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Abstract: Rill erosion rate and hydrodynamic parameters present evident spatial and temporal variation characteristics
during rill development process on hillslopes. Based on 3D laser scanning technique (LiDAR) and intermittent simulated
rainfall experiments, high-precision DEMs were extracted. Temporal and spatial variations of rill erosion and hydrodynamic
parameters at different rill development stages on loessial hillslope were analyzed. Results showed that the maximum values
of rill erosion rate and hillslope erosion rate occurred at the rill deep cutting dominated stage, while the minimum values of
them occurred at the rill headcut dominated stage. Rill erosion rates and hillslope erosion rates were increased at first and
then tended to be steady and fluctuated in a certain range with rainfall duration. Hillslope erosion rates reached steady state
earlier than rill erosion rates. Rill erosion rates and hillslope erosion rates under 90 mm/h rainfall intensity reached steady
states earlier than those under 60 mm/h rainfall intensity. Rill erosion rates were first increased and then decreased along
hillslope and showed parabola trend. The maximum values of rill erosion rate occurred at the hillslope lengths of 6 m and
7 m. Shear stress, stream power and unit stream power under 90 mm/h rainfall intensity were 1.3, 1.1 and 1.4 times as
those under 60 mm/h rainfall intensity. Hydrodynamic parameters of overland flow and rill flow showed different variation
trends with the increase of rainfall duration. Shear stress, stream power and unit stream power were increased with
fluctuations of unit slope length under two rainfall intensities. It showed strong positive linear correlation between rill erosion
per unit width and three hydrodynamic parameters. The critical values of shear stress, stream power and unit stream power
reached the maximum values at initial phase of rill development.
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0 Introduction

Rill erosion is one of the main erosion types of
sloping croplands, and it is also the main cause of soil
and nutrient loss. In rill erosion dominant area, rill
erosion accounts for approximately 70% of the total soil

2! Once rill occurs on hillslope, soil erosion

loss'!
pattern changes from sheet erosion to rill erosion. The
erosivity and transport capacity of concentrated rill flow
are much larger than those of raindrop impact and sheet
flow, which lead to significant increase of hillslope
erosion '’

Many researches have focused on rill erosion and

. . . . 4-5
gained many achievements on rill erosion process™* >
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(5.8-91 studies

hydrodynamic  mechanism Recent
reveals that the differences between rill erosion and
other channel erosion are rill erosion always couples
with severe soil loss and rill morphology changes
rapidly' "), The counteraction effects of rill morphology
on hillslope soil loss add the uncertainty of three main
processes of rill development: rill head advance, rill
bed deep cut and rill wall collapse. Shear stress is the
main driven factor that cause rill bed deep cut''”’.
Shear
hydrodynamic
flow' " ~"*). Rill erosion is estimated by shear stress in

WEPP model ™.

stress and stream power are important

parameters  of  concentrated  rill

Other researches indicated that
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stream power is more accurate on estimating rill erosion
than shear stress. However, recent studies mainly
focused on the whole process of rill development, few
distinguished the temporal and spatial variations of
overland flow hydrodynamic parameters at different
dominant erosion process of rill development.

On the other hand, limited by technical condition,
rill survey with steel ruler'®’ and needle board

" are two recently used methods to research

technique'’
rill erosion. However, DEMs extracted from these data
are often low precision. As a result, the temporal and
spatial variations of rill development and the correlation
between rill erosion rate and hydrodynamic parameters
can hardly be well explored. In order to collect the
precise rill erosion data in this study, 3D laser
scanning technique ( LiDAR) was applied for about
every 10 min to get the information of hillslope
elevation. At the active stage of rill development, the
scanning internal was shortened to get more precise
data. Based on 3D laser scanning technique and
high-

precision DEMs were extracted to analyze rill erosion.

intermittent simulated rainfall experiments,
Temporal and spatial variations of rill erosion rate and
hydrodynamic parameters and their correlations at
different rill development process on loessial hillslope
were analyzed. It aims to provide theoretical basis for

building hillslope soil erosion prediction model.

