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A B S T R A C T

Rill erosion is a small-scale but universally occurring phenomenon. Given its potential to concentrate into larger-
scale erosion and its non-negligible contributions to soil loss, substantial research has been dedicated to un-
derstanding its processes. In this article, we conducted a holistic review of the major achievements in rill erosion
research over the past few decades, mainly from the following perspectives: 1) Hydraulic parameters to describe
rill development; 2) morphological indicators to represent rill morphology; 3) commonly used measuring
methods for rill morphology and rill flow; and 4) advantages and limitations of rill erosion modelling. In each of
the perspectives, we also identified the challenges faced by current rill erosion research. Concrete suggestions on
the pressing needs to help advance rill erosion research in the future are further presented.

1. Introduction

Rills are defined as small intermittent watercourses with steep sides
that are initiated due to differential erosion caused by overland flow
(Zheng and Gao, 2003). They often have a width and depth of 2–20 cm
(Liu et al., 2018). Rill erosion is the process of dispersing, scouring, and
transportation of soil during rill formation and development (Zheng
and Gao, 2003). It extensively occurs in human-disturbed areas (Fig. 1)
(Govers et al., 2007; Guo et al., 2019), especially in sloping farmland,
where rill-induced soil loss accounts for 50–70% of the total soil erosion
(He et al., 2014). Due to the small dimensions of the rills, the soil
transported in rills is generally composed of fine particles (Luk et al.,
1993) and has the potential to selectively deplete nutrients and fertility
from agricultural land (Aksoy et al., 2020). Progressively, multiple
adjacent rills can combine to form an ephemeral gully with a wider
shallow groove that can further facilitate flow convergence. Further, an
ephemeral gully may evolve into a gully if the downcutting depth ex-
ceeds the ploughing depth (Fig. 2). When this occurs, the gap of a gully
cannot be re-filled by farming practices (Stefano et al., 2013); this
eventually leads to severe land degradation (Daba et al., 2003; Valentin
et al., 2005). Therefore, it is essential to quantitatively understand rill
erosion processes, so that soil and nutrient deterioration can be

prevented at the primary stage before soil degradation becomes irre-
versible.
The detachment of soil particles and the development of rills are

governed by soil properties and flow hydraulic characteristics (Nearing
et al., 1991). Once a rill is formed, the sediment concentrations in it will
increase rapidly, promptly changing rill morphology and, in turn, al-
tering the hydraulic properties and soil loss (Nearing et al., 1997; Lei
et al., 1998; Gatto, 2000). In addition, sediment transport in the rill
flow is strongly influenced by the inter-rill flow input from the upslope
(Luk et al., 1993). Detached particles may also enter the rill via rain-
drop impact (Kinnell, 2001), change rill flow energy, and consequently
alter the way the rill is shaped. Timely capture of the ever-changing and
interactive rill processes in the field and quantitative determination of
hydrodynamics during rill erosion is difficult; hence, most previous
research on rill erosion has been conducted under controlled conditions
in the laboratory (Shen et al., 2016; X. Zhang et al., 2018; Aksoy et al.,
2020). It has primarily focussed on the hydrodynamics of rill erosion,
quantitative parameters of rill morphology, and rill erosion modelling
under controlled conditions (Govindaraju and Kavvas, 1992; Lu et al.,
2003; Govers et al., 2007; Wagenbrenner et al., 2010; Han et al., 2011;
Wirtz et al., 2012; Tian et al., 2017; Ran et al., 2018; Mirzaee et al.,
2020). However, rills are far more complex under natural conditions
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than those studied under specific controlled conditions (often a single
or a certain number of rills generated by predetermined rainfall events
on selected slope gradients), and the adequate and efficient adaptation
of the conclusions drawn from these controlled experiments to the real
eroding field remains unclear. Hence, this article reviews the current
achievements in rill erosion research both under laboratory conditions
and in the field, identifying the most relevant knowledge gaps and
pressing challenges with an overview of the potential solutions that can
be implemented in the future.

2. Rill initiation and development

2.1. Factors influencing rill initiation and development

The initiation of a rill depends on both soil resistance and flow
hydraulic characteristics. Theoretically, a rill starts when the shear
force of flow on the slope exceeds soil resistance (Merz and Bryan,
1993; Knapen and Poesen, 2009). As to the pattern of rill initiation and
development, a well-accepted theory is that due to the heterogeneity of
the soil surface, runoff is very likely to converge at certain positions and
then scour out a knickpoint (Slattery and Bryan, 1992; Owoputi and
Stolte, 1995) (Fig. 3), denoting the initial state of a rill (He et al., 2013).

