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Abstract: Composite erosion caused by snowmelt and rainfall causes considerable soil loss dur-
ing spring thawing. However, research on the impact of frozen soil layers (FSL) on composite
erosion is lacking. Therefore, indoor simulation experiments were conducted on soil conditions
of 0 cm (unfrozen soil, FSLUN) and 3 cm thawing depths to explore the influence of FSL on com-
posite erosion in the black soil region of Northeast China. Three snowmelt runoff (SR) discharges
(0.34 L min−1, 0.5 L min−1, and 0.67 L min−1), three rainfall (RF) intensities (80 mm h−1, 120 mm h−1,
and 160 mm h−1), and three snowmelt–rainfall interactions (SRI; 0.34 L min−1–80 mm h−1,
0.5 L min−1–120 mm h−1, and 0.67 L min−1–160 mm h−1) were used in this study. The results
indicate that FSL advanced the initial erosion times of SR, RF, and SRI by 42.06%, 43.33%, and 45.83%,
respectively. FSL increased the soil erosion rate (SER) of SRI by 1.2 (1.0–1.6) times that of unfrozen soil,
which was smaller than that of SR (16.3, 5.6–25.0) and RF (1.7, 1.6–1.9), indicating that the interaction
had an inhibitory effect on the increase in water erosion in the frozen layer. Under FSL and FSLUN

conditions, RF erosion was 1.5–4.1 times and 14.5–24.3 times greater than SR erosion. The SRI erosion
was not a simple linear superposition of multiple types of single-phase erosion; it had a significant
nonlinear superposition amplification effect (SAE), with SAE of ~100% and ~300% under frozen and
unfrozen soil conditions. Flow velocity (0.11 < R2 < 0.68), stream power (0.28 < R2 < 0.88), and energy
consumption (0.21 < R2 < 0.87) exhibited significant (p < 0.05) linear relationships with SER in both
FSL and FSLUN. The research results deepen our understanding of the composite erosion process
during the spring thawing period in the black soil region of Northeast China and provide a basis for
the prevention and control of soil erosion in the region.

Keywords: composite erosion; frozen soil layer; snowmelt erosion; rainfall erosion; superposition
amplification effect; black soil

1. Introduction

Soil erosion is a major global ecological and environmental concern. Soil erosion
damages land resources, reduces soil quality, and seriously endangers agricultural produc-
tion and grain security [1,2]. Globally, large-scale soil erosion is affected by freeze–thaw
processes, especially in high-latitude and high-altitude regions where it is more severe [3].
Water infiltration differs between thawed and subsurface-frozen soils. In contrast to thawed
soil, frozen soil has a limited infiltration rate that hinders the downward infiltration of
water, forming an interflow in the surface layer of the soil [4]. More than 50% of the soil
loss in temperate regions occurs during the thawing period of the frozen soil layer (FSL) [5].
Oygarden [6] conducted a winter rainfall experiment in Norway and found that the main
cause of soil loss was the impermeable layer below the surface-thawed soil, namely the
FSL, which was the main cause of large-scale and rill erosion. As an impervious layer, the
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FSL prevents the infiltration of thawed soil water and limits the infiltration of slope runoff,
resulting in an increase in soil water content and a decrease in soil erosion resistance [7].
With an increase in the slope and meltwater flow, the flow velocity of the FSL also increases,
and a soil slope with a shallow melting depth produces more sediment than a slope with a
deep melting depth [8]. During erosion, there is an interaction between rainfall intensity
and melting depth. The initial melting depth is crucial when the rainfall intensity is low.
However, it becomes the most dominating factor at high rainfall intensities [9].

Black soil is fertile soil with high organic matter content, clay content, and cementation
degree. It is rich in chemical elements such as calcium and magnesium and is widely
distributed in Northeast China. The black soil region of Northeast China is an important
commodity grain base in the country, with commodity grain supply accounting for one-
third of the country. However, due to extensive development and reclamation, black
soil has undergone severe degradation, with an average annual decrease in thickness of
0.3–2 mm [10]. The black soil area has a unique erosion environment and belongs to the
continental monsoon climate of the cold temperate zone, with obvious seasonal freeze–
thaw effects. During the spring thawing period, the FSL begins to thaw from the surface,
and the soil is subjected to the effects of “night freezing and day thawing”, resulting in
increased soil erodibility and increased erosion [11]. Chen et al. [7] studied the water
velocities of frozen and unfrozen black soil slopes using the electrolyte tracer method. They
obtained flow velocity 30% higher on a 5◦ frozen slope than on an unfrozen slope. Under
low-rainfall-intensity conditions, shallow thawing aggravated the erosion of the partially
thawed soil slope. In contrast, under conditions of high rainfall intensity, it is controlled by
the soil thawing depth and runoff hydrodynamic conditions [12]. By studying the erosion
process under different thawing depths and rainfall intensities and their relationship with
hydraulic conditions, it was found that under the same rainfall intensity, the average soil
loss rate and range increased with increasing thawing depth [13]. Wang et al. [14] suggested
that runoff energy loss could predict the process of soil snowmelt runoff erosion at different
thawing depths.