1 Materials and methods

1.1 Experimental materials

The study was conducted in the rainfall simulation
laboratory at the State Key Laboratory of Soil Erosion
and Dryland Farming on the Loess Plateau in Yangling
City, China. A down pointing rainfall simulator system
was used to apply rainfall. The raindrops fall from 18 m
above the soil surface. The simulated rainfall was
similar to natural rainfall regarding the raindrop size
distribution, kinetic energy, and uniformity ( >
80% )'"). A soil box with 10.0 m-long, 1.5 m-wide
and 0. 5 m-deep was used in this study. Drainage holes
(2 em grid spacing) at the soil box bottom were used
for drainage. The soil used in this study was loess
which was collected at a well-drained site in Ansai
Town (36°45'N, 109°11'E) , which is located in the
hilly gullied region of the Loess Plateau in Shaanxi

Province, Northwest China. The soil texture was

28.3% 58.1% silt, 13.6% clay, and

contained 5. 9 g/kg soil organic matter.

sand ,

1.2 Experimental design

Based on the erosive rainstorm properties, high-
intensity and short-duration, on the Loess Plateau
(I;,=1.52 mm/min, [, = 1.05 mm/min, /5 and /,,
represent the maximum 5 min and 10 min rainfall
intensity in one natural rain Y the rainfall
intensities in this study were set to 60 mm/h and
90 mm/h (1.0 mm/min and 1.5 mm/min) for each
rain. Because 15° is the critical slope gradient for rill
occurrence on the loessial hillslope, 15° slope gradient
was used. In this study, four groups of rains ( two
replicates with two rainfall intensities) were applied.
All the data showed in this paper were the average
number of the two replicates.

1.3 Experimental procedure

(1) Before packing the soil box, the soil water
content was determined and used to calculate how
much soil was needed for packing. The soil box was
filled from the bottom to the top with sand and soil
material. Specifically, the lower 5 ecm of the soil box
was filled with sand to allow free drainage of excess
water. A highly permeable cloth was used to separate
the sand and soil layers. To simulate the loessial soil
profile in the field, a 15 cm plough pan with a soil bulk
density of 1.35 g/cm’ was packed above the sand
layer, and a 20 cm tilled layer with a soil bulk density
of 1. 10 g/cm’ was packed above the plough pan, each
in 5 cm increments. Each packed soil layer was lightly
raked before the next layer for homogeneity. The
amount of soil in each layer was kept as constant as
possible to maintain a similar soil bulk density and a
uniform spatial distribution. After packing, manual
tillage on the soil bed was performed to a depth of
approximately 20 ¢m to simulate the ploughing depth of
the croplands.

(2) Before conducting each experiment, pre-rain
was applied at an intensity of 30 mm/h until surface
runoff occurred. The purpose of the pre-rain was to
maintain consistent soil moisture, consolidate loose soil
particles by raindrop compaction, and reduce the
spatial variability of underlying soil conditions. A
plastic sheet was used to cover the soil box surface to
prevent evaporation and soil surface sealing during 24 h

of soil water redistribution.
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(3) Rainfall intensity was calibrated to target
rainfall intensity. Relative error between actual rainfall
intensity and target rainfall intensity should be less
than 5% .

(4) Soil surface changes were carefully observed as
soon as rainfall was applied. Initial runoff occurrence
time and position were recorded. Runoff samples were
collected continuously at the former period time of each
experiment. Two min collecting interval was used to
collect runoff samples after runoff rate reaching stable
stage. During the experiment procedure, two typical
rills and two inter-rill positions were selected at each
unit slope length to measure flow velocity with dye
tracing method. Measuring section length was 50 cm
(30 cm was also applied if the length was
insufficient). SX40 —1 gauge pin (0. ] mm measuring
resolution ) ') was used to measure rill and inter-rill
flow depth. All of the measuring was applied for two
replicates.

(5) Rill morphology measurement. A Leica scan
station 2, 3D laser scanner ( Leica Geosystems Inc. ,
Switzerland) was used to scan the hillslope surface
during the interval of rainfall ( about 10 min ).
Specifically, the 3D laser scanner was mounted on a
triangular shelf bracket 4.5 m above the ground and
3.0 m in front of the soil box to reduce the shadowing
of the rill wall. Point clouds (with the resolution of
2mm x 2 mm) were acquired by the scanner to
quantify surface changes. The whole scanning process
lasted for about 4.5 min. High-resolution video was
also recorded during the experiment process.

(6) After rainfall, runoff samples were left over
night to settle so that the excess water could be poured
out. The samples were then put in an oven at 105C
for 24 h. Then samples were weighed and used to
calculate the amount of runoff and sediment.

1.4 Parameters calculation

Hillslope soil erosion process is the work of runoff
and the process of runoff energy dissipation. Shear
stress (7), stream power (@) and unit stream power
(@) were selected in this study to quantify spatial and
temporal variations of hillslope erosion and rill erosion.

Shear stress is calculated according to Eq. (1),

T=YRJ (1)
where 7 is shear stress, Pa; 7y is the gravity of water,

g/cm’; R is hydraulic radius, cm; J is hydraulic

slope, m/m, it could be replaced by tangent value of

the slope gradient'"®’.

