gullies range from 15.17 to 109.98 m (mean 49.63 m). They are short and wide, with an L/W of 4.78 and a width and depth variation range of 1.12–30.92 m (mean 15.54 m) and 0.18–13.47 m (mean 6.70 m), respectively; the average perimeter and area are 128.87 m and 779.18 m2, with a CSA of 78.42 m2 and an SI of 1.32. The lengths of black soil gullies range from 45.15 to 206.10 m (mean 92.88 m). The gully plane is slender, with an L/W of 33.99, a variation in width and depth ranging from 2.09 to 4.28 m (mean 2.97 m) and 0.37–1.13 m (mean 0.73 m), an average perimeter of 208.78 m, a surface area of 254.31 m2, a CSA of 1.27 m2 and an SI of 3.20. Overall, the Loess gullies are short and wide with a relatively low SI, while the black soil gullies are long and narrow with a high SI.




3.2. Analysis of the Positioning Error of the Gully Head Points


Table 2 shows the statistical distances between the field-measured gully head points and the remote-sensing image-interpreted gully head points. Among the 46 gully head points determined in the field (32 in the Loess region and 14 in the black soil region), the distances between the gully head points and the measured points based on UAV images and GE images are 0.67 m and 2.32 m, of which the distances between the gully head points and the measured points based on UAV interpretation are 0.87 m and 0.21 m for the Loess gullies and black soil gullies, respectively, and the corresponding results based on GE image interpretation were 1.71 m and 3.72 m, respectively. This indicates that the distance between the head points of the gullies and the measured points based on the UAV images is much smaller than that determined by the GE images, and the head points of the gullies are located more accurately. The accuracy of the gully head point positioning based on UAV images is better for the black soil gullies than for the Loess gullies, while the accuracy of the gully head point positioning based on GE images is better for the Loess gullies than for the black soil gullies.



Figure 4 illustrates the relationship between the positioning accuracy of GHPs and gully morphological factors. The positioning accuracy of the gully head based on the UAV image interpretation generally falls within a range of 2 m, with most of them being below 1 m. The influence of gully morphology on this deviation is not significant. Considering that there might be some errors during the field measurement, Figure 4 only analyzes the relationship between the positioning accuracy of the GHP based on GE images and the gully morphological indexes. The two gully morphological indexes that are most closely related to the accuracy of the gully head positioning are GW and SI. The GHP error based on GE image interpretation decreases with increasing GW and increases with increasing SI. When the GW is less than 5 m, the distance from the location of the interpreted GHP to the measured GHP is generally more than 2 m, and vice versa; when the SI is greater than 1.5, the distance from the location of the interpreted GHP to the measured GHP is generally more than 2 m, and vice versa. For sub-meter-resolution GE images, when visually interpreting the GHP indoors, the positioning accuracy of the GHP decreases as the width of the gully becomes smaller and the SI increases.




3.3. Analysis of Gully Length and Width Interpreting Errors


The analysis results of the remote sensing interpretation errors for gully length and width are presented in Table 3. There are significant differences in the length and width errors among gullies with different morphologies based on the interpretation of the remote sensing images. Specifically, the mean errors of gully length and width based on UAV image interpretation are 0.71% and 2.63%, respectively. Additionally, the length interpretation error of gullies is higher in the Loess Plateau, approximately twice that of the black soil region. On the other hand, the width interpretation error is higher in the black soil region, approximately 1.6 times that of the Loess Plateau. The MAPEs of GL and GW based on GE image interpretation are 3.46% and 11.59%, respectively. Moreover, the MAPE of GL interpretation is slightly higher in the black soil area, while the width interpretation error of the black soil gullies is significantly higher than that of the Loess gullies, approximately three times as much. In conclusion, the visual interpretation accuracy of GL and GW based on UAV images yields high accuracy, exceeding 97%. On the other hand, the accuracy of GL is relatively high, but the accuracy of GW is lower when interpreted using GE images. This difference is especially pronounced when interpreting the width of gullies in the black soil region, where errors are significant.