Thereafter, overland flow continues to concentrate and grow more
erosive to expand the knickpoint. Over a period of continuous scouring,
knickpoints on the same flow path converge into a connected rill, ag-
gravating soil erosion.
Based on the above-described theory, we recognise that rill initia-

tion and development processes are influenced by both internal and
external factors. Internal factors mainly refer to soil physicochemical
properties that define soil erodibility, such as soil bulk density, com-
position of soil particles and aggregates, and organic matter content.
For instance, soils with heavy density are capable of repressing rill
erosion as a result of strong interlock forces being formed among the
soil particles (Hieke and Schmidt, 2013). Compacted or clay-rich soils
often require higher erosive forces to be eroded, and thus are less likely
to form rills (Rauws and Auzet, 1989; Govers et al., 1990; Yanosek
et al., 2006; Chen et al., 2015). In addition, organic matter plays an
important role in binding aggregates; soils rich in organic matter can
withstand destruction such as slaking or micro-fissuration when rain-
drop impact or rapid wetting occurs (Tisdall and Oades, 1982; Govers
et al., 1990). Meanwhile, macro-aggregates with abundant pore spaces
enable more infiltration and thus help retard rill erosion (Hieke and
Schmidt, 2013). Hence, soils of lower density and more stable aggregate
structures are less susceptible to rill erosion (Govers, 1991; Barthès and
Roose, 2002). All these inherent soil properties can directly or in-
directly affect sub-processes such as infiltration, aggregate breakdown,
and sediment detachment (Sheridan et al., 2000), and consequently,
influence rill erosion.
External factors affecting rill erosion mainly include slope gradient,

slope aspect, slope length, land use, surface roughness, and vegetation
coverage (Smith and Wischmeier, 1957; Römkens et al., 2002). By
comparing six barren spoil heaps, Beullens et al. (2014) found that the
dominant southwest wind brought more rainfall and thus resulted in
greater rill erosion on the southwestern than on the western facing
slopes. The experiments with run-on on undisturbed soil conducted by
Li et al. (2015) indicated that land use affects soil properties and ve-
getation (and hence, root characteristics), and therefore, could sig-
nificantly affect rill erodibility. Zhao et al. (2017) reported that com-
pared to a smooth slope, contour tillage (with ridges and furrows)
helped to reduce soil loss by 30–60% during rill erosion, while reservoir
tillage (with depressions and mounds) increased rill erosion by 25%. In
addition to individual impacts, these external factors can also interact

Fig. 1. Rills on different land use types (Guo et al., 2019).

Fig. 2. Erosional ditches of different scales (Liu et al., 2018).

Fig. 3. Typical scoured knickpoint (Merz and Bryan, 1993).
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with each other to alter soil properties and regulate changes in hy-
draulic conditions during rill initiation and development.

2.2. Rainfall simulations and field investigations to define hydraulic
parameters during rill processes

In theory, soil detachment and transport during rill erosion are
mainly governed by concentrated rill flow and are thus closely related
to hydraulic parameters (Table 1) (Huang et al., 1996; Kinnell, 2006;
Wang et al., 2016). Given the difficulties in capturing the drastic
changes of rill erosion processes in the field, laboratory simulations
with manageable and repeatable conditions have become a widely
employed method to investigate hydraulic conditions during rill erosion
processes (Hamed et al., 2002). For a certain soil type, some researchers
described the hydraulic threshold of rill initiation as a constant but
others consider that it varies within a certain range. For example,
Govers (1985) determined the critical shear velocity for rill occurrence
on loamy soils as 3.0–3.5 cm·s−1 and Merz and Bryan (1993) observed
that the critical shear velocity was 5–6.5 cm·s−1 for sandy loam soils.
However, Yao et al. (2008) reported that the critical mean flow velocity
ranged from 3.2 to 5.2 cm·s−1 for loess (silty clay) soil, while the cri-
tical shear stress varied between 1.33 and 2.63. Furthermore, as rill
performance differs among different soils (Slattery and Bryan, 1992),
some studies have attempted to relate the hydraulic threshold of rill
initiation to soil properties. For instance, Cai (1998) carried out a field
experiment on loess soil with simulated rainfall and employed stream
power as the indicator for rill generation:

= +E K1.27 0.28wr (1)

where Ewr is the critical stream power (W·m−2) and Kτ is the antecedent
soil shear strength (kPa). Eq. (1) provides a simple and practical way to
determine the threshold of rill initiation for loess soils, as the shear
strength can be measured easily in the field using a torsional vane be-
fore a rainfall event. Rauws and Govers (1988) concluded that effective
shear velocity could be directly related to rill formation, and pointed
out that the regression equation (Eq. (2)) could be used for rill pre-
diction for a wide range of soils under field conditions:

= +u C0.89 0.56gcr (2)

where ugcr is the critical effective shear velocity (cm·s−1) and C is the
apparent cohesion of the topsoil (kPa). A much more thorough in-
vestigation was conducted by Gilley et al. (1993), wherein a broad
range of soil samples was collected and selective properties, such as soil
particle distribution, water-dispersible clay content, soil water content,
coefficient of linear extensibility, and cation exchange capacity, were
quantified in detail. For each soil, a rill was generated in the field with
five flow discharges. After obtaining the critical value for each soil, a
multiple regression was applied to relate them to selected soil proper-
ties, where critical shear stress was significantly correlated to water-
dispersible clay. Hence, they proposed that for soils with water-dis-
persible clay content less than 7.5%, the correlation can be expressed as
follows:

=
+ +

clay coefficient of linear extensibility
soil water content at MPa

0.216( ) 183( )
0.412( 1.5 ) 0.78

c

(3)

where clay and soil water content at 1.5 MPa are given as percentages
and the coefficient of linear extensibility is in cm/cm. For soils with a
water-dispersible clay content of 7.5% or greater, the correlation be-
tween critical shear stress and water-dispersible clay can be expressed
as follows:

= + +calcium iron organic carbon
potassium very fine sand

0.296( ) 1.53( ) 7.75( )
11.4( ) 0.535( ) 0.208

c

(4)

where calcium and potassium content are in cM/kg, and iron, organic
carbon, and very fine sand are given as percentages.
Despite extensive studies on hydraulic thresholds for rill initiation

on different soils, it remains difficult to generalise a universally ap-
plicable equation to describe the variations in rill initiation. In most
cases, only basic soil properties, such as particle distribution, were
presented; however, soil erodibility is affected by a variety of physical,
chemical, and biological characteristics. Further, the definition and
descriptions of rill initiation are not consistent among different reports.
For example, Torri et al. (1987) considered a rill to be initiated when its
incision was 5 cm long, 1–2 cm wide, and 0.5 cm deep, while others
reported only a qualitative description, such as “a small pit that de-
velops into rill” (Yao et al., 2008). An even more commonly used ap-
proach to determine rill incision is to detect an increase in sediment
yield. As reported by Rauws and Govers (1988), a rill is initiated when a
small channel is deep enough to concentrate the flow at least a few
decimetres long along the flow path, causing a detectable increase in
sediment discharge. Zhang and Yasuhiro (1998), by analysing the re-
lationship between sediment discharge and erosion depth, defined such
erosion as a rill if it had a depth of more than 0.8–1 cm. Overall, pre-
vious studies have clearly demonstrated that rill initiation is very soil
specific, which is decisively but not exclusively, influenced by primary
soil properties, such as soil particle distribution, clay types and con-
tents, and precedent soil moisture. However, equations or hydraulic
thresholds established on single or selective soil properties under spe-
cific experimental conditions can only partially represent the complex
development of rill erosion. Incompatible experimental designs in dif-
ferent reports and the authors’ biasness in describing the key results
make it more difficult to effectively compare and then generalise a
widely applicable theory on rill initiation and hydraulic thresholds.
Standard protocols with well-defined boundary conditions are urgently
required to develop a sound and comprehensive approach to advance
our current understanding of rill initiation.
As for rill development, because the hydraulic forces inducing se-

diment detachment may not be responsible for sediment transport
(Giménez and Govers, 2002), different experiments are often required
to identify the controlling hydraulic variables for sediment detachment
and transport. Among a variety of parameters, stream power, unit
stream power, and shear stress are the most widely adopted indicators.
However, depending on the soil type and experimental set-up, such as
slope gradients, inflow discharges, treatments of soils (natural or

Table 1
Hydraulic parameters widely used to investigate rill erosion.

Parameter Equation Description Reference

Mean flow velocity =V Vs V is mean flow velocity (m s−1); α is correction factor; Vs is surface flow velocity (m s−1). Abrahams et al., 1986
Froude number =Fr V

gh
Fr is Froude number; g is gravitational acceleration (m s−2); h is rill flow depth (m). Chow, 1959

Reynolds number =Re VR
v

Re is Reynolds number; R is hydraulic radius; υ is viscosity coefficient of rill flow (m2 s−1). Chow, 1959

Shear stress = ghS τ is shear stress (Pa); ρ is water mass density (kg m−3); S is the sine value of slope gradients. Nearing et al., 1991
Shear velocity =u gRS u is shear velocity (cm s−1). Govers, 1985

Stream power = =ghSV V ω is stream power (W m−2). Bagnold, 1966
Unit stream power =U VS U is unit stream power (m s−1). Yang, 1972
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disturbed), and bed surface conditions (flat or irregular), the optimal
indicator for rill erosion may vary from one experiment to another. For
example, Wang et al. (2019) reported that when considering varying
sediment loads in rill flow, stream power performed better in predicting
the soil detachment rate than shear stress and unit stream power. Niu
et al. (2020) also observed that flow shear stress was poorly related to
soil detachment rate with a low correlation coefficient of 0.48. How-
ever, Giménez and Govers (2002) pointed out that shear stress could be
related to rill detachment without being affected by bed geometry,
while the prediction by stream power or unit stream power was de-
pendent on bed geometry. Regarding the transport capacity of overland
flow, investigations are often conducted on non-erodible beds (soil beds
are glued to maintain constant roughness throughout experiments)
while being fed with a flow of varying sediment loads until maximum
transport capacity is reached. Following this protocol, Zhang et al.
(2009) suggested that shear stress could be applied to predict transport
capacity on steep slopes. Wu et al. (2016) also proposed that shear
stress and stream power are efficient parameters in simulating rill flow
transport capacity for steep loess slopes. Nevertheless, conclusions are
drawn differently when employing erodible beds; Moore and Burch
(1986) and Finkner et al. (1989) preferred the simplicity and robustness
of the transport equation by applying unit stream power as the driving
force. Ali et al. (2012) conducted flume experiments with four well-
sorted sands and proposed that unit stream power was the optimal flow
force to predict transport capacity, as shear stress did not perform well
due to partial dissipation of energy by sediment detachment and bed
roughness.
Despite these achievements in describing rill development based on