At present, research on the water erosion of FSL during the spring thawing period
mainly focuses on the influence of different thawing depths on single-phase water erosion.
This was difficult to apply to the interaction between snowmelt runoff (SR) and rainfall
(RF). This study used typical black soil to conduct indoor simulation experiments on the
composite erosion between the FSL and water erosion forces during the spring thawing
period to (1) determine the influence of the FSL on water erosion during the spring thaw and
(2) quantify the superposition amplification effect (SAE) of snowmelt–rainfall interaction
(SRI) erosion to deepen the understanding of the composite erosion mechanism between
the FSL and the water force in the black soil area of Northeast China and provide a scientific
basis for erosion control during the spring thawing period.

2. Materials and Methods
2.1. Experimental Material

The experimental soil was obtained from the Jiusan Water Protection Monitoring
Station in Nenjiang County, Heilongjiang Province, China. The station is located at
48◦59′ N–49◦03′ N and 125◦16′ E–125◦21′ E. The altitude is 310–390 m, the slope is mostly be-
tween 3◦ and 5◦, and the length is several hundred to several thousand meters. The climate
is a cold temperate continental monsoon climate, the average temperature in January is
−22.5 ◦C, the lowest temperature can reach −43.7 ◦C, the average annual temperature is
0.4 ◦C, the average annual effective accumulated temperature is approximately 2100 ◦C,
and the frost–free period is 114 days. The annual average precipitation is 534 mm, mainly
from June to August, which accounts for 66.8% of the annual precipitation. The precip-
itation in spring accounts for 13.1% of the annual precipitation, and there is an average
of seven or more strong winds above level 7 during April–May. The soil parent material
is Quaternary alluvium and the soil type is black soil, with a PH value of 6.46, which is
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slightly acidic, and an organic matter content of 2.49%. The soil texture is classified as silt
loam comprised of 9.4% clay, 71.4% silt, and 19.2% sand.

Simulation tests were conducted in an indoor soil composite laboratory at Shenyang
Agricultural University. As shown in Figure 1, the experimental devices mainly included a
test soil tank (Figure 1a), a freeze–thaw cycle chamber (Figure 1b), an artificially simulated
rainfall machine, and a runoff scouring device (Figure 1c). The indoor test soil tank
was an impervious steel tank with a size of 1 m (length) × 0.25 m (width) × 0.25 m
(depth), and the lower end was connected to a flow collection tank for collecting runoff
and sediment samples. The freezing and thawing equipment was AW6000-type low-
temperature experimental equipment, mainly composed of a test box, refrigeration unit,
electric control box, etc., of which the temperature range was −30–+30 ◦C and the cooling
speed was 3 ◦C min−1 (Shenyang Yileng Refrigerator Co. Ltd., Shenyang, China). The
snowmelt runoff water supply device comprised a constant-pressure water tank, a steady
flow tank, a water supply tank, a BR-8000 digital speed-regulating peristaltic pump (Niukai
Automation Equipment Co. Ltd., Xiamen, China), and a connecting water pipe. The
flow range of snowmelt runoff was adjusted to 50–3000 mL min−1, and the steady flow
tank was placed on top of the slope of the experimental soil trough and connected to the
constant-pressure tank through a connecting water pipe. The experiment used a downpour
rainfall simulation system that was divided into three parts: water supply equipment (a
water supply tank group and a pressure device), control equipment (an electric control box
and a frequency converter), and rainfall equipment(Nanlin Technology Co. Ltd., Nanjing,
China). The device was 11 m above the ground, with nozzle diameters of 0.8 mm, 1.5 mm,
and 3 mm and a test area of 1.5 m × 1.5 m. There were six rainfall combinations, with a
minimum intensity of 30 mm h−1 and a maximum intensity of 180 mm h−1. The uniformity
of rainfall was 86.5%.
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2.2. Experimental Design

Most landforms in black soil areas have long and gentle slopes, usually between 3◦

and 7◦. The slope of the cultivated land in the experimental soil collection basin was mostly
3◦, and based on an investigation by the research group, a slope of 3◦ in the black soil area
can cause serious water erosion. Therefore, this study designed a slope of 3◦. The 0–20 cm
surface layer of the soil in the research area was the cultivation layer, with a soil bulk density
of 1.15 g m−3. Therefore, a filling depth of 20 cm was employed in these experiments.
The soil was disturbed for the indoor experiments. The depth of the cultivation layer was
0–20 cm, and the particle size was limited to 1.0 cm after screening. The initial soil water
content was set to 1.0 times the field water capacity (~35%), and the soil bulk density was
1.15 g m−3.

