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AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-202309.00153

The user wants me to translate a Chinese aca-
demic paper title and a note about it. The title
is “tIESERMMREMSREE” and there’ s a note “/FED
#&” which means “postprint” . Let me break down
the title: - i => soil - 84 => compound /
composite / combined - & => erosion - %K =>
research / study - EM => revi--

Authors: ZHANG Gangfeng, The user has provided a name “YANG Huimin”

This appears to be a person’ s name in Chinese. The task is to translate
it from Simplified Chinese to English with the highest accuracy and academic
tone, following the critical requirements and output rules provided.

However, looking at the critical requirements, they are specifically about trans-
lating academic papers with: 1. Preserving LaTeX commands and math place-
holders 2. Preserving citation commands 3. Preserving ---tags 4. Maintaining
academic tone 5. Using precise technical terminology from a glossary 6. Pre-
serving section structure 7. Translating all content completely

The glossary provided only contains: #1288%3] => machine learning REF> =>
deep learning

The input is just a name “YANG Huimin” . This doesn’ t contain any: - LaTeX
commands - Math placeholders - Citation commands - tags - Technical terms
from the glossary - Paragraph structure

This is simply a Chinese name that needs to be transliterated into English. In
academic contexts, Chinese names are typically transliterated using standard
pinyin systems.

“YANG Huimin” is already in pinyin format. The family name is YANG (#)
and the given name is Huimin (Z# or &R or other possible characters).

In academic translation, there are a few conventions: 1. Keep the pinyin as is:
YANG Huimin 2. Sometimes reverse the order for Western conventions: Huimin
Yang 3. Sometimes add a hyphen to the given name: Huimin Yang or Hui-min
Yang
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Given the critical requirements emphasize preserving structure and academic
tone, and the name is already in pinyin, the most appropriate translation would
be to keep it exactly as provided: YANG Huimin. This preserves the original
format and is standard in many academic publications, especially those with
Chinese authors.

The output should be just the translated name, with no additional formatting,
explanations, or tags, since none were provided in the input.

Let me check the output rules again: - Return ONLY the translated text for
the given input (no explanations, no quotes, no headings you invent). - Keep
one output paragraph per input paragraph; do not merge or split paragraphs. -
Maintain exact count and IDs of ---tags - if input has N paragraph tags,
output must have exactly N paragraph tags with matching IDs - Do NOT add
Markdown formatting unless it, The user wants me to translate a scientific paper
from Simplified Chinese to English. The input is “LIN Degen” . This appears
to be a name, likely the author of a paper. Let me check the requirements:

1. Preserve ALL LaTeX commands and placeholders - there are none here

2. Preserve ALL citation commands - there are none here

3. PRESERVE ALL --paragraph wrapper tags EXACTLY - there
are none here

4. Maintain academic tone and formal scientific writing style - this is just a

name

Use precise technical terminology - not applicable for a name

Preserve section structure and paragraph organization - not applicable

Translate all content completely - it’ s just a name

oo

The name “LIN Degen” in Chinese would be #*f&#. In academic contexts,
Chinese names are typically written with the surname first, followed by the
given name. The standard translation would be “Lin Degen” or “Degen Lin”
depending on the convention.

However, looking at the requirements more carefully, I need to check if this is
wrapped in a tag. The user just provided “LIN Degen” which seems to be the
text to translate. But the instructions say to preserve tags. Let me re-read.

The user wrote: “LIN Degen” - this is the input. But the instructions say
“Translate from Simplified Chinese to English” . “LIN Degen” is already in
English (or rather, it’ s a romanized Chinese name).

Wait, maybe the user is providing the name as context, or maybe this is the
entire input. Let me think about what the expected output should be.

If the input is literally just “LIN Degen”, and it’s supposed to be translated from
Chinese, perhaps the actual Chinese characters are missing? Or maybe “LIN
Degen” is the pinyin representation that needs to be converted to the proper
English academic format?

In academic papers, Chinese names are typically: - Written as “Lin Degen”
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(surname first) in the original Chinese context - Or “Degen Lin” (given name
first) in Western contexts

But the user wrote “LIN Degen” with LIN in all caps, which is sometimes used
to emphasize the surname. In many academic databases and papers, Chinese
names are written with the surname in all caps to avoid confusion, like “LIN
Degen” .

Given that the, SHI Peijun, The user has provided “SHI Peijun” which appears
to be a name. This is likely a test to see if I can handle simple inputs. Let me
check the requirements:

1. The input is just a name, not a paragraph with tags

2. There are no LaTeX commands or mathematical formulas
3. There are no citations

4. It’ s just a name

According to the instructions, I should: - Preserve ALL ---paragraph wrapper
tags EXACTLY - Return ONLY the translated text for the given input - Keep
one output paragraph per input paragraph - Maintain exact count and IDs of
-tags

Since the input doesn’ t contain any tags, I should just translate the name. “SHI
Peijun” is already in English (pinyin). In academic contexts, Chinese names
are typically written with the surname first, followed by the given name. The
standard translation would be “Shi Peijun” (with only the first letter capitalized
for the surname, and the given name capitalized).

However, looking at the input “SHI Peijun” - it’ s already in pinyin format. The
instruction says to translate from Simplified Chinese to English. But this is just
a name in pinyin. I should probably just return it as is, or format it properly.

In academic papers, Chinese names are typically: - Written as “Shi Peijun”
(surname + given name) - Sometimes written as “Peijun Shi” (Western order)
depending on the journal style

Since the input is “SHI Peijun” (all caps for surname), I should probably convert
it to proper academic format: “Shi Peijun” . But wait, the instruction says
to translate from Simplified Chinese. This is already in pinyin, which is a
romanization system. There’ s no Chinese characters to translate.

