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Abstract: The black soil region of Northeast China is the largest commercial grain production base in
China, accounting for about 25% of the total in China. In this region, the water erosion is prominent,
which seriously threatens China’s food security. It is of great significance to effectively identify
the erosion-prone points for the prevention and control of soil erosion on the slope of the black
soil region in Northeast China. This article takes the Tongshuang small watershed (Heilongjiang
Province in China) as an example, which is dominated by hilly landforms with mainly black soil and
terraces planted with corn and soybeans. Based on the 2.5 cm resolution Digital Elevation Model
(DEM) reconstructed by unmanned aerial vehicles (UAVs), we explore the optimal resolution for
hydrological simulation research on sloping farmland in the black soil region of Northeast China and
explore the critical water depth at which erosion damage occurs in ridges on this basis. The results
show that the following: (1) Compared with the 2 m resolution DEM, the interpretation accuracy of
field roads, wasteland, damaged points, ridges and cultivated land at the 0.2 m resolution is increased
by 4.55–27.94%, which is the best resolution in the study region. (2) When the water depth is between
0.335 and 0.359 m, there is a potential erosion risk of ridges. When the average water depth per
unit length is between 0.0040 and 0.0045, the ridge is in the critical range for its breaking, and when
the average water depth per unit length is less than the critical range, ridge erosion damage occurs.
(3) When local erosion damage occurs, the connectivity will change abruptly, and the remarkable
change in the index of connectivity (IC) can provide a reference for predicting erosion damage.

Keywords: soil erosion; SIMWE; high-resolution terrain; Northeast Black Soil Region

1. Introduction

Soil erosion is a prominent environmental problem in the world which seriously
restricts the survival and development of human beings, and it has become a common
concern in the world [1]. Soil erosion can lead to land degradation and reduced soil
fertility, affecting national food security and economic development [2–4]. Black soil has
good physical properties and is fertile, and is it known as the “giant panda in cultivated
land”. Globally, black soil is mainly concentrated in four black soil regions: the Mississippi
Plain, the Ukrainian Plain, the Northeast China Plain and the Pampas, accounting for
about one-sixth of the world’s arable land. The black soil region of Northeast China is
the largest commercial grain production base in China, accounting for about 25% of the
total in China. The total area of black soil in China is about 1.0876 million km2. Due to
high-intensity development and utilization, the black soil layer is eroded, the soil structure
is damaged, and serious degradation occurs. According to the dynamic monitoring results
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of soil erosion by the Chinese Authorities, the eroded surface of these soils in China was
208,900 km2 in 2023. From the middle of the last century to the present, the thickness of the
black soil layer has decreased by about 40 cm and the average annual loss of black soil is
0.1–0.5 cm. The annual grain yield has reduced by as high as 14.7%, posing a serious threat
to food security and ecological security [5].

The black soil region of Northeast China is located in the middle and high latitudes
of China and has a cold temperate continental monsoon climate [6]. The types of erosion
include water erosion, wind erosion, and freeze–thaw erosion, among which water erosion
is the main erosion type. In 2023, the area affected by water erosion was 133,200 km2,
accounting for 12.25% of the total area of the black soil region. In the black soil region
of Northeast China, the main tillage methods are alternate ridges and beds, which are
more prone to surface runoff and soil erosion than other ridge tillage methods due to the
confluence effect of ridge tillage [7]. In recent years, the popularization and application of
terraces has played an obvious role in water storage and soil conservation, which can effec-
tively reduce the impact of soil erosion on agricultural production by reducing slope and
slope length, changing hydrological processes, and reducing hydrological connectivity [8].
However, unreasonable terraced designs can cause runoff accumulation and local instabil-
ity, leading to terrace collapse and damage and exacerbating soil erosion [9,10]. Existing
research mostly simulates the outdoor environment through indoor soil channel erosion
experiments [11,12], while traditional simulation experiments cannot accurately reflect the
characteristics of complex underlying surfaces in the field. Moreover, the experimental op-
eration is difficult, and the corresponding conditions of the results are singular. It is of great
significance for the prevention and control of soil erosion on slopes to accurately reflect
the characteristics of surface micro-topography with the help of a distributed hydrological
model, effectively identify erosion-prone points, and deepen the understanding of slope
hydrological processes.

The Digital Elevation Model (DEM) is the basis of hydrological simulation analysis,
and the resolution of these models has an important impact on the extraction of hydrological
analysis parameters, which in turn affects the simulation accuracy of the model. In general,
the higher the spatial resolution of the DEM, the more accurately it can reflect the condition
of the underlying surface and the better the simulation results of the hydrological model.
Low-resolution DEM terrain features are prone to loss, resulting in large deviations in
hydrological calculation and analysis, which cannot meet the requirements of relevant
applications [13]. With technological advances, hydrological distribution models can more
comprehensively consider the spatial variability of land surface factors and improve the
accuracy of simulations, and they have been widely used in soil erosion research [14].