Frozen soil layer (FSL) design: According to the field meteorological data of the early
spring freeze–thaw period, we set the freezing and melting temperatures at −8 ◦C and
10 ◦C, respectively. To ensure that the freezing and melting processes started from the
surface of the soil to the bottom, the side and bottom of the soil tank were wrapped with
3 cm thick thermal insulation material. The soil was not completely thawed during the
spring thawing period and the surface-thawed soil was easily eroded because of the FSL.
Research on the impact of the thawing depth on water erosion has shown that a thawing
depth of 5 cm is critical for distinguishing soil erosion under FSL conditions. Starting at
5 cm, the sensitivity of erosion to the thawing depth decreased, and the pattern of change
was consistent with that of unfrozen soil slopes [8,15–17]. If the thawing depth is too
shallow, the sediment that can be transported is too little, which can easily cause significant
experimental errors. Therefore, a thawing depth of 3 cm was used in this study. A soil
test tank was placed in a low-temperature environment. After freezing at −8 ◦C until
the soil was completely frozen, it was thawed at 10 ◦C to a designed depth of 3 cm. The
depth of soil thawing was measured using a three-point method with a measuring needle.
Then, the soil tank was removed from the low-temperature environment and placed on the
experimental steel frame at 3◦ for the water erosion experiment. The unfrozen soil (FSLUN)
served as the experimental control.

Water erosion design: The erosive rainfall in the study area is mainly characterized
by short-duration and high-intensity rainstorms. In the preliminary experiment, a rainfall
intensity of less than 80 mm h−1 cannot meet the requirement of producing sediment within
30 min. If the initial sediment production time was extended, it would affect the thawing
depth of soil samples. Therefore, we designed three erosive rainfall (RF) intensities: 80,
120, and 160 mm h−1. To ensure comparability with the rainfall experiment, we input the
same amount of water during the snowmelt runoff and rainfall experiment (taking the
rainfall intensity of 120 mm h−1 as an example, it could be converted to 2 mm min−1, so
the runoff flow of the rainfall intensity in the 0.25 m2 soil tank used in the experiment
was 0.5 L min−1). Therefore, the snowmelt runoff (SR) flow discharges were 0.34 L min−1,
0.5 L min−1, and 0.67 L min−1. To study the interaction between snowmelt and rain-
fall water erosion, we designed three snowmelt–rainfall interaction (SRI) conditions:
0.34 L min−1–80 mm h−1, 0.5 L min−1–120 mm h−1, and 0.67 L min−1–160 mm h−1.
In other words, the SR and RF experiments were conducted simultaneously. Starting from
the input of water on the slope, the test lasted for 20 min with the water temperature of
0 ◦C–5 ◦C. Runoff samples were collected every 1 min after sand production was initiated
on the slopes, and the sediment mass was weighed at the end of the experiment, dried in
a 105 ◦C oven, and re-weighed (accurate to two decimal places). Each trial was repeated
thrice for each of the 54 treatments (Table 1).
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Table 1. Experimental design.

Treatment FSL FSLUN
SR Discharge

(L min−1)
RF Intensity

(mm h−1)

FSL–SR0.34
√

0.34
FSLUN–SR0.34

√
0.34

FSL–RF80
√

80
FSLUN–RF80

√
80

FSL–SRI0.34–80
√

0.34 80
FSLUN–SRI0.34–80

√
0.34 80

FSL–SR0.5
√

0.5
FSLUN–SR0.5

√
0.5

FSL–RF120
√

120
FSLUN–RF120

√
120

FSL–SRI0.5–120
√

0.5 120
FSLUN–SRI0.5–120

√
0.5 120

FSL–SR0.67
√

0.67
FSLUN–SR0.67

√
0.67

FSL–RF160
√

160
FSLUN–RF160

√
160

FSL–SRI0.67–160
√

0.67 160
FSLUN–SRI0.67–160

√
0.67 160

Note:
√

represents the selected experimental conditions.

2.3. Methods

The soil erosion rate (SER, g m−2 min−1) is given by Equation (1):

SER =
er

lWt
(1)

where er is the sediment yield during the observation period (g); l and W are the length
and width of the experimental tank, respectively (m); and t is the time (min).

The surface flow velocity (Vs, m s−1) is used to estimate the mean flow velocity
(V, m s−1) using Equation (2):

V = β · Vs (2)

where β is a coefficient taken as 0.67 for lamina flow (in this study, Reynolds number
(Re) < 500).

The Froude number (Fr) is given by Equation (3):

Fr =
V√
g · R

(3)

where g is the gravitational acceleration, m s−2; R is the hydraulic radius, m.
The drag coefficient (f) is given by Equation (4):

f =
8gRJ
V2 (4)

where J is the surface slope and J = sin θ, θ is the slope gradient, ◦; the meanings of other
parameters are the same as before.

