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Abstract: The gully morphology parameter is an important quantitative index for monitoring gully
erosion development. Its extraction method and accuracy evaluation in the “soil-rock dual structure
area” are of great significance to the evaluation of gully erosion in this type of area. In this study,
unmanned aerial vehicle (UAV) tilt photography data were used to evaluate the accuracy of extracting
gully morphology parameters from high-resolution remote sensing stereoscopic images. The images
data (0.03 m) were taken as the reference in Zhangmazhuang and Jinzhongyu small river valleys
in Yishui County, Shandong Province, China. The accuracy of gully morphology parameters were
extracted from simultaneous high-resolution remote sensing stereo images data (0.5 m) was evaluated,
and the parameter correction model was constructed. The results showed that (1) the average relative
errors of circumference (P), area (A), linear length of bottom (L1), and curve length of bottom (L2) are
mainly concentrated within 10%, and the average relative errors of top width (TW) are mainly within
20%. (2) The average relative error of three-dimensional (3D) parameters such as gully volume (V)
and gully depth (D) is mainly less than 50%. (3) The larger the size of the gully, the smaller the 3D
parameters extracted by visual interpreters, especially the absolute value of the mean relative error
(Rmean) of V and D. (4) A relationship model was built between the V and D values obtained by the
two methods. When V and D were extracted from high-resolution remote sensing stereo images, the
relationship model was used to correct the measured parameter values. These findings showed that
high-resolution remote sensing stereo images represents an efficient and convenient data source for
monitoring gully erosion in a small watershed in a “soil-rock dual structure area”.

Keywords: gully morphology; accuracy assessment; UAV; high-resolution remote sensing stereo
image; soil-rock dual structure area

1. Introduction

Soil erosion has become one of the serious ecological and environmental problems
faced by all mankind [1–3]. Gully is one of the main types of gully erosion and is a
result of soil erosion [4,5]. The gully head generally develops on a larger slope, while
the gully tail cuts into the valley floor, and its size increases with an increase in the flow
and slope [6]. A gully is characterized by a large amount of erosion and a high erosion
rate. It destroys land resources and farmland, affecting grain production and ecological
balance [7,8]. It is also an important source of sediments in the basin [9–11]. However,
owing to the complexity of gully development and morphology [9–11], monitoring its
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temporal and spatial evolution becomes challenging, thus hindering the understanding of
gully erosion mechanism [11–14]. Studies monitoring the gully morphology evolution in the
Yimeng Mountain area of China with a typical “soil-rock dual structure” are scarce [15–17].
Therefore, it is necessary to use appropriate monitoring methods to obtain long-term gully
morphology parameters and monitor gully development to explore its erosion mechanism,
development law, quantitative simulation, and influencing factors [11,15–17].

In recent years, remote sensing technologies, such as high-resolution remote sens-
ing images, aerial photography, laser radar (LiDAR), three-dimensional (3D) laser scan-
ning [18–23], three-dimensional photo reconstruction and oblique photogrammetry [24],
field measurement [25], and other comprehensive methods [26–32], have been used to
monitor groove erosion. Among them, high-resolution remote sensing images are superior
to other traditional measurement methods in terms of accuracy and effectiveness, thus
providing relatively accessible and reliable data [17,18]. They provide multi-source data
for gully morphology parameters, such as width, length, perimeter, and area, represent-
ing an important data source for monitoring gully erosion. Thus, they allow large-scale
monitoring of gully morphology [11,17–19]. However, they are rarely used in the Yimeng
Mountain area where gullies are abundant [17,20].

3D laser scanning total station, with its characteristics of non-contact and penetration,
can obtain high-precision terrain data efficiently and quickly [18,19,21–23]. These features
save a lot of manpower and financial resources and have significant advantages. However,
it is limited by issues such as scanning dead corners, cumbersome data processing, and
unsuitability for large-scale monitoring. In addition, with its rapid development, UAV
remote sensing technology has been widely used in mapping, soil and water conservation
research, and other fields [33–35]. UAV tilt photogrammetry technology can address the
space limitation of ground-based laser scanning technology to a certain extent and line
of sight occlusion caused by traditional UAV aerial photography [36]. Moreover, high-
resolution (centimeter-level) orthophoto images and elevation data can be obtained from
UAV tilt photogrammetry using professional software [27,35]. This technique provides a
scientific and advanced method for monitoring the shape characteristics of the gully in
a “soil-rock dual structure” area. However, compared with remote sensing images, it is
only suitable for monitoring gully erosion on a small scale because of the time consuming.
In addition, to ensure flight safety and the accuracy of data acquisition, the collection
and processing processes should be completed by experienced professional pilots and
professionals using professional software [37]. Extracting the morphology parameters
of gullies based on high-resolution remote sensing stereo image data can address the
shortcomings of the above research methods. An accuracy analysis of DEM extraction based
on high-resolution remote sensing stereo images has been previously performed [38,39].
Thus, the accuracy of extracting gully morphology parameters based on high-resolution
remote sensing stereo image data to monitor gully development in a “soil-rock dual
structure” area remains unclear, which limits the application of this new technology.