The difference between the GL and GW based on manual visual interpretation and the field-measured GL and GW is shown in Figure 5. The difference between the GL and GW obtained from the UAV images and those measured in the field lies around the zero error line, as well as the differences between the measured values and the GL and GW, are mostly concentrated within ±1 m. The mean value of the difference between GW and the measured length based on GE image interpretation also lies around the zero error line, but the error distribution is more discrete, with the difference between ±4 m, and the mean value of the difference between GW distribution and the measured width lies below the zero error line, with the GW distribution within ±3 m. Overall, the errors in GL and GW based on UAV image interpretation are smaller than the corresponding errors based on GE image interpretation, and the GW based on GE image interpretation is overall underestimated.



Figure 6 represents the analysis of the relationship between the interpretation error of the gully width and gully morphological factors. The MAPE of GL and GW based on the UAV image is hardly affected by the gully morphology, and the correlation between the GL MAPE and gully morphological indexes based on GE image interpretation is less obvious. Therefore, Figure 6 only analyzes the relationship between the gully width error and gully morphological indexes based on the GE image. The two gully morphological indexes most closely related to the gully width accuracy are GW and SI. The error in GW based on GE image interpretation decreases with increasing GW and increases with increasing SI. When the GW is less than 10 m, the MAPE of the GW will mostly exceed 10%, and vice versa, where it will generally be less than 10%; when the SI is less than 1.5, the MAPE of the GW is less than 20%, and most of them are concentrated within 10%, while on the contrary, most of them are more than 10% or even more than 20%. For the GE images, the visual interpretation accuracy of the GW with large GW and small SI is higher.




3.4. Analysis of Gully Perimeter and Area Interpretation Errors


The analysis results of the remote sensing interpretation errors for gully perimeter and area are presented in Table 4. There are significant differences in the perimeter and area errors among gullies with different morphologies based on the interpretation of the remote sensing images. Specifically, the mean errors of GP and GA based on UAV image interpretation are 2.12% and 2.56%, respectively. Furthermore, the perimeter and area interpretation errors of gullies are higher in the Loess Plateau, approximately 1.5 times that of the black soil area. On the other hand, the mean errors of GP and GA based on GE image interpretation are 5.53% and 8.66%, respectively. Additionally, the perimeter interpretation error of gullies is slightly higher in the black soil area, while the area interpretation error of black soil gullies is approximately twice that of the Loess gullies. In summary, the interpretation of GP and GA based on UAV image analysis yields high accuracy. On the other hand, when interpreting GP, GE images exhibit higher accuracy, while the accuracy of the gully area is relatively lower. This discrepancy is especially pronounced when interpreting the area of gullies in the black soil region, where errors are significant.



The differences between the GP and GA obtained via manual visual interpretation and the field-measured GP and GA are visualized in Figure 7. The mean of GP and GA differences based on UAV interpretation are slightly below the zero error line, with the differences concentrated in ±5 m and ±25 m2. The mean values of the differences in GP and GA based on GE image interpretation lie above the zero error line, with the differences controlled at ±15 m and ±100 m2. Overall, the interpretation of GP and GA based on the UAV images tends to slightly underestimate the actual measured values. On the other hand, the interpretation results based on the GE images tend to slightly overestimate the GP and GA of the gully.



Figure 8 represents the analysis of the relationship between the accuracy of the remote sensing interpretation of the gully area and gully morphological indexes. The correlation between the GP MAPE interpreted from the UAV image and GE image interpretation and the gully morphological indexes is not significant, and the accuracy of GA based on the UAV image interpretation is also above 97%. Therefore, Figure 8 only analyzes the correlation between the GA MAPE interpreted from the GE image and gully morphological indexes. The four gully morphological indexes that are most closely related to the accuracy of GA are GW, GA, L/W and SI. The error of GA based on GE image interpretation decreases with the increase in GW and GA, and increases with the increase in L/W and SI. When the GW is less than 10 m and the GA is less than 500 m2, the MAPE of the GA will mostly exceed 10%, and vice versa. When the L/W is less than 10 and the SI is less than 1.5, the MAPE of the GA interpretation is mostly less than 10%, while the MAPE is mostly more than 10% or even more than 20%. It is evident that for GE images, there are multiple factors influencing the interpretation of the gully area. Generally, gullies with a smaller width and area, as well as a larger L/W and higher SI, tend to have larger errors in the interpretation of the gully area.