The shear stress (τ, Pa) is given by Equation (5):

τ = ρgRJ (5)

where ρ is the volume–weight of flow, kg m−3; the meanings of other parameters are the
same as before.



Water 2024, 16, 2131 6 of 16

The stream power (w, N m−1 s−1) is given by Equation (6):

ω = τV (6)

where the meanings of other parameters are the same as before.
The calculation of runoff energy consumption (E, J m−2 min−1) is given by

Equation (7). The process of soil erosion was energy conversion and consumption. Accord-
ing to the law of conservation of energy, the energy of water flowing from any section on
the slope was analyzed using the following formula proposed by Li Zhanbin et al. [18]:

Ex = q′ρg(L − x) sin θ+
1
2

q′ρv2
x (7)

where q’ is the flow rate in the section, J min−1; L is the slope length, x is the distance
between any point on slope x and the top of the slope, and vx is the velocity in section x.

The calculation of the factor contribution rate (PF, %) is given by Equation (8). The
contribution rate of the variance factor of the impact factor to soil erosion was determined
using SPSS 19.0 software.

PF =
SSF − (DOF F × VEr)

SST
× 100 (8)

where SSF is the sum of the squares of Type III, DOFF is the number of degrees of freedom,
VEr is the mean square of the error, and SST is the total deviation squared.

The superposition amplification effect (SAE %) is given by Equation (9).

SAE =
SERSRI−(SER SR+SERRF)

SERSR+SERRF
×100 (9)

where SERSRI is the SER of SRI, SERSR is the SER of SR, and SERRF is the SER of RF.

3. Results
3.1. Characteristics of SER

The time of initial soil erosion is an important index for evaluating the speed of soil
erosion on a slope and reflects the degree of slope erosion. The initial soil erosion time for
water erosion is shown in Figure 2. The presence of FSL shortened the initial soil erosion
time during water erosion. Specifically, SR, RF, and SRI decreased by 42.1% (0.34 L min−1,
3 min; 0.5 L min−1, 3 min; 0.67 L min−1, 1 min), 43.3% (80 mm h−1, 3 min; 120 mm h−1,
3 min; 160 mm h−1, 2 min), and 45.8% (0.34 L min−1–80 mm h−1, 2 min;
0.5 L min−1–120 mm h−1, 1 min; 0.67 L min−1–160 mm h−1, 0.5 min), respectively. The
same amount of water input per unit of time on the frozen surface was compared for the
SR and RF erosion. Only 0.34 L min−1 SR had a 3 min faster initial soil erosion time than
80 mm h−1 RF, and the initial soil erosion times of the other SR and RF erosions were the
same, indicating that when the same amount of water was injected per unit time, the water
erosion force had little effect on the initial soil erosion time.

The soil erosion rate (SER) is an important parameter for describing the slope ero-
sion process, and its characteristics over time are shown in Figure 3. The SER ranges for
different flow discharges of SR with and without FSL were 3.79–13.55 g m−2 min−1 and
0.24–0.77 g m−2 min−1; 5.09–31.61 g m−2 min−1 and 0.47–3.15 g m−2 min−1; and
44.11–61.88 g m−2 min−1 and 0.83–5.66 g m−2 min−1(Figure 3a,d,g). The trend of changes
in the SER of SR under the influence of FSL was similar to that of FSLUN, and the SER
per minute significantly increased during the process. At only 0.34 L min −1, under
the influence of the FSL, the peak time of SER advanced by 2 mins, and the active pe-
riod of SER increased. The effect of the FSL on the active period and the peak time of
SER was not significant after the increase in flow discharge. The SER ranges of differ-
ent intensities of RF erosion with and without FSL were 8.91–15.30 g m−2 min−1 and
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4.92–7.60 g m−2 min−1; 11.62–46.63 g m−2 min−1 and 14.44–30.76 g m−2 min−1; and
57.39–130.42 g m−2 min−1 and 34.98–72.88 g m−2 min−1 (Figure 3b,e,h). RF erosion under
the influence of the FSL significantly increased the fluctuation of the erosion process and
the value of SER per minute influenced the occurrence time of erosion peaks (FSL–RF80,
8 min; FSL–RF120, 6 min; and FSL–RF160, 3 min). The SER ranges of different intensities of
SRI erosion with and without FSL were 33.83–45.68 g m−2 min−1 and 26.81–54.60 g m−2 min−1;
102.60–166.65 g m−2 min−1 and 43.53–106.28 g m−2 min−1; and 107.69–161.71 g m−2 min−1