selective parameters, soil erosion rates vary over time and at different
rill positions and thus should not be calculated using one equation but
by integrating various spatiotemporal erosion processes (Wirtz et al.,
2013). Polyakov and Nearing (2003) pointed out that during different
stages of rill erosion, the equilibrium sediment loads are different,
which means that the transport capacity is not constant even under the
same experimental set-up and hydraulic conditions. Hence, spatio-
temporally varying sub-processes such as rill head advancement and
sidewall expansion should be separately accounted for (Qin et al.,
2019a, 2019b). A typical limitation of the indoor experiments is that
the conclusions drawn from them are only applicable to specific con-
ditions under which the experiments have been conducted; these are
often not verified or further generalised and thus cannot be directly
applied to detect critical conditions for rill initiation or assess rill ero-
sion intensity in the field. As an example, Shainberg et al. (1994) dis-
covered that the critical shear stress was considerably lower in la-
boratory experiments than that determined in the field. Gilley et al.
(1993) also mentioned that equations established in a field study where
the residue was removed and newly tilled should not be applied to

other areas with different soil or vegetation characteristics. Hence,
hydraulic parameters determined by indoor simulation studies should
not be directly applied to field conditions without appropriate ver-
ification or amendments (Zhang et al., 2003).

3. Rill morphology and its quantitative parameters

To unravel the relationship between rill morphology and rill erosion
loss, it is necessary to develop parameters that can quantitatively
characterise the complexity, irregularity, and multidimensionality of
rill morphology (Zhang et al., 2019). Primary parameters to describe
the morphology of a single rill include rill length, width, depth, and
cross-sectional area as well as some statistical average values, such as
average rill width and depth (Cerdan et al., 2002; Bewket and Sterk,
2003; Bruno et al., 2008; Qin et al., 2018; Ran et al., 2018). Based on
several experiments, it has been found that these parameters are good
indicators of rill processes as they are highly correlated or functionally
linked with sediment load or rill erosion rate (Bruno et al., 2008; Shen
et al., 2015; Chen et al., 2016).
After a rill is formed, it will continue to erode the headward and

pass-side slope flow path, causing a local dint and consequently, a high
flow concentration; this is when a tributary rill begins to form (Brunton
and Bryan, 2000). Individual rills further bifurcate, merge, or connect
to each other, resulting in a complex rill network system (Shen et al.,
2014). The rill network is the initial and a miniature form of the
drainage system through which sediment is transported from land to
the river courses (Zhang et al., 2014), especially in arid areas and
agricultural land (Brunton and Bryan, 2000). Over the past several
decades, studies have introduced many parameters, such as rill density,
degree of dissection, and complexity, to quantitatively describe rill
networks (Table 2) (Bewket and Sterk, 2003; Berger et al., 2010; Zhang
and Yang, 2010; Zhang et al., 2014; Zhang et al., 2016). Zhang et al.
(2016) reported that fractal geometry could effectively reflect the
complexity of the rill network on flumes filled with loess soil but failed
to represent erosion intensity, especially when the rill network evolved
to a stable state. Meanwhile, geomorphologic comentropy was capable
of reflecting dynamic changes in rill erosion because it varied sensi-
tively as rill erosion proceeded. Moreover, the principle of energy
consumption has also been regarded as a reliable indicator for rill
network development in laboratory studies. According to this theory,
the rill network develops in the direction that causes the lowest energy
consumption (Berger et al., 2010):

= =
=

=

E k L A minimum
i

i n

i i
1

0.5

(5)

where E is the sum of the energy of each rill link (W·m−2), k is a con-
stant depending on the soil fluid properties, Li is the length of rill link i,

Table 2
Most widely used rill morphology parameters.

Parameters Notion Equation Description Reference

Rill density Total length of rill per unit land area = = L A/j
n

tj1 0 ρ is rill density (m m−2); Ltj is the total length of the j-th
rill and its branches (m); A0 is the land area (m2).

Bewket and Sterk,
2003

Degree of rill dissection Plane areas of all rills per unit land area
= =µ j

n Aj
A

1
0

μ is the degree of rill dissection; Aj is area of the j-th rill
(m2).

Shen et al., 2015

Rill width-depth ratio Ratio of rill width to corresponding depth
= =

=
RWD

i
n Wi

i
n DI

1
1

RWD is the ratio of rill width to corresponding depth;Wi is
the rill width of location i (cm); Di is the rill depth of
location i (cm).

He et al., 2013

Rill complexity The ratio of the total length of a rill and its
branches on the slope to the vertical length in the
slope direction

=c
Ltj
Lj

c is rill complexity; Ltj is the total length of the j-th rill
and its branches (m); Lj is the vertical length of the j-th
rill (m).

Shen et al., 2015

Fractal dimension A parameter for quantitative expression of fractal
complexity

=N Cr Df Df is the fractal dimension; C is a constant value; r is the
rectangular side length covering the slope (mm); N is the
number of objects related to r.

Foroutan-pour
et al., 1999

Geomorphic information
entropy

A concept from analogy of entropy in
thermodynamics to geomorphology

=H S Sln 1 H is geomorphic information entropy; S is Strahler area-
elevation integral value.