Let me reconsider. The user might be testing if I can handle edge cases. The
most faithful approach would be to: 1. Recognize this as a name already in
pinyin 2. Format it appropriately for academic writing 3. Since there are no
tags, I don’ t need to add any

The proper academic format for Chinese names in English publications is typi-
cally: - “Shi Peijun” (surname first, proper capitalization) - Or “Peijun Shi”

Date: 2023-09-19T00:00:00+00:00
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Abstract

The user wants me to translate a Chinese academic text about soil erosion into
English. Let me break down the requirements:

1. Critical Requirements:
e Preserve ALL LaTeX commands and placeholders exactly
o Preserve ALL citation commands ([?], ??, (??), etc.) exactly
« PRESERVE ALL ---paragraph wrapper tags EXACTLY
e Maintain academic tone and formal scientific writing style
o Use precise technical terminology (glossary provided)
e Preserve section structure and paragraph organization
o Translate all content completely
2. Output Rules:
e Return ONLY the translated text
e Keep one output paragraph per input paragraph
e Maintain exact count and IDs of tags
e Do NOT add Markdown formatting unless present in source
e Preserve original line breaks when meaningful
3. Formatting Guidelines:
o Keep mathematical expressions in original LaTeX format
e Preserve equation numbers and references
e Maintain proper academic paragraph structure
e Use formal scientific language
4. Glossary:
o #H2&¥3 => machine learning
o REF¥3 => deep learning

Now, let me analyze the input text. The user provided a paragraph about soil
compound erosion. I need to check if there are any tags in the input.

Looking at the input: “Soil erosion is one of the most serious environmental is-
sues constraining the sustainable development of human society and economies.
Soil compound erosion is the result of the alternation or interaction between
two or more erosion forces. In recent years, fluctuations and extreme changes
in climatic factors (air temperature, precipitation, wind speed, etc.) have led to
an increase in the intensity and extent of compound erosion, which is increas-
ingly considered in soil erosion research. First, depending on the involvement
of gravity, compound erosion process can be divided into compound erosion
with and without gravity. We systematically summarized the research on the
mechanisms and processes of alternating or interacting soil erosion forces (wind,
water, and freeze-thaw) considering different combinations, combed the charac-
teristics of compound erosion in three typical regions, namely, high-elevation
areas, high-latitude areas, and dry and wet transition regions, and reviewed soil
compound erosion research methods, such as station observations, simulation
experiments, prediction models, and artificial neural networks. The soil ero-
sion model of wind, water, and freeze-thaw interaction is the most significant
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method for quantifying and predicting compound erosion. Furthermore, it is
proposed that there are several issues such as unclear internal mechanisms, lack
of comprehensive prediction models, and insufficient scale conversion methods
in soil compound erosion research. It is also suggested that future soil compound
erosion mechanism research should prioritize the coupling of compound erosion
forces and climate change.”

Wait, the user provided English text, not Chinese. Let me re-read the prompt.
The prompt says “Translate from Simplified Chinese to English” but then pro-
vides English text. This is confusing.

Let me check the prompt again carefully. The user says: “Soil erosion is one of
the most serious environmental issues constraining the sustainable development
of human society and economies. Soil compound erosion is the result of the
alternation or interaction between two or more erosion forces. In recent years,
fluctuations and extreme changes in climatic factors (air temperature, precip-
itation, wind speed, etc.) have led to an increase in the intensity and extent
of compound erosion, which is increasingly considered in soil erosion research.
First, depending on the involvement of gravity, compound erosion process can
be divided into compound erosion with and without gravity. We systematically
summarized the research on the mechanisms and processes of alternating or in-
teracting soil erosion forces (wind, water, and freeze-thaw) considering different
combinations, combed the characteristics of compound erosion in three typical
regions, namely, high-elevation areas, high-latitude areas, and dry and wet tran-
sition regions, and reviewed soil compound erosion research methods, such as
station observations, simulation experiments, prediction models, and artificial
neural networks.

Full Text

Preamble

J Arid Land (2023) 15(9): 1007-1022
https://doi.org/10.1007 /s40333-023-0107-3
Science Press Springer-Verlag

Review and prospect of soil compound erosion

YANG Wengian',?2, ZHANG Gangfeng',%2,>, YANG Huimin*, LIN Degen®,°,
SHI Peijun',?3,6*

1 State Key Laboratory of Earth Surface Processes and Resource Ecology,
Beijing Normal University, Beijing 100875, China

2 Faculty of Geographical Science, Beijing Normal University, Beijing 100875,
China

3 Academy of Disaster Reduction and Emergency Management, Ministry of

Emergency Management and Ministry of Education, Beijing Normal University,
Beijing 100875, China
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4 Institute of Geographic Sciences and Natural Resources Research, Chinese
Academy of Sciences, Beijing 100101, China

5 School of Geography and Planning, Sun Yat-sen University, Guangzhou
510275, China

6 Academy of Plateau Science and Sustainability, Qinghai Normal University,
Xining 810016, China

Abstract

Soil erosion is one of the most serious environmental issues constraining the
sustainable development of human society and economies. Soil compound ero-
sion results from the alternation or interaction between two or more erosion
forces. In recent years, fluctuations and extreme changes in climatic factors
(air temperature, precipitation, wind speed, etc.) have led to an increase in the
intensity and extent of compound erosion, which is increasingly considered in
soil erosion research. First, depending on the involvement of gravity, compound
erosion processes can be divided into compound erosion with and without grav-
ity. We systematically summarized research on the mechanisms and processes
of alternating or interacting soil erosion forces (wind, water, and freeze-thaw)
under different combinations, examined the characteristics of compound erosion
in three typical regions (high-elevation areas, high-latitude areas, and dry-wet
transition regions), and reviewed soil compound erosion research methods such
as station observations, simulation experiments, prediction models, and artificial
neural networks. The soil erosion model of wind, water, and freeze-thaw inter-
action is the most significant method for quantifying and predicting compound
erosion. Furthermore, we propose that several issues persist in soil compound
erosion research, including unclear internal mechanisms, lack of comprehensive
prediction models, and insufficient scale conversion methods. We suggest that
future soil compound erosion mechanism research should prioritize the coupling
of compound erosion forces and climate change.