and 77.71–190.49 g m−2 min−1 (Figure 3c,f,i). The fluctuation in the SRI erosion process was
reduced by the FSL, and except for the combination of minimum discharge and intensity, it
showed a trend of first increasing and then decreasing and tended to stabilize, with the
peak appearing within five minutes after the occurrence of erosion. This is evidence of
the hysteresis effect. When RF and SR erosion input the same amount of water per unit of
time, the peak time of the former (2–17 min) was earlier than that of the latter (8–20 min),
and the average SER was higher, indicating that raindrop splashing accelerated the erosion
resistance of the soil. The trend of the soil erosion process in the SRI erosion was more
similar to that in the RF erosion under the same conditions. In most cases, the erosion peak
and inflexion points occurred at the beginning of water erosion and less than 10 min after
soil erosion.
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Figure 4 shows the effects of the FSL on the SER under different water erosion forces. It
can be observed from the figure that under the same combination of discharge and intensity,
the SER of SR erosion was the most concentrated, followed by that of RF. The most unsta-
ble date was that of the SRI erosion, and this phenomenon was more evident in FSLUN.
FSL increased the SER by 16.33 (SR0.34 = 7.87 g m−2 min−1; SR0.5 = 8.54 g m−2 min−1;
SR0.67 = 53.38 g m−2 min−1), 1.70 (RF80 = 12.03 g m−2 min−1; RF120 = 35.41 g m−2

min−1; RF160 = 83.91 g m−2 min−1), and 1.22 (SRI0.34–80 = 40.55 g m−2 min−1; SRI0.5–120
= 130.48 g m−2 min−1; SRI0.67–160 = 134.06 g m−2 min−1) times that of FSLUN. Among
these, FSL had the greatest and least impacts on SR and SRI, respectively. Because the
FSL hindered infiltration, SR was equivalent to increasing runoff; therefore, the impact
was the greatest. Raindrops and runoff had an inhibitory effect; therefore, their impact
on erosion with rainfall was relatively small. Regardless of the influence of the FSL,
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the average SER from RF erosion was higher than that from SR erosion for the same
amount of water input per unit of time. Under FSL and FSLUN conditions, RF erosion was
1.53–4.14 times and 14.53–24.27 times greater than that of SR erosion, respectively. The
linear accumulation of the erosional forces of SR and RF was compared with that of SRI
erosion. When FSL was present, the SRI erosion had a significant nonlinear SAE of 99.43%
(0.34 L min−1/80 mm h−1:103.71%; 0.5 L min−1/120 mm h−1:196.86%; 0.67 L min−1/160
mm h−1: −2.35%). In the FSLUN, the SAE reached 296.40% (0.34 L min−1/80 mm
h−1:515.94%; 0.5 L min−1/120 mm h−1:249.15%; 0.67 L min−1/160 mm h−1:124.43%),
and as the discharge/intensity increased, the SAE weakened. SRI erosion was not a simple
linear superposition of multiple types of single-phase water erosion but had a significant
nonlinear SAE. The FSL reduced the SAE because the SER of the SRI was greater than the
thawing rate of the FSL, and the unthawed soil below the FSL failed to meet the erosion
needs promptly. Regardless of the influence of FSL, the median SER of RF erosion was
always greater than that of SR erosion, and the sum of the two was always smaller than
that of SRI water erosion. The chart shows individual anomalous values owing to the
hysteresis effect of sediments, which suddenly scoured the trough when they were moved
to the bottom of the soil by runoff transport, resulting in an abnormal increase in erosion.
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3.2. Hydraulic Parameters Affecting Soil Erosion