4. Discussion


4.1. Explanation of the Correlation between Remote Sensing Image Selection and Gully Morphology


This study establishes a correlation between the accuracy of the remote sensing visual interpretation of gully morphological information and the initial morphological attributes of the gully. Notably, factors such as GW, GA, L/W and SI significantly influence the interpretation accuracy. As the GW expands and SI decreases, the accuracy in interpreting the GHP and GW through remote sensing improves. Additionally, the accuracy in determining the GA is positively influenced by the GW and GA, but negatively influenced by the L/W and SI. These findings are consistent with the premise that larger gullies yield smaller errors in visual interpretation, as found by Li Zhen et al. [29]. However, it is crucial to highlight that this study distinguishes itself in terms of its objective, which centers on evaluating the suitability of remote sensing images obtained via various sources for the accurate interpretation of gully morphological parameters. The findings of this study underscore the necessity of considering gully morphology as a significant factor when selecting appropriate remote sensing images for analysis.



Gullies in different terrain regions often exhibit significant differences in multi-dimensional morphology, which can significantly impact the accuracy of researchers’ attempts to extract gully morphology parameters from remote sensing images [27]. Therefore, the suitability of the same image to interpret gullies in different regions varies. This issue has not received sufficient attention. Due to the lack of image interpretation accuracy comparison and systematic research in different regions, the verification results of accuracy in other regions have to be used in some studies [29,36]. In order to make up for this shortcoming and confirm the problem of accuracy differences in different regions, this study selected gullies with obvious morphological differences in the two terrain regions where erosion gullies are widely developed in China, and explored the visual interpretation effect of different morphological characteristics of gullies. The findings demonstrate significant variations in the suitability of the same image for visually interpreting different forms of gullies. Particularly, the suitability of the centimeter-level UAV image to the parameter interpretation of narrow gullies in the black soil area is much better than that of the wide and large gullies in the Loess region. The primary reason is that the black soil gully is generally in the rapid development period [38], and the shoulder line of the gully is more obvious. As long as the image resolution is high enough, it is easier to identify. Based on the suitability of interpreting sub-meter-resolution GE images, it can be concluded that the effectiveness of identifying Loess gullies is relatively higher compared to black soil gullies. This distinction is primarily influenced by the width of the gullies and constrained by the resolution capabilities of GE images. Gullies with a width of less than 5 m tend to exhibit lower accuracy in visual interpretation. In Loess regions, there is a significant presence of large-scale gullies, with widths mostly exceeding 10 m. Consequently, these gullies can be readily identified in the imagery. Conversely, in black soil areas, gullies occur along gently sloping terrains, leading to the development of narrow and elongated channels. Furthermore, in black soil areas, the complexity of gully edges is higher, making it challenging to accurately delineate the edges of the gullies on GE images with relatively low resolution. Therefore, it is crucial to take into account the width of the gully and the specific characteristics of the area when utilizing GE imagery for gully interpretation. While GE images can yield satisfactory outcomes for Loess gullies, accurately depicting the edges of gullies in the black soil region may pose certain limitations. In such cases, employing higher-resolution images or alternative remote sensing techniques may be necessary to enhance the accuracy of gully interpretation in these regions.




4.2. Characteristics and Limitations of Gully Morphological Parameter Interpretation Using UAV and GE Images


Utilizing UAV remote sensing technology enables the acquisition of high-resolution DOM images and the generation of DSM within the designated study area. The combination of these two datasets allows for a more comprehensive extraction of multi-dimensional morphological parameters of the gully [17,35,39]. However, certain studies have indicated that due to terrain factors or the influence of vegetation cover, it is challenging to accurately obtain gully morphological characteristics on steep slopes using UAV data [40], suggesting that oblique photography is more suitable for extracting three-dimensional (3D) gully information compared to orthophotography. The accuracy of two-dimensional (2D) parameters such as GL, GW, GP and GA is better than that of 3D morphological parameters such as GD, CAS and GV. The MAPE value of 2D parameter interpretation results is less than 10%, and the 3D parameters are less than 20% [12,41,42]. In this study, only the UAV aerial photography image was used to obtain the gully’s 2D information. The deviation between the interpreted GHP and the field-determined position is primarily within 1 m, with the visual interpretation accuracy of GL, GW, GP and GA being concentrated at or above 97%. In addition, the GW, GP and GA based on UAV image interpretation are slightly lower than the actual measurement results, and the GL is slightly overestimated. Similar conclusions have been documented in other comparable studies [12,42]. This reminds us to carefully consider whether the degree of overestimation or underestimation of the parameters during interpretation would affect the experimental results when using UAV imagery to obtain gully morphological parameters. Efforts should be made to mitigate any disputes that may arise from the potential data overestimation or underestimation.