Keywords: soil compound erosion; soil erosion; gravity erosion; wind and water
erosion; freeze-thaw erosion

Citation: YANG Wengian, ZHANG Gangfeng, YANG Huimin, LIN Degen,
SHI Peijun. 2023. Review and prospect of soil compound erosion. Journal of
Arid Land, 15(9): 1007-1022. https://doi.org/10.1007/s40333-023-0107-3

1 Introduction

Soil erosion is one of the most serious eco-environmental disasters. In recent
years, increasing atmospheric carbon dioxide-induced global warming has al-
tered the global distribution of heat and water, leading to an increase in the
intensity and spatial extent of global soil erosion (Guo et al., 2019; Pal et al.,
2021). Soil is the major carbon reservoir of terrestrial ecosystems, and soil
erosion notably impacts soil organic carbon storage, which in turn affects the
carbon cycle of terrestrial ecosystems and influences regional and global climate
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changes (Lal, 2003; Fiener et al., 2015). Severe soil erosion can lead to soil degra-
dation and reduce agricultural production (Tsymbarovich et al., 2020), further
affecting food security and seriously threatening the environment and human
society (Betela and Wolka, 2021).

As a serious global ecological issue, soil erosion has been investigated from vari-
ous research perspectives. Previous studies have focused on the intensity, extent,
process, mechanism, and prediction of soil erosion (Kong et al., 2022; Wei et al.,
2023; Zhu et al., 2023). In recent years, with improvements in understanding
the mechanisms and processes of single-force erosion, concerns have gradually
shifted to multi-force erosion processes (i.e., compound erosion) (Zheng et al.,
2019). Compound erosion is the process of alternation or interaction among mul-
tiple erosion drivers under natural conditions, and its impact area and degree
are usually greater than those of single-force soil erosion. In a changing climate,
the complexity and intensity of compound erosion processes are increasing, re-
sulting in severe environmental problems (Guo et al., 2019). Therefore, it is
a key global environmental issue with potentially major, wide-ranging interdis-
ciplinary impacts on food security and ecosystem viability (Betela and Wolka,
2021), loss of nutrients and soil organic carbon sequestration (Fiener et al., 2015),
soil fertility and land productivity (Horvat et al., 2021), and society, economy,
and infrastructure (e.g., railways and electricity towers) (Tsymbarovich et al.,
2020; Feeney et al., 2022).

After reviewing the literature of the past three years (2020-2022), we found
that soil erosion research has focused on wind erosion, erosion process, universal
soil loss, erodibility, models, and other aspects (Fig. 1 [Figure 1: see original
paper]). Research on the mechanism of soil erosion, numerical simulation and
prediction, and the assessment of soil erosion risk are major tasks in soil and
water conservation and ecological management. An accurate understanding of
compound erosion mechanisms and processes is of great scientific value and a
technological priority for sustainable development.

By reviewing existing compound erosion research, in this study we explored
specific scientific issues that must be addressed, attempted to bridge the knowl-
edge gap in previous studies, and outlined supplements and improvements in the
field. Specifically, we explored the shortcomings of existing research in depth
and proposed improvement directions, aiming to provide new insights and coun-
termeasures for soil erosion prevention and control in a changing climate.

2 Studies on Soil Compound Erosion

Soil compound erosion is a process of soil denudation, destruction, separation,
transportation, and deposition under multiple erosion forces (i.e., wind, water,
gravity, and freeze-thaw action) (Zhang et al., 2019). The energy supply and
material source of each erosion force are coupled, forming a completely different
erosion, transportation, and deposition process than single-force erosion. Due
to the complex combination of multiple forces and the influences of subsurface
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factors such as topography, soil, vegetation, and land use, compound erosion
exhibits distinct spatiotemporal and geographical variability (Zhao et al., 2016).
Common forms of compound erosion include wind and water compound erosion,
freeze-thaw and water compound erosion, and freeze-thaw, wind, and water
compound erosion, most of which exhibit a certain periodicity (Assouline et al.,
2017). As a special external force, gravity usually occurs with other external
forces and causes large-scale soil movement. Researchers have often ignored the
gravity erosion process and focused on compound erosion resulting from the
alternating or interacting effects of wind, water, and freeze-thaw processes. To
distinguish from other classification forms, here we classified compound erosion
into two types according to the dominant forces causing soil erosion (Table 1 ).

2.1.1 Wind and Water Compound Erosion

The area prone to wind or water erosion is approximately 2.37$x107{7}$ km?,
accounting for 17.5% of the global land area (Bullard and Mctainsh, 2003).
Wind and water compound erosion is the result of the joint or alternating action
of wind and water forces acting on the same erosion object. The forces can be
subject to either dynamic or medium coupling (Yang et al., 2016). Dynamic
coupling indicates that multiple external forces occur simultaneously. This term
emphasizes the type and number of forces acting and their interaction (e.g.,
“storms” ). During a storm, wind acts on precipitation, and these two forces
interact and occur simultaneously (Cong et al., 2019). Medium coupling is
the alternate or superimposed occurrence of different forces resulting in erosion.
This term highlights that different forces act on the same medium, but there is
asynchrony over time. For example, the soil within a certain area in northern
China is subject to wind erosion in spring and water erosion in summer. These
two forces act on the same area, but the time may alternate or overlap, which
yields a more complex process due to the asynchrony in the timing of the two
forces (Yin et al., 2022).

Indoor wind tunnel and rainfall experiments have shown that preceding wind
erosion alters the surface microtopography, forming sand ripples and wind ero-
sion dents. Although sand ripples can easily absorb rainfall, they also affect
the runoff path in the subsequent water erosion process. As a result, slope
runoff convergence is accelerated, which increases the slope runoff velocity and
reduces the flow resistance, thereby enhancing runoff erosion and transport ca-
pacity (Tuo et al., 2016; Zuo et al., 2021). In contrast, preceding water erosion
can result in the formation of a crust atop the topsoil layer, inhibiting subse-
quent wind erosion (Yang et al., 2017). At the catchment scale, wind and water
compound erosion is characterized by the transport and deposition of surface
materials through flowing water, which provides the material for wind erosion,
while wind erosion-related transport and accumulation provide the material
source for flowing water, and the coupling of these two processes intensifies the
soil erosion severity (Harvey et al., 2001).