This study aims to determine the accuracy of extracting gully morphology parameters
in a “soil-rock dual structure” area based on high-resolution remote sensing stereoscopic
image data. A correction model was built with UAV oblique photography data, so as
to obtain gully morphology parameters in the mesoscale region of the “soil-rock dual
structure” area conveniently, quickly and accurately. Therefore, this study takes two small
watersheds (ZhangMazhuang and Jinzhongyu, Shagou Town, Yishui County, Shandong
Province, China) as examples. The accuracy of the gully morphology parameters extracted
from high-resolution satellite remote sensing stereo image data was calculated, and the error
range of morphological parameters was determined. The causes of error were analyzed,
and the solutions to minimize them were discussed. This study presents a more scientific
and advanced method for monitoring gully erosion and its formation mechanism in the
mesoscale area of a “soil-rock dual structure” area.
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2. Materials and Methods
2.1. Study Area

The Zhangmazhuang and Jinzhongyu small watersheds located in Shagou Town,
Yimeng Mountain area were selected as examples. This is a typical “soil-rock dual
structure” area [17,40], with high soil erodibility and extensive development of gully
(36◦06′04′′N~36◦08′57′′N, 118◦38′01′′E~118◦39′59′′E, Figure 1). It covers an area of approx-
imately 16 km2. The annual average temperature is 12–14 ◦C, and the annual average
precipitation is 830 mm; thus, it belongs to a warm temperate monsoon climate region. In
the study area, the soil contains more gravel, soil layer is thin, vegetation coverage is low,
biodiversity is single, soil erosion is serious, and gully development is extensive. Owing to
an increase in sloping cropland and changing land use behavior, such as indiscriminate
land reclamation, gully erosion has intensified in this area. The main land use types are
cropland, wasteland, and woodland.
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Figure 1. Location map of the study area. Note: Figure (a) is the DEM map of Yishui County; Figure
(b) is the enlarged map of the study area and gully distribution; the two maps on the right are the
zoning maps of China and Shandong Province.

2.2. Methods
2.2.1. Technical Flow

Gully parameters extraction and precision analysis were performed in three parts:
extraction of gully morphological parameters based on UAV and high-resolution remote
sensing stereo images, accuracy analysis of gully morphological parameters based on
high-resolution remote sensing stereo images, and error source analysis (Figure 2).
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2.2.2. UAV Tilt Photography Measurement Data Acquisition and Processing

(1) Tilt photogrammetry data of UAV

The multi-rotor UAV of DJI Jingwei M600Pro (DJI Matrice600 Professional, Shenzhen,
China) was used in this study, and the parameters of the UAV platform and onboard sensor
are summarized in Table 1.

Table 1. The parameters of the UAV platform and onboard sensor.

UAV Sensor Sensor
Size (mm)

Focal
Length (m)

Resolution
(cm)

Shooting
Interval(s)

DJI
M600Pro

FAST-X1
(Five-lens camera) 23.5 35 mm × 5 3 cm 2.5 s

Image data and coordinate data were collected from 31 gullies in the small watershed
in 21–23 March 2021. During this period, the weather was cloudless and full of light, and
the wind was less than level 4, which was completely suitable for UAV flight. The flight
took 12,678 sets of photos. The relative flight altitude was 150 m, the front overlap was
80%, and the side overlap rate was 75%, so as to avoid the insufficient overlap between the
images, which affects photo reconstruction.

(2) Layout of ground control points

A total of 15 ground control points were uniformly laid with red marker paint in the
locations with obvious features. The size of the control points was 5–10 times higher than
the image resolution. The RTK equipment was used to measure the coordinates of the
control points for geometric correction of the image.