Figure 5 shows the contribution of the FSL to the water erosion hydraulic parameters
under different water forces. The FSL plays an active role in determining the mean flow
velocity and Froude number during water erosion. Specifically, the FSL increased the
average flow velocity of the water erosion, in which SR increased by 14.39%, RF increased
by 4.77%, and SRI by 8.83%. In addition, the FSL also increased the Froude number, in
which SR increased by 15.04%, RF increased significantly by 123.59%, and SRI increased
by 27.99%. It is worth noting that only when there was an intensity of 160 mm h−1 in the
FSL did the RF cause torrent erosion; in other cases, it caused slow flow erosion. Therefore,
the results highlight the important contribution of the FSL in this respect. However,
the FSL reduces the drag coefficient and energy consumption. Specifically, the SR drag
coefficients decreased by 20.85%, the RF drag coefficient decreased by 55.39%, and the SRI
drag coefficient decreased by 42.85%. The SR energy consumption decreased by 12.12%,
RF energy consumption decreased by 1.31%, and SRI energy consumption decreased by
0.11%; this indicated that an impervious surface layer can effectively alleviate RF drag and
consume less energy. The flow of SR occurred as sheet flow, while the flow for RF was
channelized. The contributions of the FSL to other hydraulic parameters showed different
trends under the influence of the water erosion force, and the responses of the SR, average
flow width of the rainfall force, shear stress, and stream power to the FSL showed opposite
trends. For example, the FSL contributed negatively to the flow width of SR and positively
to RF erosion. The variation law of the hydraulic parameters of the SRI erosion was similar
to that of the RF erosion, which could explain why the influence of the FSL on the SER
of the SRI erosion obtained in Section 3.1 was more similar to that of the RF erosion. By
comprehensively considering the influence of the presence of the FSL on the SER of various
water erosion forces in Section 3.1, it can be concluded that the FSL mainly increased the
SER by reducing the average energy consumption.
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Figure 6 shows the characteristics of the various hydraulic parameters under different
water erosion forces. The SR had a faster average flow velocity, larger stream power, and a
larger Froude number than the RF. Specifically, the average flow velocity of SR (0.14 m s−1,
0.12 m s−1) was 3.5 and 3.0 times the RF (0.04 m s−1, 0.04 m s−1) erosion when FSL and
FSLUN, respectively. The average stream power of SR (0.07 N m−1 s−1, 0.06 N m−1 s−1) was
1.4 and 1.04 times the RF (0.05 N m−1 s−1, 0.06 N m−1 s−1) erosion, respectively. In addition,
SR presented a sharp pattern compared with RF erosion, whereas RF invasion presented a
slow pattern. However, compared to RF erosion, the average flow width, drag coefficient,
shear stress, and energy consumption of SR were smaller. Specifically, the flow width of SR
(0.54 dm, 0.69 dm) was 0.63 and 0.97 times the RF (0.86 dm, 0.71 dm) erosion for FSL and
FSLUN, respectively. The drag coefficient along the slope flow of SR (0.21, 0.27) was 0.08 and
0.04 times the RF erosion (2.74, 6.13), respectively. The shear stress generated along the flow
direction of SR (0.48 Pa, 0.48 Pa) was 0.63 and 0.36 times the RF erosion (0.76 Pa, 1.34 Pa),
respectively. The energy consumption of SR (0.21 J m−2 min−1, 0.24 J m−2 min−1) was
0.88 and 0.96 times the RF erosion (0.24 J m−2 min−1, 0.25 J m−2 min−1), respectively. In
other words, RF erosion can separate and transport sediments by increasing the flow width,
drag coefficient, and shear stress and generating higher energy consumption, resulting
in a higher SER than SR. For SRI erosion, there was an interaction between the SR and
RF. When the hydraulic parameter value of the SRI erosion was between those of the SR
and RF, the two forces had opposite effects on the hydraulic characteristics. When the
hydraulic parameter value of composite water erosion was higher than the single operating
force value, the two operating forces promoted each other’s hydraulic characteristics. As
shown in Figure 6, in the process of SRI erosion, the values of the flow velocity, Froude
number, and drag coefficient were between the values of SR or RF erosion only; that is,
VS > VS–R > VR, Fr S > Fr S–R > Fr R, and f R > f S–R > f S, which shows that the introduction
of the RF force can inhibit the flow velocity and Froude number of the simple runoff force.
Runoff can also reduce the drag resistance to rainfall erosion. However, the addition of
another agent to the SRI erosion promoted the flow width, shear stress, stream power, and
energy consumption of single water erosion. Among them, the energy consumed by the
SRI erosion was higher than the sum of the cumulative single-phase water erosion, which
also explains why the average SER of the SRI erosion in Section 3.1 was higher than the
sum of the average SER of a single water erosion operating force in most cases.
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and the critical energy consumption of RF erosion was 0.151 J m−2 min−1 and 0.152 J m−2 
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conditions: (a) flow velocity; (b) flow width; (c) Froude number; (d) drag coefficient; (e) shear stress;
(f) stream power; (g) energy consumption. Different lowercase letters indicate the differences in
hydraulic parameter values between water erosion forces (Person, p < 0.05).

The hydraulic parameters corresponding to the maximum correlation coefficient
under different working conditions were selected through the linear fitting of the SER
and various hydraulic parameters. Finally, the three hydraulic parameters of flow velocity
(0.11 < R2 < 0.68), stream power (0.28 < R2 < 0.88), and energy consumption (0.21 < R2 < 0.87)
fit well with the SER. Therefore, in this study, we analyzed three hydraulic parameters. The
regression equations between the SER and the flow velocity, stream power, and energy
consumption of different water erosion forces under FSL and FSLUN are shown in Figure 7.
Soil erosion occurs only when the hydraulic parameters of slope runoff exceed critical
values. The critical flow velocities of SR in FSL and FSLUN were 0.11 m s−1 and 0.08 m s−1