The feasibility of interpreting gullies using GE remote sensing imagery has been repeatedly confirmed in numerous similar studies [22,34,43]. In addition, some researchers suggest that the 0.5 m resolution GE imagery is more suitable for extracting the morphological parameters of gullies. This conclusion takes into account both interpretation accuracy and research cost considerations [23]. In recent years, many researchers have combined sub-meter-resolution GE imagery with centimeter-level UAV imagery for the study of small newly formed gullies [17,35]. In this paper, the difference between the position of the GHP determined by the sub-meter GE image and the position determined in the field is mostly within 3 m, the length error is mostly about 5% and the perimeter and area errors are mostly within 10%. The application of satellite images, such as GE, for interpreting several morphological parameters appears to be suitable. However, the results of this study also indicate that caution should be exercised when interpreting GW based on the GE image, as its suitability needs to be considered. The accuracy of width interpretation is acceptable for wider gullies, with accuracy generally within 10% in Loess areas. However, in this study, the MAPE of GW in the black soil area interpreted using a GE image reached 24.05%. Therefore, when the GW is less than 5 m or the gully edges are complex, great care should be taken in interpreting GW using a GE image. Google imagery presents another well-known issue of variable distortion and displacement, which necessitates careful consideration when applying it. However, this study has demonstrated through research that high-precision morphological parameters of channel incision can be interpreted from sub-meter-level Google imagery. This suggests the feasibility of utilizing sub-meter-level GE imagery in gully erosion research. Furthermore, the author has observed a significant length interpretation error when using GE imagery to address gully erosion issues due to the difference between the image acquisition date and the actual date. Although this study selected GE imagery that was closest to the field measurement date, there is still a one-season difference, including the snowmelt period. This leads to a variation of up to 10 m in the length of individual gullies, caused by the unstable headward erosion during the snowmelt season, resulting in the retreat of gully heads. Therefore, when selecting remote sensing imagery, it is important to not only choose images that are as close in time as possible but also avoid intervals that include the snowmelt or heavy rainfall seasons. Another well-known issue with GE imagery is the variability and inconsistency in image deformation and displacement, requiring careful consideration when applying GE imagery. However, this study has demonstrated through research that the high-precision morphological parameters of gullies can be extracted from sub-meter-resolution GE imagery. This suggests that the application of sub-meter-resolution GE imagery in studying gully erosion is feasible.



It is commonly believed that an enhancement in remote sensing image resolution can provide more detailed gully morphology information and improve the accuracy of visual interpretation. However, several studies have indicated that excessively high-resolution data may introduce unwanted interference and affect the experimental results. For instance, very-high-resolution DEMs could result in an overestimation of the extent of gully erosion mapping [24], while high-resolution remote sensing images may have increased noise information in interpretation [25]. When utilizing centimeter-level UAV images or sub-meter-level GE images, it is quite simple to obtain planar parameters such as the GHPs, GL, GW, GP and GA. Nonetheless, acquiring 3D morphological information like GP, CSA and GV typically requires field measurements or elevation data [12]. The limitation of not obtaining 3D information undermines the usefulness of remote sensing images in gully erosion evaluation and soil and water conservation planning. Moreover, visual interpretation, while offering high-precision gully morphology information, demands experienced interpreters [44], thus placing certain restrictions on the widespread application of remote sensing images.