The SIMulated Water Erosion model (SIMWE) developed based on the theoretical
framework of the Water Erosion Prediction Project model (WEPP) can better describe the
water flow path and the spatial distribution of erosion and sedimentation under complex
terrain conditions, which is sensitive to the change in DEM resolution, and the simulation
effect is different under different DEM resolutions. Through the SIMWE model, Fernandes
found that 91.2% of the break points in the field ridges were located at medium to high
water depths, which could better identify the areas where soil was susceptible to gully
erosion [15]. Pijl compared the spatial distribution of simulated water depth with the
actual spatial distribution of erosion and found that the SIMWE model performed well in
identifying soil erosion processes under heavy rainfall conditions [10].

In this study, GIS and SIMWE models were applied for analyzing and predicting soil
erosion in the Tongshuang small watershed in the black soil region of Northeast China.
Based on the 2.5 cm resolution DEM of unmanned aerial vehicle (UAV) 3D reconstruction,
we compare the simulation effect of DEM data input into the SIMWE model with different
resolutions, discuss the best resolution of hydrological simulation of sloping cultivated
land in the black soil region of Northeast China, and explore the critical water depth of
ridge erosion damage. The aim of this study is to provide a theoretical basis and technical
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support for the prevention and control of soil erosion on slopes in the black soil region of
Northeast China.

2. Materials and Methods
2.1. Study Sites

The study area is located in the Tongshuang small watershed (47◦26′31′′–47◦27′34′′ N,
126◦17′08′′–126◦18′40′′ E) in Baiquan County, Qiqihar City, Heilongjiang Province (China),
with an elevation of 212.6~272.9 m. The study area belongs to a typical middle–high
latitude area of water erosion. The main soil types are black soil (Mollisols, USDA, 2011)
and meadow soil (Alfisols, USDA, 2011), and the volume contents of sand (0.05–2 mm),
silt (0.002–0.05 mm) and clay (<0.002 mm) are 16%, 47.6% and 36.4%, respectively. The
bulk density of the soil is 1.07–1.35 g/cm3, and the organic matter content is 3.5% [16]. The
soil moisture content is 17.38–26.79%, the soil saturated moisture content is 32.00%-46.89%,
and the average groundwater level is less than 2 m [17]. The natural vegetation is mainly
red pine, campanula pine and birch, and the main crops are soybean and corn as well as
grass crops. The soil and water conservation measures mainly include longitudinal ridge
cropping, contour ridge cropping and terracing, etc. The region belongs to a temperate
continental monsoon climate, with an average annual temperature of 1.2 ◦C and an av-
erage annual precipitation of 488.2 mm, with more than 70% of the annual precipitation
concentrated in July to September [18].

2.2. Digital Elevation Model Acquisition and Processing

In this study, DJI Phantom 4RTK is used for image data collection. The flight relative
altitude is 80 m and the course overlap degree and side overlap degree of the photos are 80%.
Detailed information of the flight parameter settings is shown in Table 1. Pix4dmapper 4.4.4
is used to process images and generate the point cloud, Digital Orthophoto Map (DOM)
and DEM. The resulting DEM errors are shown in Table 2. Based on the 2.5 cm resolution
DEM constructed by UAV photogrammetry, DEMs with 0.2 m, 0.5 m, 1 m, 2 m and 5 m
resolutions are generated. The 12.5 m resolution DEM is downloaded from the Geospatial
Data Cloud (https://www.gscloud.cn/, accessed on 1 September 2024).

Table 1. Basic DEM information.

Project Parameter Value

Area coverage/hm2 25.26
Flight altitude/m 80

Number of images/n 494
The number of images that have been calibrated/n 494

Ground resolution/(m·pixel−1) 0.02

Table 2. DEM error values.

Project Azimuth Parameter Value

Absolute geographic error/m
x 0.018
y 0.021
z 0.011

Relative geographic error/m
x 0.05
y 0.05
z 0.10

2.3. SIMWE Input

In this study, the rainfall is designed as a 10-year rainstorm in the black soil region,
with a rainfall intensity of 50 mm·h−1 and a rainfall duration of 60 min (Meteorological
data from the “Keshan Experimental Station, Institute of Soil and Water Conservation
Science” (125◦49′39′′E, 48◦3′28′′N)). Based on the current research findings, the rough-

https://www.gscloud.cn/
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ness of Manning was determined for different land use and soil and water conservation
measures (Table 3) [19–22]. According to the typical black soil texture, the soil separation
capacity coefficient is calculated to be 0.0069 s·m−1 according to the soil separation capacity
calculation method of the WEPP model (Equation (1)) [23]. The runoff transport capacity
coefficient is estimated to be 0.022 s and the critical shear force is 1.00 Pa in the study area
according to the relationship between the soil particles and runoff transport capacity in the
study area [24].

Table 3. Input parameters of the SIMWE model.

Measure/Land Use Manning Roughness Infiltration Rate
(mm·h−1)

Contour tillage 0.090 36.3
Field ridge 0.067 34.6

Road 0.010 10.0
Break points 0.010 10.0
Wasteland 0.600 30.0

Note: The break points refer to broken ridges or field ridge erosion and destruction point.