With the increasing area of wind and water compound erosion, land use change
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caused by human activities also significantly impacts the compound erosion
intensity (Pal et al., 2021). The understanding of wind and water compound
erosion mechanisms has been gradually improved.

2.1.2 Freeze-Thaw and Water Compound Erosion

Previous studies on the effect of freeze-thaw cycles on water erosion started
early. Scholars have found that the erosion amount after freeze-thaw cycles is
significantly greater than that in the absence of freeze-thaw cycles under the
same flow, slope, and moisture content conditions (Ferrick and Gatto, 2005).
Long-term field observations have revealed that freeze-thaw action significantly
increases the erosion amount in gullies, especially in gully sidewalls (Barnes et
al., 2016).

In China, studies have revealed that water erosion processes and their param-
eters change with different freeze-thaw conditions (Wang et al., 2022; Liu et
al., 2023). Through indoor experiments, researchers have determined that the
effect of freeze-thaw cycles on water erosion is mainly reflected by the change
in soil properties and inhibition of infiltration (Zhang and Liu, 2018). Before
the thawing period, the freezing depth, initial water content, and the number
of freeze-thaw cycles are the main factors affecting the soil separation capacity
(Sun et al., 2018; Sun et al., 2019). If the initial water content is high, the
amount of transported water increases, which enhances the freeze-thaw degree
and directly causes soil structural damage, resulting in a decrease in the bulk
density and an increase in the porosity (Wang et al., 2018). Under the same
initial moisture content, with increasing number of freeze-thaw cycles, the ag-
gregate stability varies. Larger aggregates (>2.00 mm) show a decreasing trend,
while smaller aggregates (<0.50 mm) show an increasing trend (Edwards, 1991;
Niu et al., 2020). The cohesion between soil particles is gradually destroyed, and
soil particles are rearranged, thus loosening the soil structure and increasing the
soil erodibility (Liu et al., 2023).

At the catchment scale, under low runoff, the freeze-thaw process tends to trans-
form rills into gullies and increases the erosion rate at the gully head (Liu et al.,
2017). Under high runoff, freeze-thaw-induced loose deposits are transported,
and water erosion increases (Nadal-Romero et al., 2008). This process leads
to the loss of humus and organic matter at the soil surface, which causes wa-
ter redistribution in the soil profile and also results in changes in soil freezing
and thawing (Cheng et al., 2018). In summary, freeze-thaw action aggravates
the water erosion intensity, and the water erosion process in turn affects the
freeze-thaw intensity, and these two processes generally occur simultaneously or
alternately.

2.1.3 Freeze-Thaw and Wind Compound Erosion

Freeze-thaw and wind compound erosion refers to the erosion caused by the
destruction of soil microstructure under freeze-thaw action. The influence of
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freeze-thaw cycles on wind erosion largely depends on the number of cycles,
temperature differences, and soil moisture content before the freeze-thaw cy-
cles (Wang et al., 2014; Liu et al., 2017). This action alters the soil physical
and chemical properties, destroys the original connections between soil parti-
cles, reduces the cohesion force, and generates a loose structure, thus lowering
the resistance to wind erosion (Bullock et al., 2001). With increasing num-
ber of freeze-thaw cycles, the wind erosion amount is significantly larger in
thawed soils than in frozen soils (Wang et al., 2014). At the same time, the
larger the temperature difference, the more severe the freeze-thaw action and
the more serious the resultant soil structure damage, resulting in an increase in
the wind erosion intensity (Xie et al., 2016). In addition, soil moisture increases
the soil resistance to wind erosion by increasing the cohesion between particles.
Therefore, the wind erosion intensity is generally negatively related to the soil
moisture content (Sun et al., 2019). However, the higher the soil water content,
the greater the damaging effects of freezing and thawing on the soil structure,
which benefits the subsequent wind erosion. Thus, the relative contribution of
the soil moisture content to wind erosion and the freeze-thaw degree should be
separately analyzed.

Researchers have found that there exists an exponential relationship between the
number of freeze-thaw cycles and the soil wind erosion amount by establishing a
statistical model for simulating freeze-thaw cycles and wind erosion in black soil
(Wu et al., 2016). However, soil erosion in the freeze-thaw zone is the result of
the compound force of freeze-thaw, wind, water, and gravity. Because the freeze-
thaw erosion model has been established by modifying the parameters of the
water erosion model, there are very few studies on the mechanism of freeze-thaw
erosion or compound erosion, and a compound erosion model is lacking.

2.1.4 Two-Force Compound Erosion Studies Incorporating Gravity

Research on compound erosion has shown that gravity erosion always occurs
with wind, water, or freeze-thaw erosion and is the result of compound action.
Studies on the soil erosion process have mostly focused on wind, water, and
freeze-thaw effects, with little or no consideration of the impact of gravity erosion
on the overall erosion process. However, in fact, the influence of gravity is
indispensable.

At the watershed scale, water and gravity compound erosion are synchronous
in time. After the occurrence of gravity erosion, loose material accumulates,
and sediment is transported through slope runoff, generating a process of re-
erosion (Jin et al., 2012). According to the specific situation, scholars have
usually considered processes such as debris flows and landslides that combine
water and gravity erosion as geological hazards, and they have analyzed their
occurrence mechanisms, constructed indicators, and established prevention and
control measures or evaluation criteria (Liao et al., 2018). In addition, unique
erosion phenomena produced by the combination of freeze-thaw and gravity,
such as gully bank thawing-induced collapse erosion and gully slope thawing-
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related slide erosion, have been investigated (Jing, 2003). To date, there is no
integrated classification system for these processes.