Ai, 1987
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and Ai is the contribution area for rill link i. In agreement with Eq. (5),
Gómez et al. (2003), after carrying out a simulated rainfall experiment
with varied slope gradients (5% and 20%) and soil roughness degrees
(low, moderate, and great), reported that when rills were intense, the
rill network evolution followed the principle of energy consumption.
Furthermore, Rieke-Zapp and Nearing (2005) also observed that energy
consumption was a quantifiable indicator of rill network development
based on a test with five different slope shapes (uniform, concave-
linear, convex-linear, nose slope, and head slope).
It is noteworthy that most of the above-summarised equations or

theories implicitly assumed that rill morphology is homogeneous and
stable. Rill morphology and sediment discharge may change greatly
over time at different stages during the rill erosion process (Xiao et al.,
2008; Jiang et al., 2018; Niu et al., 2020). C. Qin et al. (2019a, 2019b)
outlined rill development as follows: 1) Rill head advancement at the
early stage, 2) bed incision until the soil layer becomes less erodible,
and 3) sidewall expansion caused by rill toe scouring. They further
explored the proportions of sediment yield induced by the three sub-
processes and found that head advancement made a major contribution
to rill erosion (44%–68%), followed by bed incision (27%–44%), and
sidewall expansion (3.8%–12%). Therefore, the evolution of rill mor-
phology has a strong heterogeneity, as the dominant erosion patterns
are highly variable during an erosion event, contributing differently to
total soil loss. Parameters derived from a stable rill morphology are not
capable of distinguishing spatially specific morphological changes at
different positions along a rill.
To better understand the features of rill morphology, previous in-

vestigations have attempted to relate soil properties to rill morphology.
For example, Chen et al. (2013) found that the rills formed on the soil
with higher clay content (28.42%) were denser and more parallel to
each other, while the rills formed on the soil with lower clay content
(14.52%) were dendritic with shorter and wider cross-sections. Zhao
and Gao (2016), after summarising field survey data, concluded that rill
width-depth ratios tended to decrease when the soil texture was finer.
Ni et al. (2018) further confirmed that the prediction accuracy for soil
erosion improved after including soil properties and rill morphology
parameters.
To further explore the potential influences of other major variables

(e.g., clay content, rainfall intensity, run-on scouring rate, and slope
gradient) on rill morphology, we collated and compared the rill width-
depth ratios generated from different rainfall and run-on simulation
experiments (Fig. 4) (source data and literature are listed in Supplement
1). Soils with greater clay content appeared to form narrower and
deeper rills under the same manner of erosive force (rainfall only or
flow only) (Fig. 4a). Rill width-depth ratios tended to slightly decrease
with rainfall intensity, regardless of run-on scouring effects (Fig. 4b).
However, rills generated by run-on scouring seemed to be affected by
erosive rainfall and were likely to become wider and shallower when
run-on rates are greater (Fig. 4c). As for the potential influences of slope
gradients on rill morphology, rills appeared to be narrower and deeper
on steeper slopes (Fig. 4d).
Although Fig. 4 helps improve our current understanding of rill

morphology, we must acknowledge several potential biases in our ob-
servations: 1) Given the limited availability of data on the targeted
issue, coupling effects of different variables are not discussed here. 2)
As rainfall or run-on experiments were carried out by certain research
groups or focussed on specific regions, the selected soil types are not
adequately representative to formulate generalisable conclusions. 3) To
ensure the generation of detectable rills within a reasonably short
period, the rainfall intensity in almost all the simulation experiments
(> 50 mm h−1) was set to be much greater than what is typically ob-
served during actual rainfall events; slope gradients were often very
steep (mostly are 20–40°). On the one hand, such preferential settings
partly explain the noticeably greater rill width-depth ratios by run-on
experiments (slope gradient ＜15°) than by rainfall simulation experi-
ments (Fig. 4d). On the other hand, to ensure that presumed rills would

occur, the possible influences of different soil properties (e.g., soil
texture, precedent moisture) on rill initiation and morphology are
conveniently neglected in such experiments. Therefore, we are still far
from elucidating the variations and patterns of rill morphology. How
and to what extent can the results from the controlled experiments be
incorporated to adequately reflect the real-world rill morphology still
remain as imposing challenges in rill erosion research.

4. Measurement of rill morphology

Commonly used techniques to sketch a rill include contact-type
tools, satellite-dependent tools, and digital photogrammetry methods
(Table 3). Conventionally, rills are mapped by laying a ruler or profil-
ometer at specific points of a rill (Fig. 5); recording the width, depth,
and cross-sections; and then sketching the rill morphology (Casalí et al.,
2006; Kimaro et al., 2008). In this way, each rill section is usually as-
sumed to be a rectangle for convenience (Peng et al., 2015). Together
with the potential human error in misreading the metre, rill mor-
phology sketched in this conventional manner is often of very limited
accuracy (Vinci et al., 2016). Owing to advances in technology, digital
techniques have been introduced to map rills. For instance, a laser
scanner can identify rill boundaries and extract other fundamental
morphological information (e.g., length, width, depth) by precisely
determining the positions of abundant point clouds from different an-
gles and distances (Vinci et al., 2015). However, point clouds acquired
from multi-station scanning are often of heterogeneous densities, and
thus are very labour-intensive to process (Zhang et al., 2011). The high
cost of a laser scanner also hinders its wide application (Zhang et al.,
2008).
Compared to laser scanning, photogrammetry is much less ex-