Kr = 0.0069 + 0.134e−20c (1)

where Kr is the soil separation capacity coefficient of 0.0069 s·m−1; c is the clay content (%).

2.4. Runoff Pathways and Erosion/Sediment Spatial Distribution

The SIMWE model is a spatially distributed model designed for estimating soil erosion
caused by single storm events and follows the fundamental theoretical principles of the
Water Erosion Prediction Project model (WEPP). However, it does not assume the watershed
consists of uniform hillslopes, which allows for fully distributed soil erosion estimation
in areas with highly varying topography. It includes the calculation of two modules:
the ‘r.sim.water’ and the ‘r.sim.sediment’ [10]. The input parameters include DEMs with
different resolutions, their first partial derivatives along the east–west (x) and north–south
(y) directions, water depth, soil separation capacity coefficients, runoff transport capacity
coefficients, and critical shear forces.

(a) Runoff path calculations: using the Water Flow Motion Simulation Module r.sim.water,
which is based on the duality of Saint-Venant equations to describe the movement of bi-
dimensional water flows [25],

∂h(r,t)/∂t = i(r,t) − ∇q(r,t) (2)

where h(r,t) is the water depth (m); t is the time (s); i(r,t) is the net rainfall (m·s−1); q(r,t)
is the flow rate (m3·s−1); r = (x,y) represents the plane coordinates of each point; x is the
abscissa of each point; and y is the ordinate of each point.

(b) Calculation of erosion/sediment spatial distribution: Using the Soil Erosion Sim-
ulation Moduler.sim.sediment. The slope version of the WEPP model is extended to the
two-dimensional form, and the sediment transport process of two-dimensional runoff is
described through the continuity relationship of sediment quantity [26]:

D(r, t) =
∂[ρc(r, t)h(r, t)]

∂t
+ qs(r, t) (3)

where qs(r, t) is the single wide flux of sediment (kg·m−1·s−1); c(r,t) is the sediment con-
centration (particle·m−3); ρ is the sediment particle mass (kg·particle−1); and D is the net
erosion/deposition rate (kg·m−2·s−1).
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2.5. Calculation of Hydrological Index of Connectivity

The index of connectivity (IC) reflects the degree of connectivity between different
parts of a watershed. This paper adopts the connectivity index (IC) calculation method
improved by Cavalli on the basis of Borselli [27]. The value range of the IC is (−∞, +∞).
The larger the value, the better the hydrological connectivity. The calculation method is as
follows [26]:

ICk = lg
(Dup,k

Ddn,k

)
= lg

Wk·Sk·
√

Ak

∑i
di

Wi ·Si

 (4)

where Dup is the upslope component of connectivity, reflecting the potential of the upslope
catchment to contribute water flow; Ddn is the downhill component of connectivity and
represents the length of the flow path that water must travel to reach the nearest target or
catchment area. Wk is the weight factor (dimensionless) of the roughness of the underlying
surface of the upslope catchment. Sk is the average slope of the upslope catchment (m/m);
Ak is the area of uphill catchment (m2); di is the distance (m) between the i grid and the
pixel at the catchment point along the water flow path; and Wi and Si are the weight factor
and slope of the i grid, respectively.

The roughness of the surface will affect the flow and sediment transport, and the
weight factor W reflects the influence of different land use and surface conditions on
the roughness of the surface and has an impact on the runoff and sediment transport
process [27,28]. Researchers have improved the weight factors in different ways, such as
by using the vegetation cover and management factors of the general soil loss equation,
roughness index, normalized difference vegetation index (NDVI), Manning roughness
ratio, etc., as weight factors [28–30]. In this study, the relative smoothness index calculated
by the Manning roughness coefficient is used as the weight coefficient, and the calculation
method is as follows [31]:

WRS= nmin/n (5)

where WRS is the dimensionless relative smoothness index, with the value ranging from 0
to 1; nmin is the minimum value of local Manning roughness. n is the Manning roughness
coefficient of different land uses or measures.

2.6. Surface Feature Point Recognition Method

Based on the 2.5 cm resolution DEM generated by UAVs, the surface feature points
(fields, field ridges, break points, roads, forest lands, etc.) in the study area are identified
through artificial visual interpretation of DOM images (Figure 1). Hue, texture, shape,
position and structural features in the DOM are interpreted with field-observed erosion,
and feature point information is extracted by ArcGIS.
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2.7. Relative Elevation Difference Calculation

Based on the 2.5 cm resolution DEM obtained by UAVs, the average elevation line is
drawn by ArcGIS. Based on this elevation line, the average elevation plane is made and
superimposed with DEMs of different resolutions to obtain the relative elevation difference
in DEM points of different resolutions di = Di − Di

′ (Di is the elevation of each point of the
average elevation plane. Di

′ is the elevation of DEM points of different resolutions).