4.3. Future Research


Remote sensing images are extensively used in gully erosion research, especially in large-scale research, and offer notable advantages. The extent of these advantages relies on the ability to rapidly and accurately obtain gully morphological information from remote sensing images, supporting the evaluation of gully erosion on a large scale. Hence, this paper focuses on the commonly utilized centimeter-level UAV images and sub-meter-level GE images in gully erosion research [12,17,43,45], employing visual interpretation to systematically compare and analyze their suitability in interpreting the two-dimensional morphological parameters of gullies. This facilitates researchers in swiftly selecting appropriate remote sensing images based on their research purposes and the characteristics of the gully. It should be noted that although centimeter-level UAV images possess excellent timeliness and ultra-high resolution, they might lack historical images of the region. Although the sub-meter-level GE images cover a larger portion of the region and can provide historical images, the temporal distribution of the images is not uniform, which limits the application to a certain extent [18]. Particularly in long-term dynamic gully erosion research, combining multiple images is often necessary to obtain reliable research results.



However, this paper specifically focuses on the suitability of centimeter-level UAV images and sub-meter-level GE images for obtaining gully morphology in soil erosion research. The suitability of other high-resolution images such as QB images [46], Pleiades images [21] and Spot 5 images [30] still needs to be investigated. Additionally, only 2D morphological information of gullies can be obtained visually from the image. The extraction of three-dimensional information has to rely on DEM data. Determining which type of DEM data is best suited for obtaining the three-dimensional morphological information of the gully is beyond the scope of this study and should be explored in future research.





5. Conclusions


Based on GNSS RTK measurements, this paper provides a comprehensive analysis of the suitability of commonly used centimeter-level UAV images and sub-meter-level GE images for interpreting multi-dimensional morphological parameters of different gully morphologies. The suitability of a single image exhibits significant variation across different gullies. Compared to interpreting wide gullies with low SI, centimeter-level UAV imagery is more suitable for interpreting narrow gullies with high SI in the black soil region of Northeast China, while GE images are more suitable for interpreting large-width and low-SI gullies in the Loess Plateau. The advantage of UAV images lies in their considerably lower interpretation error, with an MAPE of the GHP being less than 1 m and the MAPE of GL, GW, GP and GA all being below 3%, which is not impacted by gully morphology. On the other hand, the advantage of GE images lies in their ability to meet the interpretation accuracy requirements of conventional gully erosion research. The MAPE of the GHP mainly falls within the range of 1–3 m, while the MAPE of GL, GP and GA remains below 10%. However, one drawback is that the interpretation error is heavily influenced by morphological factors such as GW and SI; especially when obtaining width and area information, the morphological characteristics of the gully need to be carefully considered. Consequently, it is crucial to comprehensively consider the specific gully morphological characteristics based on the research objectives when selecting the appropriate images for gully erosion analysis.
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Table A1. Field investigation and measured information of gully morphological characteristics.
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ID

	
L/m

	
W/m

	
P/m

	
A/m2

	
D/m

	
L/W

	
W/D

	
SI

	
CSA/m2






	
Loess gully (n = 32)