(3) Three-dimensional model and digital orthophoto map (DOM) data processing

UAV aerial data, coordinate information, and aerial triangulation data were imported.
Then, adjustment of control points was carried out. Finally, a 3D model of the gully was
constructed. The modeling software Context Capture 10.20, (Bentley, Exton, PA, USA), was
used for the 3D modeling of erosion gully. The software can efficiently and easily generate
3D models for various types of infrastructure projects. Digital surface model (DSM) and
DOM can also be produced from 3D model results.
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All layer data were adopted using the Transverse Mercator projection and the WGS
_1984_UTM_Zone_50N coordinate system.

2.2.3. Preprocesses of High-Resolution Remote Sensing Stereopair Image and DEM
Extraction High Resolution

To ensure the synchronization, stereopair images with a spatial resolution of 0.5 m
were selected, and the shooting time was scheduled on 12 February 2021. In this period, no
leafy plants were growing, except for some evergreen trees such as pine in this study area.
The vegetation coverage rate of the study area was 0.05, which improved the accuracy of
DEM extraction from high-resolution remote sensing stereopair images.

The high-resolution remote sensing stereopair image (Worldview-3 (OR2A, 0.5 × 0.5 m),
12 February 2021) included satellite panchromatic data, a base map, elevation data, and multi-
band satellite data. Pre-processing included the following steps. First, in the PCI geographic
imaging accelerator software, data from ground control points (n = 15) were used for geometric
correction. Then, the image was fused using the pan-sharpening method, and orthographic
correction was performed. Finally, the image was homogenized, mosaiced, and cropped in
Photoshop, yielding a complete DOM (0.5 × 0.5 m). PixeGrid software (v2.183) was used for
three-space encryption to produce a DEM based on high-resolution remote sensing stereo
images. Three-dimensional image pairs were generated based on image direction and kernel
line generation, and a regional digital elevation model was established by algorithm matching.
Finally, a DEM (0.5 × 0.5 m) was generated by interactive editing, embedding, and cropping.

2.2.4. Extraction of Gully Morphology Parameters

The vector boundaries along 31 gullies in the study area were visually interpreted
and mapped based on the DOM generated by the tilt photogrammetry data of the UAV
and high-resolution remote sensing stereopair image. The perimeter (P) and area (A) of
the gully were calculated based on the GIS platform. Based on the vector boundary and
DEM along 31 gullies, the linear length from the gully head to the gully mouth (L1) and
the bottom curve length (L2) from the gully head to the gully mouth along the bottom
line were calculated. Then, the gully volume was calculated [17–19,29]. Based on the GIS
platform, the gully volume was calculated by DEM and DEM0 (original eroded surface of
the gully), and the subtraction is gully volume (V).

To calculate the DEM0, the layers of the boundary of the 31 gullies were converted into
point layers, and elevation values were to the point layers assigned to obtain the elevation
coordinates. Based on the triangulation irregular network, the DEM was constructed
according to the elevation points of 31 gullies, and the DEM0 was obtained by clipping the
layers along the 31 gullies.

Finally, the section parameters of the gully were calculated to determine the section of
the gully. Using the ArcGIS software (v10.8.2) and based on the curve length of the gully
bottom (L2), the Tyson polygon method was used to determine several sections, and the
gully profile was generated using the gully DEM data (Figure 3). The width, depth, and
width-to-depth ratio of each section and their respective averages were determined.
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2.2.5. Error Evaluation Index

The obtained gully morphology parameter values may have errors due to differences in
the visual interpretation by personnel. Therefore, several commonly used error evaluation
indexes were selected to reveal the errors of gully morphology parameters extracted by high-
resolution remote sensing stereo images and the errors of gully morphology parameters
interpreted by different visual interpreters.

Rmean i =
1
n∑n

j=1 |
Zij − Mi

Mi
|

Rmax i = max ({|Zij − Mi
Mi

|})

Tmax i = max ({|max ({|Zij − Mi
Mi

|})

where n is the number of people participating in visual interpretation (n = 3), i is the gully
number, and j is the number of personnel involved in visual interpretation. Zij represents
the visual interpretation result of the gully i by personnel j; Mi represents the true value
of the morphology parameter of the gully numbered I; Rmean is the absolute value of the
average relative error; Rmax is the absolute value of the maximum relative error; and Tmax is
the maximum error of differences in the visual interpretation by personnel.