2.8. Statistical Analysis

Statistical analyses were accomplished in IBM SPSS Statistics 22.0 (IBM Corp., Armonk,
NY, USA). An analysis of variance (ANOVA) was conducted to determine the significant
differences between the average water depth and the average water depth per unit length
between the area with and without the damage points. The least significant difference
(LSD) method was applied at the 95% confidence level for comparisons. A Pearson correla-
tion matrix was performed to illustrate the correlations of erosion, the relative elevation
difference, and the runoff water depth.

3. Results and Analysis
3.1. Effect of DEM Resolution on Spatial Distribution of Erosion Features
3.1.1. Interpretation Characteristics of Typical Ground Objects and Their Erosion
Characteristics

Image interpretation marks are the image features that directly reflect and distinguish
ground object information on remote sensing images. Through comparative analysis of
image data and field topography, the interpretation markers of remote sensing images are
established. The interpretive signs of the objects in the study area are shown in Table 4.

Table 4. Interpreting markers and erosion signatures.

Number Surface Feature
Points Image Feature Remote

Sensing Image Live Photo Erosion Legend Area/m2

1 Cultivated land Brown, shape is
a long block
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feature points in the study area were identified in the order from known to unknown, first
overall, then local, first macro and then micro. Based on the analysis and interpretation of
the color, shape and other features of the target ground objects in the remote sensing image,
the types of objects in various places are inferred (Figure 2).
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The visual interpretation method was used to obtain the area of object types in different
DEM resolutions, and the obtained area was divided by the area of object types in the
reference map of surface feature points to calculate the ratio of corresponding object areas,
which was used to evaluate the accuracy of interpretation (Table 5). The results show that
the accuracy of ground object interpretation varies with DEM resolution. The interpretation
area ratio of cultivated land and wasteland decreases with the decrease in DEM resolution,
while the interpretation area ratio of cultivated land decreases first and then increases. With
the decrease in DEM resolution, the interpretive area ratio of the field road and field ridge
gradually decreases, while the interpretive area ratio of the field ridge first increases and
then decreases. The break points are represented in the form of points, and the interpretive
area ratio increases first and then decreases with the decrease in DEM resolution. When
the DEM resolution is 0.2 m, the ratio of interpretation area of the field road, wasteland,
break point, field ridge and cultivated land is 92.55%, 93.87%, 109.47%, 98.02% and 100.93%,
respectively, with the maximum difference within 10%, which can be basically considered
consistent with the reference map area of local objects.

Table 5. Evaluation table of interpretation accuracy of each land type (%).

Land Type
DEM Resolution

0.2 m 0.5 m 1 m 2 m

Field road 92.55 84.77 72.87 68.38
Wasteland 93.87 86.85 82.73 77.88
break point 109.47 136.81 171.21 62.59
Field ridge 98.02 129.11 120.21 115.80

Cultivated land 100.93 89.00 92.64 94.52

The feature points of different ground surface vary obviously with DEM resolution,
which is mainly related to their size. There is a certain “response relationship” between
the resolution and interpretation of surface features, that is, the way in which the surface
features in images respond to changes in resolution [32]. The break points are represented in
the form of dots, which can be more accurately captured and interpreted at high resolution.
The width of the break points in the study area ranges from 0.3 m to 1.5 m. When the
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DEM resolution is 0.5 m or 1 m, some areas will be identified in a grid with cultivated land
and field crests, resulting in an increase in the ratio of the interpretation area of the break
points. However, when the DEM resolution is greater than 2 m, the break point is difficult
to capture and interpret, resulting in an obvious reduction in the interpretive area ratio.
Surface features such as cultivated land and wasteland can still be identified when the
resolution is reduced, so the ratio of interpreted area of the wasteland will decrease with the
decrease in DEM resolution. However, low-resolution images cannot accurately reflect the
subtle changes inside the features. For linear surface features such as field roads and ridges,
the interpretation accuracy is mainly affected by their widths. The width of field roads in
the study area is about 2 m. When the DEM resolution is 0.2 m–2 m, with the decrease in
DEM resolution, some field roads are misinterpreted as other surrounding surface feature
points (cultivated land, ridges, etc.). As a result, the ratio of field interpretation area
decreases with the decrease in resolution. When the DEM resolution is 0.5 m, part of the
cultivated land is misinterpreted as a field ridge, resulting in a large increase in the ratio
of interpreted area. Then, with the decrease in the DEM resolution, part of the field ridge
is misinterpreted as cultivated land, etc., so that the interpreted area gradually decreases.
In this study area, the visual interpretation effect is better when the DEM resolution is
0.2 m–1 m, and the interpretation effect is best when the DEM resolution is 0.2 m.

3.1.2. Erosion Distribution Characteristics

Based on DEM data, the distributed hydrological model can simulate the changes in
water and sediment in the area and reflect the spatial distribution characteristics of erosion
on the land surface. The SIMWE model is sensitive to the change in DEM resolution, based
on the resolution of 0.2 m, 0.5 m, 1 m, 2 m, 5 m and 12.5 m DEM modeling of the erosion
deposition distribution in the study area (Figure 3a–f). The spatial distribution of erosion
deposition varies obviously under different DEM resolutions. In general, the part with
severe erosion intensity is generally located in the low-lying position with large relative
elevation difference. With the decline in DEM accuracy, the intensity of severe erosion
gradually becomes less obvious. When the DEM resolution is 2 m, it is basically impossible
to judge the location of erosion. However, for DEM resolutions of 5 m and 12.5 m, the
spatial distribution map of erosion and deposition presents rasterization, which fails to
show the morphological characteristics of object types in different places, and there is a
certain deviation to the erosion simulation results.