	
01

	
109.98

	
13.00

	
248.20

	
1269.53

	
4.85

	
8.47

	
2.68

	
1.74

	
39.18




	
02

	
42.02

	
16.69

	
120.20

	
622.28

	
9.50

	
2.52

	
1.76

	
1.20

	
91.25




	
03

	
66.34

	
27.70

	
202.39

	
1723.71

	
13.47

	
2.40

	
2.06

	
1.22

	
250.97




	
04

	
83.66

	
24.70

	
229.22

	
1915.36

	
11.63

	
3.39

	
2.12

	
1.31

	
219.34




	
05

	
59.06

	
9.97

	
151.40

	
605.16

	
5.36

	
5.92

	
1.86

	
1.54

	
32.30




	
06

	
82.97

	
25.99

	
197.04

	
1800.92

	
9.08

	
3.19

	
2.86

	
1.16

	
148.45




	
07

	
80.61

	
30.92

	
202.26

	
2213.07

	
11.14

	
2.61

	
2.78

	
1.07

	
231.06




	
08

	
41.78

	
15.26

	
127.44

	
646.77

	
3.88

	
2.73

	
3.93

	
1.25

	
41.69




	
09

	
56.19

	
17.00

	
142.09

	
852.73

	
7.05

	
3.31

	
2.41

	
1.22

	
79.11




	
10

	
30.81

	
11.14

	
78.40

	
312.50

	
5.66

	
2.76

	
1.97

	
1.11

	
40.00




	
11

	
47.00

	
27.78

	
159.99

	
1221.17

	
11.27

	
1.69

	
2.47

	
1.14

	
179.49




	
12

	
69.62

	
16.38

	
156.33

	
972.23

	
4.98

	
4.25

	
3.29

	
1.25

	
51.07




	
13

	
54.53

	
15.28

	
135.22

	
765.74

	
4.69

	
3.57

	
3.26

	
1.22

	
46.50




	
14

	
73.90

	
18.27

	
202.72

	
1287.02

	
8.88

	
4.04

	
2.06

	
1.41

	
106.27




	
15

	
55.33

	
17.19

	
145.05

	
862.39

	
5.05

	
3.22

	
3.40

	
1.23

	
58.99




	
16

	
53.47

	
17.58

	
137.86

	
888.61

	
5.90

	
3.04

	
2.98

	
1.16

	
59.35




	
17

	
35.44

	
16.18

	
91.03

	
493.56

	
8.71

	
2.19

	
1.86

	
1.02

	
82.54




	
18

	
20.35

	
9.33

	
52.73

	
160.65

	
5.52

	
2.18

	
1.69

	
1.04

	
31.78




	
19

	
33.72

	
11.05

	
91.59

	
362.65

	
4.79

	
3.05

	
2.31

	
1.20

	
30.78




	
20

	
47.95

	
15.58

	
117.82

	
568.90

	
7.26

	
3.08

	
2.15

	
1.23

	
66.00




	
21

	
39.61

	
13.95

	
103.16

	
504.99

	
4.98

	
2.84

	
2.80

	
1.15

	
46.95




	
22

	
39.63

	
11.55

	
93.45

	
417.28

	
4.63

	
3.43

	
2.50

	
1.14

	
30.52




	
23

	
38.38

	
16.18

	
100.71

	
553.53

	
6.51

	
2.37

	
2.49

	
1.07

	
62.64




	
24

	
83.42

	
19.72

	
219.79

	
1359.80

	
11.49

	
4.23

	
1.72

	
1.49

	
127.10




	
25

	
33.08

	
12.14

	
92.11

	
378.03

	
4.88

	
2.72

	
2.49

	
1.18

	
39.64




	
26

	
60.54

	
26.04

	
162.80

	
1388.18

	
10.54

	
2.33

	
2.47

	
1.09

	
184.50




	
27

	
16.57

	
9.13

	
42.10

	
122.37

	
3.69

	
1.82

	
2.47

	
0.95

	
15.92




	
28

	
26.57

	
12.13

	
73.49

	
290.72

	
5.78

	
2.19

	
2.10

	
1.08

	
40.09




	
29

	
36.55

	
1.12

	
78.06

	
46.19

	
0.18

	
32.72

	
6.21

	
2.87

	
0.14




	
30

	
31.97

	
1.35

	
70.93

	
37.26

	
0.19

	
23.76

	
7.23

	
2.90

	
0.17




	
31

	
15.16

	
7.24

	
42.74

	
107.08

	
3.49

	
2.10

	
2.07

	
1.03

	
17.25




	
32

	
21.97

	
9.87

	
55.38

	
183.16

	
9.34

	
2.23

	
1.06

	
1.02

	
58.35




	
Black soil gully (n = 7)