pensive and capable of acquiring images with an even higher resolution
(Guo et al., 2016; Jiang et al., 2020). Recent studies have demonstrated
that close-range photogrammetry can efficiently capture micro-mor-
phological changes during erosion processes and produce digital ele-
vation models (DEMs) with millimetre-scale resolution (Balaguer-Puig
et al., 2017; Campbell et al., 2018). Furthermore, photogrammetry can
detect soil surface changes even during rain, enabling the continuous
tracking of the evolvement of rill morphology (Jiang et al., 2020).
Unmanned aerial vehicles (UAVs) have also been proven to be a

very practical tool to assist soil erosion research. By stitching the highly
overlapping images taken by the UAV, a precise DEM can be generated
to analyse the micro-topographic changes on eroding landforms. A few
studies have employed UAVs to investigate soil erosion at various scales
from rill erosion at plot-scale, gullies on slopes, and sediment transport
in watersheds (Liu et al., 2016; Feng and Li, 2018; Krenz and Kuhn,
2018; C. Yang et al., 2018). It was proved that when flying at a low
altitude (e.g., 50 or 100 m), the ground sampling distance of UAV
images can reach 4 cm or even 2 cm (C. Zhang et al., 2018), especially if
the ground control points are strictly calibrated by a high-precision
satellite positioning system (e.g., real-time kinematic positioning). If
the UAV flight altitude is further reduced to 10 or 20 m, the ground
sampling distance of UAV images can reach the millimetre scale, which
is more than adequate to map small-scale erosion (Anguiano-Morales
et al., 2018), such as rills with sizes of 2–20 cm. In addition, unlike laser
scanning and photogrammetry, UAVs have the advantage of easily
covering a watershed within a relatively short time and flexibly ad-
justing the flight altitude to meet the requirements of different spatial
resolutions. Nevertheless, the potential of applying UAVs to study soil
erosion, especially small-scale rill erosion, is far from being fully ex-
plored. Standard protocols with specific descriptions of flight routes,
set-up of ground control points, and image processing are pressingly
needed. The rapid development of drones and easy accessibility of high-
resolution cameras promises great opportunities for better utilisation of
UAVs to investigate rill erosion in the future.
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5. Measurement of rill flow

To quantitatively measure rill flow and calculate hydraulic para-
meters, some elementary rill flow features, such as flow width, depth,
and average flow velocity, must be acquired first. Nevertheless, un-
stable rill flow velocity, irregular rill surfaces, and high sediment con-
centrations make it exceedingly difficult to measure the relevant hy-
draulic parameters of rill flow (Govers, 1992; Qin et al., 2016).
The most convenient way to measure rill flow width and depth is to

use ruler tape, callipers, or water level metres (Gong et al., 2008). Al-
though easy to operate, they cannot acquire high-resolution records as

they are very prone to be biased by the interference of turbulent rill
flow or subject to potential human error in misreading the metre.
Newly advanced techniques, such as laser scanning and close-range
photogrammetry, enable scanning or taking snapshots of rills at pre-
determined time intervals, effectively capturing rill flow features with
high spatial–temporal resolutions (Vinci et al., 2015). However, given
the ever-changing rill bed, it is still excessively challenging to measure
rill flow features in time, especially when raindrops and turbulent flow
interfere during rainfall events.
The dye-tracer technique has been widely adopted to measure rill

flow velocity owing to its low cost and simplicity (Fig. 6a) (Peng et al.,

Fig. 4. Changes in rill width-depth ratio under different clay contents, rainfall intensities, run-on rates, and slope gradients based on previous reports.

Table 3
Most widely used tools for measuring rill morphology.

Tool Advantages Limitations References

Tape/Ruler Costs low and straightforward to operate 1) Difficult and time-consuming to measure cross-
sections;
2) results tend to bear large errors

Casalí et al., 2006; Castillo et al., 2012

Profiles Able to precisely delimit rill cross-sections 1) Requiring great field labor even in small areas;
2) difficult to reproduce measurements

Wells et al., 2016;Casalí et al., 2006; Jester and
Klik, 2005

Total station Capable of high temporal resolutions by user-defined
revisit cycles

1) Discrete data requiring interpolation processing
susceptible to unknown uncertainty;
2) not available in areas with poor satellite
coverage

Wells et al., 2016; Westoby et al., 2012

GPS 1) Quick and easy to operate;
2) fairly robust even in unfavorable weather

Not available in areas with poor satellite coverage Brasington et al., 2015; Westoby et al., 2012

TLS 1) High-precision data available;
2) redundant objects like vegetations automatically
filtered

1) Large incidence angle may reduce sampling
density;
2) costly and not portable

Vinci et al., 2015; Wells et al., 2016; Westoby
et al., 2012

Photogrammetry 1) Images with high resolution of centimeter to
millimeter scale;
2) time- and labor-efficient

1) Time consuming and requiring professional
pre-knowledge;
2) merely plausible for small plots or laboratories

Eltner et al., 2015; Jester and Klik, 2005; Qin
et al., 2019a, 2019b; Wells et al., 2016

UAV 1) Portable and possible to be equipped with various
sensors to fulfill different expectations;
2) flight to be planned in advance to realize semi-
automatic data acquisition