In summary, the main reasons for the lack of research on gravity erosion are
as follows: first, researchers have separated gravity erosion and other erosion
phenomena as independent processes, thereby ignoring the interaction between
forces; second, effective models for gravity erosion process simulation are lacking,
resulting in few studies on the combination with gravity erosion.

2.2.1 Wind, Water, and Freeze-Thaw Compound Erosion

Wind, water, and freeze-thaw compound erosion is the result of the combined
force of water, wind, and temperature, resulting in a completely different trans-
port and deposition process of soil erosion from single water erosion or wind
erosion.

Current research on wind, water, and freeze-thaw compound erosion focuses
on the effects of freeze-thaw action on wind and water erosion. Laboratory
experiments have demonstrated that freeze-thaw action can alter soil physical
and chemical properties, thereby damaging the soil structure and providing a
material source for wind and water erosion (Sun et al., 2020). Additionally,
freeze-thaw action weakens the soil shear strength and erosion resistance, thus
increasing the force of wind and water erosion and rendering the soil more sus-
ceptible to erosion by external forces (Zuo et al., 2020). Preceding wind erosion
changes the microtopography, which further increases the erosive capacity of
rainfall and runoff, resulting in the joint action of freeze-thaw and wind erosion
and increasing the compound erosion intensity (Sang et al., 2021).

Laboratory experiments of artificial rainfall, wind, and freeze-thaw cycles con-
stitute the main method to study the process and mechanism of three-force
compound erosion. This approach can be used to quantify the changes in sedi-
ment particles under different dynamic conditions through control experiments.
The particle size composition dramatically changes under the combined effects
of freeze-thaw cycles, wind, and water, creating conditions for coarse sediment
transport (Zhang et al., 2021). In addition, field observations combined with
geographic information system (GIS) technology have been used to analyze the
seasonal interaction characteristics of soil erosion and successfully isolate the
contribution of each erosion force to the total slope erosion amount (Fu et al.,
2020).

2.2.2 Three-Force Compound Erosion Studies Incorporating Gravity

Wind, water, and gravity compound erosion is the main erosion type in semi-
arid climatic zones. The interaction among these three forces in areas with
fragmented hilly and gully terrain forms a geomorphic landscape with a widely
distributed aeolian morphology.

At the catchment scale, water and gravity erosion is dominated by slope-gully

chinarxiv.org/items/chinaxiv-202309.00153 Machine Translation


https://chinarxiv.org/items/chinaxiv-202309.00153

ChinaRxiv [$X]

erosion, with increased erosion intensity from the top of the slope to the bottom
of the gully. The wind speed is influenced by the topography, usually produc-
ing strong wind erosion zones on windward slopes or high landforms and weak
wind erosion zones on leeward slopes or in flatter areas, where deposits and sedi-
ments tend to accumulate (Zu et al., 2014). When water and gravity compound
erosion occurs, deposits continuously recede, and the eroded material is trans-
ported downstream by runoff. Moreover, wind constantly transports sediment
to replenish the deposits on the slopes. This interaction among wind, water, and
gravity erosion processes is an important source of coarse sand recharge of the
lower Yellow River. The spatial and temporal distributions of different particle
sizes under the interaction of these three erosion forces have been qualitatively
observed by establishing field observation stations (Tang et al., 2001).

In other three-force compound erosion studies, such as frozen stone flow and
freeze-thaw mud flow dominated by water, freeze-thaw, and gravity compound
erosion (Jing, 2003) and aeolian sand melt collapse dominated by wind, freeze-
thaw, and gravity compound erosion (Qu et al., 2002), these erosion phenomena
are common on the Tibetan Plateau, and a unique landscape pattern has formed
as a result. In regard to the above compound erosion types, the action stages
of the various erosion forces can hardly be distinguished, so most scholars have
regarded this erosion type as a unique phenomenon.

2.3 Multiple Force Compound Erosion

To date, studies on compound erosion rarely involve four forces acting together
(Fig. 2 [Figure 2: see original paper]). However, in certain typical areas such
as the Tibetan Plateau and the Pisha sandstone area in Inner Mongolia Au-
tonomous Region of China, where serious soil erosion and severe ecological
degradation occur, soil erosion is often the result of the coupling of multiple
internal and external forces (Chen et al., 2020). Researchers have analyzed the
soil erosion process due to multiple forces in the Pisha sandstone area. In winter
and spring, it has been determined that freeze-thaw erosion leads to the loosen-
ing of the top layer of the Pisha sandstone and the formation of slope skirts under
gravity (Yang et al., 2003). High winds impact the exposed bedrock to produce
much coarse-grained sediment stored on slopes and in gullies. Hydraulic erosion
causes the transport of the preceding stored coarse-grained sediment, forming
hyperconcentrated flow with a high transportation capacity, resulting in severe
compound erosion (Tuo et al., 2012).

Due to the limited research methods and observation data, the complete erosion
process under alternating cycles of wind, water, freeze-thaw, and gravity has
not yet been analyzed as a dynamically coupled system. With the development
of environmental management practices and the advancement of theories and
technical methods, the study of compound erosion interaction processes and
mechanisms is one of the most essential development trends in future soil erosion
research.
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2.4 Difference Between the Various Types of Compound Erosion

First, gravity is used as a classification criterion. When compound erosion with
gravity occurs, the following conditions are needed: first, the soil is loose or
prone to sliding; second, the topsoil is unstable due to large differences in eleva-
tion and steep slopes; third, there is low plant cover and no artificial protection
measures. Therefore, compound erosion with gravity can induce large-scale soil
movement and produce serious disasters such as the destruction of arable land,
burying crops, destruction of roads and communication facilities, river and canal
blocking, and reservoir silting. Typically, compound erosion includes gravity,
but in many existing studies, gravity has been excluded to investigate other
compound erosion processes separately.