Different typical soil and water conservation measures have different performances in
reducing soil erosion degree, and the DEM resolution will affect the information expression
of each measure. Under different DEM resolutions, the field roads and ridges did not
show obvious erosion phenomenon; most of the cultivated land showed slight erosion,
some had a mild to extremely strong and above erosion degree, the wasteland showed
mild to moderate erosion, and the erosion at the break point was strong and above. Under
the 0.2 m resolution DEM, the parts of cultivated land with strong erosion intensity and
above are generally displayed along the low terrain of each section of cultivated land, the
erosion intensity is strong and above at the break point, and the erosion intensity around
the break point is mainly strong, followed by extremely strong and above. The spatial
distribution of erosion deposition can show different degrees of erosion intensity from
slight to extremely strong and above. When the DEM resolution is 0.5 m, there is almost no
extremely strong erosion intensity on the cultivated land, the width of moderate or strong
erosion is greatly reduced, the break point is dominated by strong erosion, there is a small
amount of extremely strong erosion or above, the cultivated land around the break point is
dominated by moderate or strong erosion, and the overall area of mild erosion intensity
in the erosion deposition spatial distribution map is remarkably reduced. Under the 1 m
resolution DEM, the width of moderate or strong erosion of cultivated land decreases, the
break point is mainly moderate or strong erosion, and the cultivated land around the break
point is mainly mild or moderate erosion, with a small amount of strong erosion; the spatial
distribution map of erosion and deposition basically has no strong erosion. When the DEM
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resolution is 2 m, there is a small amount of mild erosion on cultivated land, followed by
moderate erosion, and the erosion width is small; there is basically no strong erosion in the
erosion deposition spatial distribution map. Under the 5 m resolution DEM, the spatial
distribution map of erosion and deposition is dominated by slight erosion, with very little
mild erosion and moderate erosion. When the DEM resolution is 12.5 m, there is no mild
erosion or moderate erosion in the spatial distribution map of erosion deposition, and only
very strong erosion or above exists at the edge of the map.
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From the perspective of the area of soil erosion intensity at all levels (Table 6), when
the DEM resolution decreases from 0.2 m to 2 m, with the decrease in DEM resolution, the
area of slight erosion generally presents an upward trend, the area of mild erosion and
extremely strong erosion or above presents an increasing trend and then a decreasing trend,
and the area of moderate erosion and strong erosion generally presents a decreasing trend.
Harini and Vaze et al. found that for small-scale surface features with obvious surface
morphological changes (such as ridges, roads, etc.), the DEM resolution is higher than the
size of the surface features and the calculation results of the model are more accurate [33,34].
When the DEM resolution decreases from 0.2 m to 2 m, the proportion of the micro-erosion
area is 75.71%, 89.74%, 88.18% and 90.63%, respectively, which increases conspicuously
when the DEM resolution is 0.5 m. Because micro-erosion is mainly manifested in cultivated
land, some cultivated land is misinterpreted as field ridge when the DEM resolution is
0.5 m. There is no obvious erosion phenomenon, so the overall erosion area decreases,
and the proportion of the slight erosion area increases greatly. However, when the DEM
resolution is 1 m and 2 m, the field and sill area decreases, while the non-obvious erosion
area decreases, the overall erosion area increases, and the proportion of slight erosion
area increases. The proportion of the light erosion area is 13.33%, 6.11%, 7.87% and 6.43%,
respectively. As light erosion is mainly manifested in the side of cultivated land along
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the low terrain, when the DEM resolution is 0.5 m, the cultivated land area is reduced,
the light erosion area is greatly reduced, and the proportion of the light erosion area is
conspicuously reduced. With the increase in cultivated land area, the proportion of slightly
eroded area increases. When the DEM resolution is 2 m, the area of slightly eroded land
increases and the area of mildly eroded area decreases, while the proportion of mildly
eroded area decreases. The proportion of moderate erosion area and strong erosion area
decreases with the decrease in resolution. The main reason is that the DEM resolution
decreases, the expression of topographic details is lost more, and surface features such as
break points cannot be fully expressed, so the areas of moderate erosion and strong erosion
decrease, and the area proportion of both decreases. The proportion of extremely intense
and above erosion area is 1.73%, 0.81%, 1.22% and 2.29%, respectively, and the extremely
intense and above erosion area is mainly manifested in the break point and the cultivated
land around the break point. When the DEM resolution is 0.5 m, due to the reduction in
the cultivated land area, the extremely intense and above erosion area on the cultivated
land decreases, and the proportion of the erosion area decreases conspicuously. When the
DEM resolution is 1 m and 2 m, the area of extremely severe and above erosion increases,
and the proportion of erosion area increases. When DEM resolution is 5 m and 12.5 m, the
area of slight erosion is greatly reduced, the area of mild erosion, moderate erosion and
strong erosion is basically 0, and the area of extremely severe erosion and above is slightly
increased. When the DEM resolution is greater than 5 m, the erosion deposition distribution
map is basically controlled by topography, and the surface micro-topography such as break
points cannot be expressed. As a result, parameters such as slope, slope length, confluence
area and LS value change, and there is a certain deviation in the calculation of soil erosion
intensity [35–37].