	
1

	
164.48

	
2.93

	
383.72

	
506.49

	
1.13

	
56.12

	
2.61

	
4.26

	
1.39




	
2

	
63.25

	
2.09

	
152.29

	
114.22

	
0.85

	
30.31

	
2.45

	
3.56

	
0.95




	
3

	
206.10

	
2.60

	
431.49

	
538.69

	
0.80

	
79.23

	
3.25

	
4.65

	
1.39




	
4

	
45.15

	
3.45

	
108.12

	
139.44

	
0.88

	
13.07

	
3.93

	
2.29

	
2.34




	
5

	
49.22

	
3.15

	
113.92

	
130.61

	
0.54

	
15.61

	
3.93

	
2.29

	
1.35




	
6

	
50.31

	
4.28

	
108.39

	
187.19

	
0.37

	
11.75

	
11.61

	
1.98

	
0.72




	
7

	
71.67

	
2.25

	
163.50

	
163.51

	
0.49

	
31.85

	
4.62

	
3.20

	
0.78








Note: L, gully length; W, gully width; P, gully perimeter; A, gully area; D, gully depth; L/W, the ratio of gully length to gully width; W/D, the ratio of gully width to gully depth; SI, the complexity of the gully shoulder line; CSA, the gully cross-sectional area.
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Figure 1. Illustration of study areas. 
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Figure 2. Illustration of gully interpretation. 
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Figure 3. Boxplots of gully morphology characterization index. (a) The L/W of gullies; (b) the W/D of gullies; (c) the SI of gullies. Note: L/W, gully length/gully width; W/D, gully width/gully depth; SI, the complexity of the shoulder line. 
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Figure 4. Correlation between gully head positioning accuracy and morphology indexes. (a) Correlation between gully head point accuracy and gully width; (b) correlation between gully head point accuracy and SI index. Note: SI, the shoulder line complexity of the gully. 
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Figure 5. The difference between gully length and width measured using RTK and images. (a) Gully length difference; (b) gully width difference. Note: UAV, Unmanned Aerial Vehicle; GE, Google Earth image. 
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Figure 6. Correlation between gully width accuracy and gully morphological parameters. (a) Correlation between gully width accuracy and gully width; (b) correlation between gully width accuracy and gully SI index. Note: GE, Google Earth image; MAPE, the mean absolute percentage error; SI, the complexity of the gully shoulder line. 
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Figure 7. The difference between the gully perimeter and area measured using RTK and images. (a) Gully perimeter difference; (b) gully area difference. Note: UAV, Unmanned Aerial Vehicle; GE, Google Earth image. 
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Figure 8. The relationship between the accuracy of the gully area and gully morphological indexes. (a) Relationship between gully area accuracy and GW; (b) relationship between gully area accuracy and GA; (c) relationship between gully area accuracy and L/W; (d) relationship between gully area accuracy and SI. Note: MAPE, the mean absolute percentage error; L/W, length/width; SI, the complexity of the gully shoulder line. 
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Table 1. The morphologies of gullies.






Table 1. The morphologies of gullies.





	

	

	
GL/m

	
GW

/m

	
GP/m

	
GA

/m2

	
GD/m

	
L/W

	
W/D

	
SI

	
CSA/m2






	
Loess gully (n = 32)

	
Max.

	
109.98

	
30.92

	
248.20

	
2213.07

	
13.47

	
32.72

	
7.08

	
2.90

	
250.97




	
Min.

	
15.17

	
1.12

	
42.10

	
37.26

	
0.18

	
1.69

	
1.05

	
0.95

	
0.14




	
Mean

	
49.63

	
15.54

	
128.87

	
779.18

	
6.70

	
4.78

	
2.67

	
1.32

	
78.42




	
Black soil gully (n = 7)

	
Max.

	
206.10

	
4.28

	
431.48

	
538.69

	
1.13

	
79.23

	
11.61

	
4.65

	
2.34




	
Min.

	
45.15

	
2.09

	
108.12

	
114.22

	
0.37

	
11.75

	
2.44

	
1.98

	
0.72




	
Mean

	
92.88

	
2.97

	
208.78

	
254.31

	
0.73

	
33.99

	
4.91

	
3.20

	
1.27








Note: GL, gully length; GW, gully width; GP, gully perimeter; GA, gully area; D, gully depth; L/W, gully length/gully width; W/D, gully width/gully depth; SI, the complexity of the gully shoulder line; CSA, the gully cross-sectional area.













 





Table 2. The distance between measured and interpreted gully head points.
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	Based on UAV
	Based on GE





	Loess gully/m (n = 32)
	0.87
	1.71



	Black soil gully/m (n = 14)
	0.21
	3.72



	All gullies/m (n = 46)
	0.67
	2.32







Note: UAV, Unmanned Aerial Vehicle; GE, Google Earth image; n, the number of samples.