In addition, there are different characteristics under other combinations of com-
pound erosion. If wind erosion is included, the main occurrence conditions
include dry soil and relatively constant wind over the surface. Thus, compound
erosion that includes wind erosion mainly occurs in arid and semiarid climatic
zones and in humid areas that suffer from periodic droughts. The direct conse-
quence is a reduction in fine grains at the surface, an increase in coarse grains,
and a loss of soil organic matter and nutrients. Wind erosion landforms such
as Gobi and Yardang landforms are formed. In regard to compound erosion
with or without water erosion, if this process is included, precipitation intensity
is the most important factor. Precipitation imposes the greatest effect on soil
separation while also increasing the scouring and transport capacity of surface
runoff. The eroded material is largely transported by runoff. This is also the
main characteristic that distinguishes this process from other types of compound
erosion. If freeze-thaw erosion is included, the most important factor is the cycli-
cal negative and positive changes in temperature, resulting in soil freezing and
thawing. Therefore, compound erosion involving freeze-thaw action is usually
found on the Tibetan Plateau and in some alpine areas, where ground humidity
dramatically varies from day to night, freeze-thaw cycles frequently occur, and
the soil swells and shrinks significantly. In summary, the various types of com-
pound erosion are mainly influenced by the dominant forces, and they occur in
different areas and exhibit different characteristics.

3.1 Compound Erosion in High-Elevation Areas

Generally, high-elevation area refers to areas above 1500 m. More specifically,
this area can be divided into high-elevation (1500-3500 m), ultrahigh-elevation
(3500-5500 m), and extremely high-elevation (above 5500 m). In high-elevation
areas, due to large daily and annual temperature differences, there are many
days with both positive and negative temperatures, resulting in frequent freeze-
thaw cycles (Wang et al., 2017). This damages and loosens the topsoil structure,
providing abundant sand material for wind erosion. Additionally, along with the
high topography, sparse vegetation, and frequent high winds, drought conditions
and strong winds occur during the same season, leading to severe wind erosion
(Liet al., 2018). As a result, wind erosion often works in conjunction with freeze-
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thaw erosion, forming a two-force compound erosion area. At the same time,
water erosion caused by rainfall and snow melt is often superimposed, causing
a region where wind erosion, freeze-thaw erosion, and water erosion are jointly
distributed (Zhang et al., 2003). Examples include most of the Tibetan Plateau
(Chen, 2020), Greenland (Massa et al., 2012), Mexico (Montero-Martinez, 2021),
and the river basin areas on the Ethiopian Plateau (Fenta et al., 2021).

Studies of compound erosion in high-elevation areas are currently in their in-
fancy. Based on meteorological data, Yu (2021) used the Revised Universal
Soil Loss Equation (RUSLE), Revised Wind Erosion Equation (RWEQ), and
freeze-thaw grading evaluation model to simulate single soil erosion and esti-
mate its intensity, and determined the distributions of water and freeze-thaw
as well as wind and freeze-thaw dual-force erosion and wind, water, and freeze-
thaw triple-force erosion in the Three-River Source Region (the source region
of the Yangtze River, Yellow River, and Lancang River). Zerihun (2018) used
the RUSLE model with GIS and remote sensing (RS) technologies to assess soil
erosion severity in the Dembecha area, northwestern Ethiopia.

Under rapid climate change and anthropogenic disturbances, soil erosion inten-
sity has increased in most high-elevation areas worldwide. However, limited by
the geographic environment and locational constraints, the collection of basic
data in these areas is difficult, leading to fewer studies of compound erosion in
these regions relative to other regions.

3.2 Compound Erosion in High-Latitude Areas

In the geographical sense, high-latitude areas are areas between the north and
south latitudes of 60° and the north and south poles of the Earth’ s surface.
They are the coldest regions because they receive relatively low solar radiation
throughout the year. Similar to high-elevation areas, the winter season in these
regions is long and cold, with monthly average temperatures below 0°C, while
the summer season is short and warm, with monthly average temperatures above
10°C. Due to large annual differences in temperatures, these regions are prone
to freeze-thaw erosion and water erosion. Examples of such areas include the
black soil region of northeastern China (Zheng et al., 2019) and the agricultural
regions of Canada (Aygiin et al., 2021), Finland (Résénen et al., 2023), Russia
(Maltsev and Yermolaev, 2020), Siberia, and the Far East (Litvin et al., 2021).
In contrast to high-elevation areas, these areas are generally flat, and most are
agricultural planting areas. Unreasonable production and lifestyle patterns have
led to serious soil erosion.

Compound erosion in high-latitude areas has been preliminarily studied. Sang
et al. (2021) analyzed the effects of freeze-thaw cycles and wind and water su-
perposition on soil erosion on black soil slopes and initially elucidated the slope
erosion process and mechanism driven by freeze-thaw cycles and wind and water
superposition. Zhang et al. (2022) constructed a model to simulate the soil ero-
sion process under the comprehensive influence of rainfall, snowmelt, and land
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use change in a typical watershed and revealed the amplification effect of soil
erosion under the influence of compound factors. Existing works on compound
erosion in high-latitude areas are mainly focused on laboratory experiments and
field observations by combining soil properties and relevant erosion indicators to
simulate erosion processes and analyze compound erosion mechanisms. However,
most models under freeze-thaw conditions are restricted to water erosion mod-
els. Thus, research on compound erosion processes dominated by freeze-thaw is
inadequate, which further leads to insufficient numerical prediction studies in
this region.

3.3 Compound Erosion in Wet and Dry Transition Zones

Rainfall generally decreases from the coast toward inland areas due to factors
such as the location of land and sea, sources of water vapor, and topography.
The dry and wet transition zone generally refers to the intersection area of
semiarid and semihumid climate types, and it is a transitional boundary zone
comprising areas on both sides with an average annual precipitation of approx-
imately 400 mm (dryness ranging from 1.49 to 1.50). In wet and dry transi-
tion zones, where multiple natural elements intersect, serious compound erosion
usually occurs. Examples of such areas include the Lake Eyre and the Murray-
Darling River in Australia (Bullard and McTainsh, 2003), the Sahel region in
Africa (Amanambu et al., 2019), the Andes (Correa et al., 2016), and the agro-
pastoral ecotone in northern China (Tong et al., 2020).