3. Results
3.1. Accuracy Analysis of Morphology Parameters Extracted from High-Resolution Stereo Images

The deviations across gully morphology parameters within the study area varied, and
the results of the same gully morphology parameter values obtained by different personnel
via visual interpretation differed (Figure 4). Among the one- and two-dimensional gully
parameters, the Rmean errors of other gully morphological parameters were approximately
5%, except for that of gully width, which fluctuated at approximately 10%. Regarding 3D
morphology parameters, the Rmean errors of gully volume and depth fluctuated at 30%,
and those of the width-to-depth ratio of gullies were larger, ranging between 8.5% and
376.4%. The Rmax error of gully perimeter (P) ranged between 2.1% and 34.1%; area, 4.5%
and 43.3%; gully bottom straight line length (L1), 0.5% and 18.6%; gully bottom curved line
length (L2), 1.8% and 23.1%; volume, 11.8% and 110.6%; width, 7.2% and 109.5%; depth,
7.4% and 70.6%; and width-to-depth ratio, 18.0% and 509.2%.
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The classification statistics of the Rmean error of gully morphology parameters obtained
from high-resolution remote sensing stereo images are shown in Figure 5. Regarding one-
and two-dimensional parameters, the Rmean errors of perimeter, area, gully bottom straight
line length (L1), and gully bottom curved line length (L2) were mainly distributed within
10%, accounting for 81%, 52%, 94%, and 94% of the total sample size, respectively. The
Rmean errors of gully width were mainly distributed within 20%, accounting for 77% of
the total sample size. Regarding 3D morphology parameters, the Rmean errors of gully
volume and depth were within 50%, accounting for 61% and 90% of the total sample size,
respectively.
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Overall, the extraction of one- and two-dimensional morphology parameters of gullies
based on high-resolution remote sensing stereo image data was highly accurate. However,
for some gullies in the study area, there was a significant error in extracting 3D morphology
parameter values compared to the actual measurements.

3.2. Factors Influencing Visual Interpretation Accuracy
3.2.1. Visual Interpreters

The determination of gully morphological parameters by visual interpretation of
remote sensing images is subject to various factors, including the interpreter’s expertise,
physiological factors, and psychological influences. Consequently, notable disparities
may arise in the derived results of gully morphological parameters when different visual
interpreters are involved. As shown in Figure 6, the average relative errors associated with
the extraction of gully morphological parameters—such as perimeter (P), area (A), gully
bottom straight line length (L1), and gully bottom curved line length (L2)—by distinct
visual interpreters clustered around 10%, suggesting relatively modest errors in assessing
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two-dimensional morphological parameters. Consequently, their reliability surpassed that
of three-dimensional morphological parameters.
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3.2.2. Spatial Resolution of Stereo Image

The spatial resolution of remote sensing images refers to the smallest ground unit that
can be identified on the image, that is, the ground area represented by each pixel. The
extraction of the DEM based on high-resolution remote sensing stereo images for calculating
the three-dimensional parameters of gullies has a significant deviation. Compared to the
DSM and DOM extracted from the UAV oblique photogrammetry data of the study area,
the DEM and DOM from high-resolution remote sensing stereo images have a lower
resolution; thus, the latter could not fully express the internal details of the gullies, as seen
in Figures 7 and 8. Therefore, the depth and volume measurements of gullies calculated
based on the DEM extracted from high-resolution remote sensing stereo images were
generally less than their actual values, especially for smaller gullies, where the errors in 3D
morphology parameters are more evident (Figure 9). Hence, this method can yield more
accurate data when larger gullies are studied.
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3.3. Relationship of 3D Morphology Parameters Extracted from Oblique Photogrammetry and
Remote Sensing Images

Based on the relationship between the 3D morphology parameters of gullies obtained
from UAV oblique photogrammetry data and those obtained from high-resolution remote
sensing stereo image data, good relationship models were established for the parameters
gully volume and depth. The volume correction model is represented by y = −3 × 10−5x2

+ 2.0251x − 69.501 (R2 = 0.9297, p < 0.01), and the depth correction model is represented by
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y = 1.6725x0.816 (R2 = 0.6504, p < 0.01) (Figure 10). These relationship models can be used to
correct the measured gully volume and depth morphological parameter values. Because
the R2 value of the constructed gully width-to-depth ratio correction model was very low,
to calculate and correct the width-to-depth ratio, the corrected gully depth can be used in
place of the extracted depth data, thereby improving the accuracy of the width-to-depth
ratio calculation.
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4. Discussion