 





Table 3. Errors of gully length and width measured using RTK and images.
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Number

	
Value (m)

	
MAE

	
MSE

	
RMSE

	
NSE

	
MAPE (%)






	
Gully Length

	
UAV

	
Loess gully

	
32

	
49.67

	
0.32

	
0.17

	
0.41

	
0.99

	
0.79




	
Black soil gully

	
7

	
93.02

	
0.24

	
0.11

	
0.33

	
0.99

	
0.35




	
All gullies

	
39

	
57.39

	
0.30

	
0.16

	
0.40

	
0.99

	
0.71




	
GE

	
Loess gully

	
32

	
49.82

	
1.32

	
2.80

	
1.67

	
0.99

	
3.39




	
Black soil gully

	
7

	
91.86

	
2.03

	
13.53

	
3.68

	
0.99

	
3.81




	
All gullies

	
39

	
57.37

	
1.45

	
4.73

	
2.17

	
0.99

	
3.46




	
Gully Width

	
UAV

	
Loess gully

	
32

	
15.53

	
0.31

	
0.22

	
0.47

	
0.99

	
2.38




	
Black soil gully

	
7

	
2.56

	
0.08

	
0.01

	
0.10

	
0.99

	
3.80




	
All gullies

	
39

	
13.20

	
0.27

	
0.18

	
0.42

	
0.99

	
2.63




	
GE

	
Loess gully

	
32

	
15.23

	
1.03

	
1.68

	
1.30

	
0.97

	
8.86




	
Black soil gully

	
7

	
2.90

	
0.58

	
0.49

	
0.70

	
0.64

	
24.05




	
All gullies

	
39

	
13.02

	
0.96

	
1.47

	
1.21

	
0.98

	
11.59








Note: UAV, Unmanned Aerial Vehicle; GE, Google Earth image; MAE, the mean absolute error; MSE, the mean square error; RMSE, the root mean square error; NSE, the Nash–Sutcliffe efficiency coefficient; MAPE, the mean absolute percentage error.













 





Table 4. Errors of gully perimeter and area measured using RTK and images.






Table 4. Errors of gully perimeter and area measured using RTK and images.





	

	

	

	
Number

	
Value (m)

	
MAE

	
MSE

	
RMSE

	
NSE

	
MAPE (%)






	
Gully Length

	
UAV

	
Loess gully

	
32

	
127.74

	
2.48

	
9.51

	
3.08

	
0.99

	
2.27




	
Black soil gully

	
7

	
210.08

	
2.54

	
8.21

	
2.87

	
0.99

	
1.43




	
All gullies

	
39

	
142.52

	
2.49

	
9.27

	
3.04

	
0.99

	
2.12




	
GE

	
Loess gully

	
32

	
131.45

	
6.13

	
60.56

	
7.78

	
0.98

	
5.25




	
Black soil gully

	
7

	
211.41

	
13.05

	
361.93

	
19.02

	
0.98

	
6.85




	
All gullies

	
39

	
145.81

	
7.37

	
114.65

	
10.71

	
0.98

	
5.53




	
Gully Width

	
UAV

	
Loess gully

	
32

	
770.30

	
17.07

	
959.41

	
30.97

	
0.99

	
2.72




	
Black soil gully

	
7

	
248.98

	
5.79

	
108.60

	
10.42

	
0.99

	
1.83




	
All gullies

	
39

	
676.73

	
15.05

	
806.70

	
28.40

	
0.99

	
2.56




	
GE

	
Loess gully

	
32

	
784.14

	
34.96

	
2229.06

	
47.21

	
0.99

	
7.22




	
Black soil gully

	
7

	
292.69

	
38.39

	
2722.40

	
52.18

	
0.94

	
15.24




	
All gullies

	
39

	
695.93

	
35.58

	
2317.61

	
48.14

	
0.99

	
8.66








Note: UAV, Unmanned Aerial Vehicle; GE, Google Earth image; MAE, the mean absolute error; MSE, the mean square error; RMSE, the root mean square error; NSE, the Nash–Sutcliffe efficiency coefficient; MAPE, the mean absolute percentage error.
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