The Loess Plateau and Pisha sandstone region of China, for example, contain
typical hilly and gully landscapes with high topographic fragmentation. Heavy
rainfall in summer and autumn and concentrated precipitation with loose soil
on the Loess Plateau result in serious soil erosion dominated by water and
gravity compound erosion (Zhang et al., 2022). Fu et al. (2020) revealed the
seasonal variation characteristics of multi-force compound erosion in the middle
reaches of the Yellow River through field observations combined with 3D laser
scanner and GIS technologies. Zhang et al. (2021) documented the interactive
superposition effect of multi-force erosion in the Yellow River basin by using
an indoor artificial rainfall, wind tunnel, and freeze-thaw cycle solid model ex-
periment. The freeze and water superimposed effect can amplify soil erosion
by 127%, and the freeze, wind, and water superimposed effect can increase soil
erosion by 164%. Yin et al. (2021) used the beryllium-7 tracing technique to
provide technical support to distinguish the relative effects of wind and water
on compound erosion across the study region.

In summary, there are abundant studies on the mechanisms of wind, water, and
freeze-thaw erosion in dry and wet transition zones of China. The mechanisms
of soil erosion and the sediment yield under the combined action of various types
of external forces have been clarified, and a suitable model of erosion and sedi-
ment yield has been initially established (Tang et al., 2001). Current research
focuses on siltation and sedimentation, soil fertility reduction, and agroecolog-
ical environment deterioration (Zhu et al., 2023). Soil erosion prevention and

chinarxiv.org/items/chinaxiv-202309.00153 Machine Translation


https://chinarxiv.org/items/chinaxiv-202309.00153

ChinaRxiv [$X]

control has always been one of the most essential components of sustainable
environmental management. As a typical soil erosion area, wind, water, and
gravity compound erosion on the Loess Plateau has attracted widespread atten-
tion. Future research is needed to improve soil and water conservation capacity
and promote ecological restoration in the region.

4 Compound Erosion Research Methods

To date, compound erosion has not been extensively studied, and relevant meth-
ods are mainly based on traditional approaches such as indoor experiments and
model simulations. There are different research methods for different directions
and issues.

4.1 Station Observations and Indoor Simulations Combined with 3D
Scanning Technology

Traditional soil erosion research relies on establishing field runoff sites (Ke and
Zhang, 2022). Generally, representative locations are selected to deploy equip-
ment for the measurement of hydrological, meteorological, ground temperature,
soil, and other parameters. Key parameters are regularly collected. By observ-
ing and measuring different rainfall intensities, subsurface conditions (vegetation
type, soil characteristics, land cover, cropping system, etc.), and topographic fac-
tors (slope and slope length), researchers establish a statistical relationship or
model of the sediment yield resulting from compound erosion (Wen et al., 2018).
This is beneficial for obtaining the total amount of compound erosion and in-
tuitively determining the characteristics of the soil surface, but the individual
erosion amount of each part cannot be distinguished.

However, obtaining long-term observation data requires continuous and frequent
monitoring, which demands large amounts of human and material resources.
Therefore, most experiments have been conducted in the field under natural
conditions and combined with indoor simulation experiments (such as simulated
rainfall experiments, wind tunnel experiments, freeze-thaw cycle tests, and high-
speed photogrammetry). These experiments have enabled the measurement
of parameters, soil physicochemical properties, and further simulation of the
compound erosion process. Through the joint use of various test devices, it is
possible to simulate different compound patterns of multi-force erosion.

At the same time, 3D laser scanner technology can realistically represent the
surface morphology. With the advantages of timeliness, high accuracy, and
high efficiency, this technology has been widely used in monitoring soil erosion
in recent years (El-Din Fawzy et al., 2020). The soil erosion amount can be
quantified by scanning the morphology of the slope after the impact of multiple
forces, and the indoor simulation results can be verified through field observa-
tion data. Furthermore, the contribution of each force to soil erosion can be
quantified, as well as the contribution of multi-force interactions to soil erosion.
Finally, the mechanism of the effect of multi-force superposition on soil slope
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erosion can be revealed.

4.2 Soil Erosion Forecasting Models and Remote Sensing Techniques

The soil erosion model is the result of theoretical research and an important
tool for guiding soil and water conservation practices. There are many physical
and empirical erosion models based on different forces. Examples include the
Universal Soil Loss Equation (USLE) (Wischmeier and Smith, 1965), Water
Erosion Prediction Project (WEPP) (Lane and Nearing, 1989), and Chinese Soil
Loss Equation (CSLE) (Liu et al., 2002) in the field of water erosion, as well
as the Revised Wind Erosion Equation (RWEQ) (Rice et al., 1995), Integrated
Wind Erosion Model System (IWEMS) (Anderson and Haff, 1991), and Texas
Model (TEAM) (Gregory et al., 2004) in the field of wind erosion. In existing
studies, individual soil erosion models are usually superimposed to obtain the
total compound erosion modulus (Zheng et al., 2020). While the single-force soil
erosion prediction model has been widely applied, the formation mechanisms of
compound erosion remain unclear. We cannot separate the contributions of
individual soil erosion processes to the total erosion. Many scholars have also
proposed establishing compound erosion models, but due to the lack of relevant
simulation experiments, these models have not been established. In recent years,
indoor simulation experiments and outdoor monitoring of compound erosion
have been widely conducted. We can modify parameters to obtain a compound
model on the basis of the single-force model, which can further deepen the
understanding of the compound erosion mechanism and process.

Scholars have usually combined RS techniques to accurately investigate a cer-
tain compound erosion process in field research. With the use of aerial RS
data, manual visual interpretation and computer data processing are first per-
formed to extract relevant information on the factors influencing soil erosion
(Elyagoubi and Mezrhab, 2022). The soil erosion intensity in the area is then
quantitatively calculated through further analysis, processing, and comparison.
However, limitations on the resolution of RS images and the complexity and
instability of ground conditions result in differences in the obtained soil erosion
amount between images and field data.