Gully erosion monitoring provides valuable data for exploring the mechanisms of
gully erosion and establishing predictive models, which is particularly important for
understanding the long-term evolution and erosion rates of gully systems [41]. Therefore,
accurate acquisition of gully morphological parameters is required. Giménez et al. [42]
analyzed the error in aerial photogrammetry (with a ground pixel size of 1.6 cm) using five
sets of field measurements of gully morphology in Bardenas Reales (Navarre, Spain). They
reported that the width-to-depth ratio error was small for wide and shallow gullies but was
quite large and inaccurate for narrow and deep gullies. This is consistent with the results
of Zhang et al. [43,44]. Castillo et al. [45] measured gully erosion morphology parameters
using 3D reconstruction and lidar in Cordoba, Spain, revealing errors of less than 4% in
one- and two-dimensional parameters and errors exceeding 10% in cross-sectional area.
These results are consistent with the larger errors in width-to-depth ratio and gully depth
reported in this study, which are mainly attributed to the increased shadow and light effects
associated with narrower gullies, which are closely related to the time of photography [42].
However, in this study, the average errors in one- and two-dimensional gully morphology
parameters ranged from 5 to 10%, which is very high. This is attributed to the fact that the
gullies studied were mostly wide and shallow; thus, their scale is larger than that of fine
and shallow gullies, resulting in relatively smaller errors.

Tang Jie et al. [18] used high-resolution (0.5 m) GeoEye-1 stereo images to extract
DEMs of small watersheds in a loess hilly region and compared them with those obtained
by 3D laser scanning data. They confirmed that high-resolution remote sensing stereo
images can be used to measure one- and two-dimensional parameters gully parameters
on loess areas. However, the measurement error of 3D parameters was relatively large,
mainly concentrated within 30%. These results are consistent with our results; however, the
maximum measurement error of gully depth in this study reached 50%, which is attributed
to the differences in soil texture and vegetation cover in the study area. Although data
collection in this study was conducted in the winter without snow to reduce the effect of
vegetation cover, the presence of a small amount of fallen vegetation on the gully bottom
led to larger errors in gully depth measurement [19]. Therefore, for accurate assessment of
gully depth, data obtained through high-precision remote sensing methods such as actual
measurements and UAV laser measurements should be used for correction.

Using high-resolution GeoEye-1 stereo images of the northern edge of the Qinghai-
Tibet Plateau, Wu Jian et al. [46] showed that a single image pair can be used with only one
ground control point to achieve an accuracy of 1:10,000 mapping. Li Zhen et al. [19] found
that, for visual interpretation of gully morphology parameters in a loess hilly region using
QuickBird images, accuracy heavily depends on the interpreter’s professional knowledge
and experience. Additionally, the maximum relative errors of area, perimeter, and gully
length were all above 20%, but a general analysis of the total sample data showed that
the errors in area, perimeter, and gully length were mainly concentrated within 10%. Our
results on average error are generally consistent with Li Zhen et al.’s [19], but the maximum
relative errors we reported were higher. This is attributed to wider gully mouths in our
study area than in a loess hilly region, resulting in larger errors by visual interpreters
(Figure 11).

This study further revealed that different visual interpreters have deviations in extract-
ing gully mouths (Figure 11). Factors such as the spatial resolution of stereo image pairs
(Figures 7 and 8), number and uniformity of ground control points in the field [11,18,46],
and method of extracting DEM from stereo image pairs affect the accuracy assessment
of gully morphology parameters, especially 3D ones. Nevertheless, regression models
between the 3D morphology parameters gully volume and depth obtained by the two
methods could be used for error correction. The error correction regression model is only
applicable to this research area and cannot be guaranteed suitable for other areas owing to
regional differences [17]. Gully size has various effects on the error of gully morphology
parameter extraction. For example, the errors tend to increase with a decrease in gully
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width, and the complexity of the gully shoulder line increases in the Loess Plateau and the
typical black soil region in China [43].
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5. Conclusions

This study confirmed that using high-resolution remote sensing stereo image pairs
to extract one- and two-dimensional parameters of gullies in a ”soil-rock dual structure”
area is feasible, yielding average errors of approximately 5–10%. The larger the scale of
the gully, the higher the reliability of the visual interpreters in extracting 3D parameter
values, resulting in smaller average relative errors. A good relationship model between
the gully volume obtained from drones and high-resolution remote sensing stereo images
was established and used to correct measurement biases. These findings can be applied in
the monitoring and management of gully erosion in “soil–rock dual structure” areas and
contribute new insights to the assessment of medium-scale soil erosion and prevention and
control of soil and water loss in the region.
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