Table 6. Percentage of area with different resolutions of soil erosion intensity (%).

Resolution
Erosion Intensity Microdegree Mild Moderate Vehemence Extremely Strong and

Above

0.2 m 75.69 13.33 6.51 2.75 1.73
0.5 m 89.75 6.11 2.53 0.81 0.81
1 m 88.14 7.87 2.44 0.33 1.22
2 m 90.63 6.43 0.54 0.11 2.29
5 m 93.66 0.73 0.24 0.00 5.37

12.5 m 84.82 0.00 0.00 0.00 15.18

Figure 4 shows the spatial distribution of the correlation coefficient between erosion
loss and relative height difference in the study area with a DEM resolution of 0.2 m,
showing a positive correlation as a whole. When the relative height difference is 0.2–0.5 m,
the correlation coefficient between the erosion and relative height difference is between
0.43 and 0.92, and the spatial average correlation coefficient is 0.74. When the DEM
resolution is 0.2 m, the correlation between erosion and relative height difference can be
accurately reflected.

With the development of computer technology and measurement technology, the high-
resolution DEM has become more common, making hydrological model simulation results
more accurate. In terms of the small-scale slope erosion simulation effect, when the DEM
resolution is about 1 m, it can characterize the spatio-temporal distribution characteristics
of erosion and deposition at large, while when the DEM resolution is higher, it can better
describe small-scale ground objects with rich details, achieve better interpretation accuracy
and make the simulation results more accurate. Therefore, for different research scales,
the resolution selection of the DEM has different requirements, and the resolution should
be selected according to the characteristics of the research area, that is, the size of the
minimum key ground objects to be identified [28]. For the whole research area, when
the DEM resolution is 0.2 m-1 m, the visual interpretation can better interpret the surface
feature points in the area, but when the DEM resolution is greater than 0.2 m, there is



Water 2024, 16, 2568 11 of 18

a certain loss in the expression of surface feature information such as cultivated land,
resulting in deviations in the calculation of soil erosion intensity by the SIMWE model. In
order to better simulate the erosion deposition distribution in the region, the optimal DEM
resolution is 0.2 m.
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3.2. Critical Depth Calculation

Surface runoff is the key driving force of soil erosion on slopes. Soil erosion occurs
when the erosion force of surface runoff exceeds the critical shear strength of soil. The
study of runoff paths can reveal the process of runoff and sediment transport, effectively
manage runoff and provide references for slope erosion prevention and control [38]. The
spatial distribution of water depth in the study area was obtained based on DEM with
0.2 m resolution (Figure 5). The runoff flows along the ridge, and under the influence
of the surface microtopography, the runoff will gather in the low-lying position of the
ridge, forming shallow gully catchment area, and the soil erosion will be intensified. The
places where water flows together are often places where erosion intensity is intense. The
Pearson correlation analysis showed that soil erosion was significantly correlated with
runoff depth (R = 0.33, p < 0.05). Wang L and Shen H O found through an indoor soil
trough erosion experiment that ridge breaking would occur when the water depth reached
about 0.3 m, that is, when the water exceeded the holding capacity of the ridge, the ridge
was destroyed, the ability of the ridge to hold runoff was weakened and the soil erosion
amount increased [11,12].

After heavy rainfall, surface runoff flows along the terrace with the terrain, converges
at the field ridge and concentrates in the local depression of the field ridge, resulting in
soil erosion. After several heavy rainfalls, the field ridge is damaged. Through visual
interpretation and field-observed erosion, six break points were found in region I of the
study area (Figure 6), while no break points were found in region II with the largest water
depth. In order to explore the critical water depth value of ridge erosion damage, this paper,
based on the progressive triangulation filter algorithm, manually classified the point cloud
and reconstructed the undamaged terrain. The spatial distribution of the water depth in
region I after reconstruction is shown in Figure 7.
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In order to reduce the influence of local topographic depression on water depth
calculation factors, a 1 m × 1 m grid was made for the maximum water depth of each ridge
of the reconstructed terrain and the same position of the original terrain, and the water
depth in the grid was calculated on average. The results are shown in Table 7. According
to the actual field survey, erosion damage has occurred in fields and ridges, and the water
depth calculated by the model is the potential water depth. The original terrain water
depth has reached the critical water depth, and the critical water depth ranges from 0.335 m
to 0.359 m.

Table 7. Ridge depth calculation table of reconstructed terrain and original terrain.