4.3 Artificial Neural Networks

Compound erosion is a complex nonlinear process characterized by randomness
and uncertainty. Therefore, regardless of the method used to measure the ero-
sion intensity and erosion modulus, measurement bias can lead to inaccurate
results. Scholars have successfully used a self-organizing neural network to de-
fine a soil erosion prediction model (Gholami et al., 2021). Rosskopf et al. (2020)
used an artificial neural network (ANN) to simulate soil erosion rates and GIS
technology to characterize the spatial variation. This has confirmed the high
potential value of ANN and GIS methods for soil erosion estimation and map-
ping. Compared to traditional regression models, ANN can better characterize
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the nonlinear compound processes of soil erosion and sediment yield, providing
a timely approach to compound erosion research.

However, a common issue in ANN applications is that the input parameters are
obtained under experimental conditions with a certain range of use, and the
ANN algorithm is a black box system. Thus, its prediction mechanism remains
largely unknown and cannot be linked to a specific erosion process.

5.1 Problems

Firstly, compound erosion involves a typical fuzzy system, but its processes and
mechanisms are still not well defined. Previous research has addressed nonlinear
compound erosion processes under the interaction of multiple forces to a lesser
extent. Compound erosion is a complex system in which subsurface factors,
water flow, wind and sand flow, erosion materials, etc., are coupled (Fig. 3
[Figure 3: see original paper]). The contributions of different forces to the
total erosion according to the alternation or interaction among these forces still
remain to be accurately determined, and research on the driving mechanism of
multi-force erosion should be developed further.

Secondly, to date, compound erosion forecasting models are lacking. Most
models are still based on single-force erosion, and the superimposition analy-
sis method has been employed to investigate compound erosion. The separate
measurement of erosion forces and parameter distortion introduce high bias in
model simulations due to excessively simplifying assumptions.

Thirdly, scale conversion is important for the transformation and correction of
observation data at different scales and promotes a deeper understanding of
the mechanisms and processes of soil erosion. Due to the complexity of pro-
cesses, mechanisms and their influencing factors, as well as available technology
and funding, field observations mainly focus on smaller scales, such as slopes
or runoff plots, rather than regional and watershed scales. The scale transfor-
mation method is usually adopted to introduce parameters or to combine the
slope model with RS technique, but the error generally increases in the transfor-
mation process. Thus, improving the interconversion of data between different
scales is a challenge for future soil erosion research.

Finally, climate change has substantially increased the intensity and extent of
global soil erosion. Rising temperatures and decreasing wind speeds (Zhang
et al., 2020) will significantly affect rainfall and land cover, leading to a sharp
increase in the overall erosion rate and seriously threatening biodiversity and
economic and social development. What are the trends, fluctuations, and ex-
tremes in temperature, precipitation, and wind speed under different emission
scenarios? Do measures to achieve carbon peaking and carbon neutrality goals
affect the multi-force soil erosion risk? How can we reduce the environmental
risk of soil erosion by adjusting the land-use structure and optimizing spatial
patterns? These questions are in urgent need of in-depth research (Fig. 4 [Fig-
ure 4: see original paper]).
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5.2 Prospects

Future research should consider the interaction among multiple forces in com-
pound erosion as a completely dynamic system. The driving process, internal
interactions, and mutual feedback relationship of the multi-dynamic system of
compound erosion must be revealed from a physical mechanism perspective. For
example, the coupling mechanism of ecosystem degradation and compound ero-
sion under multiple dynamic stresses and the erosion mode under the interaction
of multiple dynamics should be obtained. Research on compound erosion from
process to mechanism can greatly enrich the content of soil erosion dynamics,
ecology, and other related disciplines.

We suggest constructing multiple dynamic alternating cycle simulation tech-
niques based on the fusion of multisource data of rainfall, wind tunnel simu-
lations, and freeze-thaw cycles and converting single-force measurements into
multi-force composite measurements. These measurements can be combined
with field runoff plot observations to integrate water, wind, and freeze-thaw
simulations to develop theories and technologies that support the compound
erosion model to form a complete system of multi-force compound erosion model
simulation technology.

In terms of multi-force erosion forecasting models, the parameters of single-force
models can be modified to achieve the transition from single-force to multi-force
models. For example, the soil erodibility K value in the soil loss equation can
be revised to reflect the influence of the soil crust formed by water erosion on
the subsequent wind erosion or to include coefficients that reflect the effects of
multi-force interactions on the entire watershed. These adjustments can help
transform single-force models into composite multi-force models.

We propose to strengthen the integration of multidisciplinary and interdisci-
plinary research efforts and incorporate new theories, methods, and computer
simulation, RS, GIS, and other technologies into scale conversion research. On
the theoretical basis of existing theories and practical information, we can draw
on ecological scale conversion methods or construct cross-scale analysis mod-
els and choose suitable scale conversion methods to adapt compound erosion
models from small to large scales.

We suggest deepening research on soil erosion control and risk prevention in
different vulnerable areas to adapt to global climate change. High-resolution
climate data resulting from model downscaling under future climate change
scenarios can be used and combined with a multi-force compound erosion model
to simulate and predict future multi-force (precipitation, wind, and freeze-thaw
action) compound erosion intensity and analyze compound erosion trends under
different future climate change scenarios.
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6 Conclusions

Soil erosion is one of the most serious eco-environmental disasters. Within the
context of increasing atmospheric carbon dioxide-induced global warming, fluc-
tuations and extreme changes in climatic factors (air temperature, precipitation,
wind speed, etc.) have led to an increase in the intensity and extent of com-
pound erosion. In this study, we systematically summarized research on the
mechanisms and processes of alternating or interacting soil erosion forces un-
der different combinations, examined the characteristics of compound erosion
in three typical regions, and reviewed research methods for compound erosion.
Furthermore, we identified current problems in soil erosion research and out-
lined prospects. Finally, we bridged the knowledge gaps in previous studies and
provided supplements and improvements to the field.
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