(Figure 7a), respectively, and those of RF was 0.04 m s−1 and 0.03 m s−1 (Figure 7d).
The critical flow velocity caused by SRI was 0.07 m s−1 and 0.06 m s−1 (Figure 7g).
In addition, the critical stream powers of SR water erosion in FSL and FSLUN were
0.033 N m−1 s−1 and 0.026 N m−1 s−1 (Figure 7b), respectively, and those of RF wa-
ter erosion were 0.018 N m−1 s−1 and 0.028 N m−1 s−1 (Figure 7e), respectively. The critical
stream power of SRI was 0.039 N m−1 s−1 and 0.022 N m−1 s−1 (Figure 7h), respectively.
The critical energy consumption of SR erosion in FSL and FSLUN was 0.133 J m−2 min−1

and 0.114 J m−2 min−1 (Figure 7c), and the critical energy consumption of RF erosion was
0.151 J m−2 min−1 and 0.152 J m−2 min−1 (Figure 7f), respectively. The critical energy
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consumption of SRI erosion was 0.131 J m−2 min−1 and 0.154 J m−2 min−1 (Figure 7i).
Considering the influence of the FSL on the SER, the variation in the critical flow velocity is
consistent with the above results. In other words, the FSL increased the critical flow velocity
of water erosion. Specifically, the SR increased the critical flow velocity by 0.03 m s−1. The
RF increased the critical flow velocity by 0.01 m s−1. For the SRI, the critical flow velocity in-
creased by 0.01 m s−1. Before the soil particles separated and moved, only the accumulated
water velocity exceeded the critical value, causing soil particle erosion. Because the soil
above the FSL is destroyed by freeze–thaw cycles and forms a large amount of sediment, a
higher critical flow velocity is required for its separation and transport. Under the same
water input, SR and RF erosion had different characteristics. RF enhanced the soil erosion
capacity by increasing critical energy consumption.
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tion of runoff and intensifies the surface runoff, making it easier to concentrate. Soil 
erosion is also positively correlated with surface runoff [20]. Additionally, the physical 
and chemical properties, structure, and texture of the soil in the upper part of the fro-
zen layer change under freeze–thaw action, exacerbating erosion [15,21–23]. The FSL in-
tensifies water erosion, as shown in Table 2. The erosion range of the FSL on the RF is the 
same as that used in this study. The reason for the difference in runoff erosion is mainly 

Figure 7. Regression equations between SER and V, w, and E of different water erosion forces under
FSL and FSLUN, where V represents flow velocity, w represents stream power, and E represents energy
consumption. (a) Regression equations between SER and V of SR; (b) Regression equations between
SER and w of SR; (c) Regression equations between SER and E of SR; (d) Regression equations between
SER and V of RF; (e) Regression equations between SER and w of RF; (f) Regression equations
between SER and E of RF; (g) Regression equations between SER and V of SRI; (h) Regression
equations between SER and w of SRI; (i) Regression equations between SER and E of SRI.
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4. Discussion

Water erosion is easily affected by FSL covered with thawed topsoil [19]. This is
because the FSL forms a highly impermeable layer, which prevents the normal infiltration
of runoff and intensifies the surface runoff, making it easier to concentrate. Soil erosion is
also positively correlated with surface runoff [20]. Additionally, the physical and chemical
properties, structure, and texture of the soil in the upper part of the frozen layer change
under freeze–thaw action, exacerbating erosion [15,21–23]. The FSL intensifies water
erosion, as shown in Table 2. The erosion range of the FSL on the RF is the same as that
used in this study. The reason for the difference in runoff erosion is mainly the thawing
depth, and the effect of FSL is not significant when greater than 5 cm [24]. In this study, the
FSL increased the flow velocity and Froude number and reduced the drag coefficient and
energy consumption. This is consistent with the fact that there is a lower drag and faster
water flow velocity under FSL conditions [8,24,25].

Table 2. The impact of FSL on erosion.

Author Soil Type Slope
Gradient Force Discharge/Intensity Thawing

Depth (cm)
Increased
Erosion

Wang (2021) [26] Black soil 5◦ runoff 1 L min−1, 4 L min−1 5, 10 10–13.5%,
15.4–37.1%

Wang (2020) [13] Loessial soil 15◦ rainfall
0.6 mm min−1,
0.9 mm min−1,
1.2 mm min−1

2, 4, 6
41.1–122.7%,
45.5–315.1%,
83.4–430.1%

Sharratt (2000) [15] Hattie clay,
Barnes loam 7% rainfall 96 mm h−1 1, 2, 5 100%, 50%