Relying heavily on weather (e.g., often hindered
by high-speed wind)

Eltner et al., 2015; Westoby et al., 2012
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2015). By adding dye to water, the dye speed can be calculated by the
time it takes to travel from the injection point over a known distance,
the result of which is often assumed to represent the flow velocity at the
fluid surface. After calibration, the average velocity of the rill flow can
be obtained. However, there has been no universally accepted coeffi-
cient to convert surface flow velocity into the average velocity of the rill
flow (Zhang et al., 2010). In addition, dye-tracing requires an ade-
quately long distance to travel, which would otherwise introduce mis-
interpretation by dye diffusion or the dye might be discharged too ra-
pidly out of the plot to record the travelling time (Dong et al., 2014).
Apart from dye-tracing, other materials such as salt solution,

fluorescent particles, or light-density floats have also been employed as
tracers in different studies (Liu et al., 2007; Tauro et al., 2010; Zhuang
et al., 2018). For instance, the salt-tracing technique uses the differ-
ences in electrical conductivity to distinguish between the travelling
time, and thereby, the flow velocities of the salted and non-salted wa-
ters (Fig. 6b). After detecting the conductivity of the salted water in the
rill flow, the sensor will transfer the timing signals to the recorder and
document them on the computer. However, during rill erosion pro-
cesses in the field, soil may absorb or dissolve the salt that has been
artificially added to the rill flow, and infiltration may also percolate the
salt out of the rill flow, jointly leading to biased estimation. In recent
years, optical velocity methods, such as particle image velocimetry and
particle tracking velocimetry, have been developed to estimate flow
surface velocity using digital cameras or lasers to track the motion of
particles dispersed in a fluid (e.g., fluorescent particles or air bubbles)
(Coz et al., 2010; Tauro et al., 2016). Nevertheless, they are normally
used in large-scale surveys such as rivers or oceans, where the flow is
adequately deep and not turbulent. An infra-red sensor (or infra-red
camera) can also be used to estimate the velocity of the shallow flow by
detecting the movement of a thermal tracer in a fluid (e.g., warmer
water or ice cubes) (Lima et al., 2015). Similar to dye-tracing methods,
the thermal tracing technique estimates the flow velocity by dividing

the travelling distance by the time required by the tracer to travel be-
tween the injection and the measuring points (Abrantes et al., 2018).
Compared with other visible tracers, thermal signals are easier to
capture in images; thermal imaging can also perform well in darkness
(Mujtaba and Lima, 2018; Abrantes et al., 2019). However, thermal
equipment is often costly (Abrantes et al., 2019). Overall, more accu-
rate, adaptable, user-friendly, and less costly techniques are urgently
needed to capture the spatiotemporal variability of rill flow velocity.

6. Rill erosion modelling

Rill erosion modelling is a fundamental part of slope-scale erosion
prediction, providing a theoretical basis and references for soil erosion
investigation and erosion risk assessment. Some commonly used models
for rill prediction are listed in Table 4. Most of the currently available
soil erosion models have been developed to estimate soil loss amount
and formulate conservation measures. Hence, the spatiotemporal var-
iations in small-scale erosion, such as rill erosion, are often simplified in
these models (Lei et al., 1998). For instance, in the well-known Water
Erosion Prediction Project (WEPP), many simplified assumptions have
been adopted when modelling rill erosion. However, some of them do
not conform to the real conditions in the field; for example, 1) the cross-
sections of a rill are all assumed to be rectangular and the distance
between two adjacent rills is set as 1 m in the WEPP (Mancilla et al.,
2005); 2) the hydraulic characteristics of all rills are assumed to be
similar (Favis-Mortlock et al., 2000); 3) rill width is only functionally
related to the discharge and rill erosion does not interact with rill
morphology; and 4) critical shear stress is set as constant when rills are
formed (Nouwakpo et al., 2010). Furthermore, the actual runoff values
are unknown and have to be predicted, which can be difficult (Kinnell,
2016). All such assumptions and deficiencies need to be corrected or
improved when attempting rill erosion modelling with more reasonable
predictions.

Fig. 5. Profilometers used to manually measure rills (Vinci et al., 2015).

Fig. 6. Techniques for measuring rill flow velocity (Stefano et al., 2020).
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Elliot and Laflen (1993) developed a rill erosion model using a
series of equations based on the principles of soil mechanics, fluid
mechanics, and soil physics. In this model, soil properties affecting soil
erodibility were adequately considered, such as moisture content, soil
texture, and aggregate stability. In addition, rill erosion is comprised of
four different sub-processes in this model: scouring, headcutting, side
sloughing, and dispersion. Both detachment and transport processes
were estimated using different equations. Although largely improved
compared to other models, their model assumed that rills were pre-
existing and therefore it cannot be applied to predict where rills would
occur.
Favis-Mortlock et al. (2000) developed a model named “RillGrow”