Confluence Length
(m) Gradient Reconstructed Terrain

Water Depth (m)
Pristine Terrain

Water Depth (m)

80 0.0218 0.338 0.320
80 0.0181 0.335 0.304
81 0.0167 0.359 0.324
82 0.0152 0.341 0.317
83 0.0179 0.342 0.317
83 0.0162 0.359 0.323

In order to reduce the influence of local topographic depression on water depth
calculation factors, a 1 m × 1 m grid was made for the maximum water depth of each ridge
in region I and region II, and the water depth in the grid was calculated on average. The
results are shown in Table 8. The average water depth in the two regions is near the critical
water depth range, and there is no significant difference between the two groups of data.
In this study, the ratio of average water depth to confluence length, which is the average
water depth per unit length, indicates the critical range of ridge damage. The average water
depth per unit length in region I is less than 0.0040, and the average water depth per unit
length in region II is more than 0.0045. The difference between the two groups of data is
analyzed, p < 0.05, and there is a significant difference. When the water depth per unit
length is between 0.0040 and 0.0045, it is in the critical range of ridge damage.

Table 8. Calculation table of average water depth of ridges.

Confluence Length
(m)

Average Water Depth
(m)

Average Water Depth per Unit
Length (m/m)

region I

80 0.320 0.0040
80 0.304 0.0038
81 0.324 0.0040
82 0.317 0.0039
83 0.317 0.0038
83 0.323 0.0039

region II

65 0.332 0.0051
66 0.316 0.0048
66 0.312 0.0047
68 0.315 0.0046
68 0.306 0.0045
70 0.318 0.0045
70 0.328 0.0047
70 0.328 0.0047

According to the spatial distribution of water depth simulated by the SIMWE model,
when the water depth is 0.335–0.359 m, the potential erosion risk can be preliminarily
judged. When the average water depth per unit length ranges from 0.0040 to 0.0045, the
ridge is in the critical range for the occurrence of ridges; when the average water depth per
unit length is less than the critical range, ridge erosion damage occurs. When the ridge is
larger than the critical range, no damage has occurred, but there is a potential erosion risk.



Water 2024, 16, 2568 14 of 18

The above results can provide some theoretical reference for predicting the erosion damage
of ridges.

3.3. Prediction of Erosion by Hydrological Connectivity

Hydrological connectivity can reflect the smoothness or hindrance degree of watershed
units. Changes in hydrological connectivity will have a remarkable impact on erosion and
sedimentation processes and are closely related to soil erosion intensity [39]. When local
erosion damage occurs, the degree of connectivity will change dramatically, and whether
erosion damage occurs can be judged by the change in IC index. Figure 8 shows the IC
distribution map of hydrological connectivity index in the study area generated based on
a 0.2 m resolution DEM. In region I, the mean IC of cultivated land was −2.18, while the
mean IC of cultivated land was −4.93, which increased by 126.1% on average, and the
connectivity increased conspicuously. The average IC value of cultivated land in region II
was −2.71, and there were a few mutation points, which increased by 24.1% compared with
the average IC value of cultivated land in region I, and the change area was not obvious.
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Figure 9 shows the frequency distribution of ICs for region I and region II. In region
I, the frequency of IC −4 is the largest, which is 40.8%, and a few IC values are about −7.
The frequency of region II with an IC of −3 is the highest (46.3%), and there are a few ICs
that reach about −6. The area of the grid frequency curve with an IC value −7~−4 and
an X-axis is obviously smaller than that of region I, and the hydrological connectivity is
small. It can be seen that no erosion damage has occurred in the ridge in region II, while
ridge damage has occurred in region I. When the IC value changes dramatically with the
surrounding IC value, it can provide a reference for predicting the erosion damage.
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4. Discussion
4.1. Limitations of Erosion Distribution Research

The temporal and spatial distribution of erosion and sedimentation is a complex
process. Although there are methods such as nuclide tracing, REE tracing and control
condition experiments, the true value of the spatial distribution under historical conditions
cannot be obtained. In this study, we focused primarily on the effects of erosion. Due to the
insufficient consideration of the relationship between water and sediment transport, the
attention to sedimentation is reduced. This will be further strengthened in future research.