In this study, soil erosion due to RF erosion under the same water input conditions
per unit time was higher than that due to SR erosion, and rainfall was one of the main
influencing factors. Li et al. [27] compared the slope erosion of typical black soil with and
without RF energy and found that RF energy significantly increased the amount of erosion,
which is consistent with the results of this study. According to the statistics, raindrop
erosion accounts for 72.3–96.2% of the total soil erosion. Eliminating the influence of
raindrops significantly reduces runoff and sediment concentrations. From the perspective
of water hydraulic characteristics, after excluding the influence of raindrops, the flow
depth, flow velocity, Reynolds number, and Froude number decreased from 3.85% to
39.34%, 20.9% to 67.5%, 25.82% to 70.29%, and 18.75% to 62.50%, respectively. The velocity
is a key hydraulic parameter that plays an important role in raindrop erosion. Compared
with the raindrop-free impact treatment, the critical shear stress, critical unit stream power,
and critical stream power increased by more than two times after raindrop impact [28]. In
this study, the influence of RF erosion led to a widening of the erosion width, an increase in
erosion sources, and an increase in shear stress and energy consumption, which resulted
in a higher SER than SR with the same input water quantity [29]. This was because the
same amount of water was input into the test soil tank, but the splashing effect of raindrops
increased the ability of the water flow to peel off the slope surface, increasing the sand
content. Sediment erosion increased resulting in a greater sediment yield. Therefore, the
required critical energy consumption increases correspondingly. RF erosion can be fitted
using stream power, whereas runoff erosion can be fitted using energy consumption [30,31].
However, unlike some studies, we did not find that shear stress can effectively describe the
sediment changes [3,13,26]. As shown in Table 3, the main reason for the different fitting
results was that the soil erosion and hydraulic parameters varied with soil type, slope
gradient, and flow discharge.
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Table 3. Fitting equations for SER and hydraulic parameters.

Author Soil Type Slope
Gradient (◦) Force Discharge/Intensity Equation

An (2012) [28] Loessial soil 5, 7.5, 10 rainfall 50, 75, 100 mm h−1 SER = 0.43w − 0.0395

Li (2016) [32] Black soil 5, 10 runoff–
rainfall 50 mm h−1, 50–300 L min−1 SER = 0.047(w − 0.611)

Wang (2020) [13] Loessial soil 15 rainfall 0.6, 0.9, 1.2 mm min−1 SER = 784.18w0.61

Wang (2020) [14] Loessial soil 15 runoff 1, 2, 4 L min−1 SER = 2.65 × ln(E − 4.01)

Note: where SER is the soil erosion rate, g m−2 min−1, w is the stream power, N m−1 s−1, and E is the energy
consumption, J m−2 min−1.

The synergistic effects of the upslope inflow and rainfall on the slope would in-
tensify soil erosion. Compared to the pure runoff treatment, soil erosion increased by
1.4–14 times [31]. Composite erosion was not a linear superposition of multiple types of
single-phase erosion but a significant nonlinear superposition amplification effect [33]. Li
et al. [32] studied the effects of incoming water on downslope erosion, the results showed
that with upslope inflow, soil loss increases by 12 to 1950 times compared to without
upslope inflow. The results of this study show that the SRI leads to a greater SER than the
linear superposition of a single-phase water erosion, which is consistent with the results
of previous studies. In the absence of FSL effects, RF plays a dominant role in increasing
interlayer erosion during SRI erosion [34]. The contributions of the SR and RF factors to the
SRI are shown in Table 4, and the RF factors also play a dominant role.

Table 4. Contribution of SR and RF factors in SRI erosion.

Factor
FSL FSLUN

PF (%) p-Values PF (%) p-Values

SR 12.58 <0.01 17.56 <0.01
RF 25.77 <0.01 45.55 <0.01

Overall, the results of this study differ from those of other studies because of the
different soil types, slope gradients, and flow discharges. This study provides basic data
for the study of springwater erosion in the black soil region of Northeast China. In future
research, the erosion in different regions and seasons should be fully considered. It is
important to quantify erosion differences and distinguish the main control factors.

5. Conclusions

This study involved experimental research on the erosion process of black soil slopes
under the influence of FSL and water erosion forces. The results show that the FSL ad-
vanced the initial erosion time and increased the SER and that the interaction had an
inhibitory effect on the increase in water erosion in the frozen layer. RF erosion under the
influence of raindrops was more severe than SR erosion with the same amount of input
water. SRI erosion is not a simple linear superposition of multiple types of single-phase ero-
sion but has a significant nonlinear SAE. RF was the dominant driving force for SRI erosion.
Flow velocity (0.11 < R2 < 0.68), stream power (0.28 < R2 < 0.88), and energy consumption
(0.21 < R2 < 0.87) exhibited significant (p < 0.05) linear relationships with SER in both FSL
and FSLUN. These findings can help distinguish the key influencing factors in composite
erosion to develop more effective prevention and control measures. There are differences
in the ways in which seasonal freeze–thaw affects water erosion. Therefore, the impacts of
freeze–thaw on water erosion and its hydrodynamic mechanism under different superposi-
tion methods are worth further research.
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