to forecast the location and evolution of rills based on self-organising
work systems. RillGrow is capable of reproducing reliable erosional
networks after inputting microtopography data. Despite the evident
advantages of being simple to apply, according to its creators, RillGrow
also has some drawbacks: 1) Some important processes such as in-
filtration and deposition were ignored; 2) because of the high demands
for computer performance, the size of the study area is largely con-
strained; and 3) the model requires very detailed microtopography
data, which greatly limits its application. Lei et al. (1998) observed that
rills are prone to form a self-distributing system with alternating de-
tachment and deposition areas. In other words, great spatiotemporal
variations may inevitably exist even under the most strictly controlled
experimental conditions. Such inter-replicate discrepancies are not only
introduced by soil heterogeneity, but also by the random distribution of
rill flow and erosion area.
In addition to the universally applicable models mentioned above,

some relatively simple rill models were also established for specific
needs. For instance, Mancilla et al. (2005) developed an empirical
model to predict rill density under four cultivation modes. It was based
on variables such as rill flow rate, stubble coverage ratio, soil surface
random roughness, precedent soil moisture, soil bulk density, and slope
gradient. Although this model cannot be generalised to other scenarios
where other factors are also at work, all the variables are easy to obtain
and thus can provide a practical approach to help predict rill erosion
under local conditions. Moreover, several models have been aiming to
ascertain one or selected sub-processes in rill erosion, such as soil de-
tachment (Wang et al., 2016; Mirzaee and Ghorbani-Dashtaki, 2018; Li
et al., 2019), soil transport (Tayfur, 2007; Yan et al., 2008; Wu et al.,
2016), sediment concentration in rill flow (D. Yang et al., 2018), ero-
sion accelerated by gravity (Han et al., 2011), head advancing rate
caused by bed incision (Qin et al., 2018), amongst others. One can
easily refer to and adopt these models if he/she is interested in certain
sub-processes.
Rill simulation can also become biased due to inadequate or in-

appropriate accounts of rill hydraulic characteristics, sediment move-
ment, rill morphology, or rill flow parameters. For example, after the-
oretically analysing the relationship between rill length and sediment
discharge, (Yao et al., 2004) pointed out that rill erodibility estimated
by WEPP may have a high relative error of 50–90%, due to the diffi-
culty in determining flow shear stress and sediment detachment. Zheng
et al. (2020) found that the annual average soil loss simulated by WEPP
tended to respond over-sensitively to the increase in slope gradient and
slope length when slopes were steep and bare. They attributed the mis-
estimation to the constant rill spacing of 1 m set as the default in WEPP.
Furthermore, Zhang et al. (2019) observed that including rill mor-
phology factors can improve the prediction accuracy of the soil erosion
model proposed by Jiang et al. (1996), which can be used to predict soil
erosion loss from steep slopes on the Chinese Loess Plateau. Conse-
quently, the development of process-based rill erosion models requires
detailed knowledge of the characteristics and hydrodynamics of rill
flow, mechanisms of moving soil particles, and the evolving processes
of rill morphology.
Moreover, it is essential to sub-divide rill erosion processes to se-

parately identify the driving factors. For instance, soil erodibility notTa
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only varies in space but also changes over time during an erosion event
(Kinnell, 2009). Accurate measurements of the relevant parameters
(e.g., flow velocity and depth, rill morphology, and sediment yield) are
also critical to laying the fundamental framework for rill erosion
modelling. Given these inherent uncertainties and dynamics during rill
initiation and development, currently available rill erosion models are
far from sophisticated in reconstructing an evolving rill (Liu and An,
2007). The gaps between the theoretical models and actual situations
are large and currently, are difficult to bridge. However, rill erosion
models are of great value to help address soil erosion and its con-
sequences in local regions. A reasonable rill evaluation index system
and standard protocols to effectively evaluate and compare rill char-
acteristics in different regions and scenarios are needed.

7. Summary and outlook

This article reviews the advancements in rill erosion over the past
few decades and highlights the non-negligible role of small-scale rill
erosion in soil loss. After identifying the critical conditions for rill in-
itiation and the hydraulic parameters for rill development, this review
summarises the uncertainties and challenges to quantitatively char-
acterise rill morphology and rill flow features. This leads to a discussion
on the development and limitations of the currently available rill ero-
sion modelling. To address these challenging issues, this article calls for
more focussed investigations in the future from the following perspec-
tives:

1). Observations on rill initiation and development are often case-
specific for certain soil types or slope conditions. However, poten-
tial influences of soil properties on soil erodibility and rill formation
or morphology are often ignored while those of rainfall intensity or
steep slope are overvalued. Field investigations on a wider range of
soil types or indoor experiments under more realistic rainfall and
slope conditions are necessary to practically evaluate and compare
rill characteristics among different regions or scenarios.

2). Rill erosion features attained from a single or a certain number of
rills cannot represent the complex evolvement of rills in the field.
This largely hinders the design of rill-controlling measures to ef-
fectively prevent rills from developing into ephemeral or permanent
gullies. Systematic investigations on rill network dynamics are
therefore pressingly needed to advance our current understanding
on the evolution of rills that ultimately cause soil degradation
events on large scales.

3). Currently available rill erosion models are not able to effectively
reconstruct a dynamically evolving rill. Apart from parameterising
soil properties and slope conditions, these models also require the
sub-division of rill erosion processes to separately identify driving
factors for individual sub-processes and, more importantly, to sys-
tematically integrate these sub-processes to improve the plausibility
and validity of rill erosion models in predicting soil loss at different
rill positions at different stages.
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