4.2. The Effectiveness of SIMWE Model in Predicting Ridge Damage

In this study, the water depth range simulated based on the SIMWE model was mainly
distributed within <0.1 m under the condition of 50 mm/h rain intensity, and the runoff
flow along the ridge led to runoff collection in low-lying areas, with a water depth range
of more than 0.3 m. The places where runoff converged were often the locations of severe
erosion distribution (Figures 3 and 5). The result shows that when the water depth range
is 0.335–0.359 m, it can be preliminarily judged that there is a potential erosion risk in the
area, that is, there is a possibility of ridge damage (Figure 6, Table 7), which is consistent
with the phenomenon that Wang L and Shen H O found in that the ridge is very prone
to damage when the water depth is about 0.3 m, based on an indoor soil trough scouring
experiment; this shows that the spatial distribution characteristics of water depth simulated
by the SIMWE model and the critical water depth range of ridge damage are relatively
reasonable. However, in this study, the critical water depth could not effectively determine
the damage characteristics of all ridges, and there was a phenomenon that ridge damage
did not occur beyond the critical water depth (Figure 5, region II.). Based on this, this
study further proposes the concept of average water depth per unit length to determine the
runoff characteristics of critical failure of ridges, that is, the ratio of average water depth to
confluence length within the study area. The result shows that the average water depth per
unit length of ridge damage is between 0.0040 and 0.0045 m/m (Table 8). Under this critical
range, all areas found to be damaged by erosion can be correctly marked, and the areas
without erosion damage are not marked. The result shows that the average water depth
per unit length is more effective than water depth in judging the damage characteristics of
ridges. In addition, the IC value increased abruptly at the location of erosion (Figure 8),
and the spatial distribution of the abrupt change in the hydrological connectivity index
is consistent with the location of ridge damage marked by the average water depth per
unit length, which shows that the average water depth per unit length is a reference for the
erosion prediction of the critical damage of the ridge.
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4.3. Planning Recommendations for Slope Engineering Measures

The protection benefits of terraces on slope soil erosion are reflected in the fact that they
can weaken the source–sink relationship in the basin, reduce the hydrological connectivity,
change the original flow path of the slop and ultimately affect the slope production and
confluence process and the spatial distribution characteristics of sediment erosion, transport
and sedimentation on the slope. On the whole, the influence of terraces is mainly reflected
in the formation of runoff paths, and some previous studies have shown that the obvious
fracture failure of the ridge sections of terraced fields is mainly related to the large collection
of runoff. This is also evidenced by the experimental results of this study, where the water
depth and average water depth per unit length of ridge damage are a lot larger than those at
other locations on the slope (Figure 6). The hydrological connectivity index also increased
conspicuously at these locations (Figure 8), and soil erosion increased at the point of damage
(Figure 4), which is consistent with the results of previous studies. The development of
ridge break points will lead to a large accumulation of surface water and an obvious
increase in hydrological connectivity, which will lead to a vicious cycle of destruction–
confluence–destruction, resulting in serious erosion of terraces. Therefore, in view of the
topographic characteristics of the black soil area in Northeast China, which is dominated
by long and gentle slopes and is prone to form a large number of slope confluences, the
construction of terraces should comprehensively consider the rainfall characteristics and
the water depth distribution characteristics caused by the slope confluence area. Based on
the results of this study, when water depth reaches the range of 0.335 m−0.359 m on the
slope, and the average water depth per unit length is in the range of 0.0040–0.0045 m/m,
appropriate retaining and drainage measures should be considered to control the risk of
ridge damage, reduce soil erosion and maintain the terraces.

Due to the short observation time, it was not possible to obtain topographic data of the
terraces without erosion and damage, and when calculating the critical water depth, the
original topography could only be roughly restored by filtering and manually screening
point clouds. In order to better maintain the terraces and the follow-up research needs, it is
recommended to start regular long-term monitoring when the terraces are laid out to form
a long series of monitoring data through model simulation and analysis, design and plan
schemes and interception and drainage measures in the potential erosion risk area, where
runoff collects, to reduce the possibility of terrace damage.

5. Conclusions

In this paper, we take the Tongshuang small watershed as the research object to explore
the critical water depth range of erosion and damage in the terraced ridges of sloping
cultivated land in the black soil region of Northeast China. Based on the SIMWE model,
the study analyzes the best DEM resolution that can reflect the erosion sedimentation
characteristics and give the erosion spatial distribution map of the watershed and the
critical water depth of ridge failure. The main findings are as follows:

(1) In terms of the simulation effect of small-scale slope erosion, when the DEM
resolution is about 1 m, the difference in interpretation accuracy of other ground objects is
7.36–27.13%, except for break points, which can accurately characterize the temporal and
spatial distribution characteristics of erosion and sedimentation. When the DEM resolution
is increased to 0.2 m, it can better describe small-scale detailed ground objects, achieve better
interpretation accuracy and make the simulation results more accurate. Compared with the
2 m resolution DEM, the interpretation accuracy of field roads, wasteland, damaged points,
fields and cultivated land at the 0.2 m resolution is improved by 4.55–27.94%, which is the
best resolution in the study area.

(2) According to the spatial distribution of water depth simulated by the SIMWE model,
when the water depth is 0.335–0.359 m, the potential erosion risk can be preliminarily
judged. When the average water depth per unit length ranges from 0.0040 to 0.0045, the
ridge is in the critical range for the occurrence of ridges; when the average water depth per
unit length is less than the critical range, the ridge is in the critical range. When the ridge
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erosion damage is greater than the critical range, ridge damage has not occurred but there
is potential erosion risk, which can provide a certain theoretical reference for predicting
ridge erosion damage.

(3) Hydrological connectivity can reflect the smoothness or hindrance degree of
basin units. When local erosion damage occurs, the degree of connectivity will change
abruptly, and the remarkable change in the IC index can provide a reference for predicting
erosion damage.
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