There is significant relationship between stream

power and shear stress' "’

by Eq. (2) :

. Stream power is calculated

w=T1V (2)
where @ is stream power, N/(cm-s); V is cross
section mean flow velocity, ecm/s, it equals to the flow
times

velocity measured by dye tracing method

parameter 0. 751200,

YANG'?" presented the concept of unit stream power
according to the equation of sediment transport.
MOORE et al. "** applied this equation to hillslope and
rill erosion calculation. Unit stream power is calculated
by Eq. (3):

_dy_dvdy
dt  dt dx

where ¢ is unit stream power, cm/s.

=VJ (3)

1.5 Data processing

(1) After the experiment, a series of preprocessing
operations ( including coordinate transformation and
matching ) were accomplished in Cyclone 6. 0.
Denoising and interpolating of points were applied to
avoid reflection of raindrops and rill wall shadowing.
After preprocessing, point clouds were down sampled
and X, Y, Z coordinate system attributes were set up.
Finally, point clouds were exported with the . ixt
format.

(2) The exported point clouds data were then
imported into ArcGIS 10. 1 to construct digital elevation
models ( DEMs ).

include x, y layer, Tin and Shape file establishment,

Processes of constructing DEMs

spatial adjustment with editor, Tin reestablishment and
DEM construction. The resolution of DEM was
averaged to 5 mm X 5 mm raster grids. Rills were
extracted from the DEMs by using the Arc Hydro Tool
with flow accumulation and the main flow path module.

(3) Rill erosion was then calculated by volume
differentials of two DEMs ( before and after each rain)

and soil bulk density.
2 Results and discussions

2.1 Hillslope erosion and rill erosion amount
under different rainfall intensities
The dominant erosion processes varied at different

rill development stages. Rill erosion processes were
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divided into three sub-procedures as follows in this
study: rill head advance dominant process appeared at
the early stage of rill development, it lasted from
headcut formation to the formation of disconnected and
connected rill; rill bed deep cut dominant process
appeared in the middle of rill development process, it
lasted from the formation of constant rill flow to rill
incised to the plough pan (rill depth of 20 em) ; rill
wall collapse dominant process appeared in the last
phase of rill development when rill was incised into
plough pan, rill depth was above 20 em, rill bed deep
cut rate decreased and rill widening rate increased.
Rill erosion rate, hillslope erosion rate and
contribution of rill erosion to hillslope erosion were
different because of different dominant erosion process
at different stages of rill development. Tab. 1 shows
that the rill head advance dominant process lasts 30 min
under 90 mm/h rainfall intensity and it is 10 min
shorter than that under 60 mm/h rainfall intensity; the
rill bed deep cut dominant process lasts 30 min under
60 mm/h and 90 mm/h rainfall intensities; the rill wall
collapse dominant process begins at 60 min of the
rainfall under 90 mm/h rainfall intensity and it is
10 min earlier than that under 60 mm/h rainfall
intensity. The results showed that, as the dominant
erosion process changed from rill head advance
dominated to rill wall collapse dominated, maximums
of till erosion rate and hillslope erosion rate under two
rainfall intensities occurred at the rill bed deep cut
dominated process while contribution of rill erosion to
hillslope erosion showed an increasing trend. The main
reasons for these phenomenon are as follows: (1 Soil
resistance was relatively weak on the middle and lower

parts of the hillslope at the rill head advance dominant

process, and namely, shear stress was greater than the

[23]

critical shear stress Intermittent rill head was

formed first, and gradually connected to form
disconnected rills with the process of headward retreat.
Then constant flow path and small watershed formed
(Fig. 1a and Fig. 1d). The slope dissected degree was
relatively low, inter-rill flow was dominated, runoff
erosivity was smaller than that during the latter
periods ; and thus rill erosion rates were 8.3 kg/(m’+h)
and 22. 8 kg/(m’ +h) under 60 mm/h and 90 mm/h
which

respectively equivalent to 1/3 and 1/2 of the maximum

rainfall ~ intensities,  respectively, were

rill erosion rate. Hillslope erosion rate and the
contribution of 1ill erosion to hillslope erosion were also
small. @ Rill bed deep cut dominant process with rill
wall collapse was the most active stage of rill
development. At this process, rill head advanced very
close to the top of the hillslope, the slope dissected
degree was greater, the velocity, energy, shear stress
and stream power of rill flow increased and were greater
than those of inter-rill flow, as a result, rills became
deeper and rill flow became more constant. Though rill
wall collapse at this stage, but rill widening was not the
major factor that caused rill erosion increase ( Fig. 1b
and Fig. le). @ Rill wall collapse dominant process
was the last phase of rill development which was
consistent with the results given by BRUNTON et al.
on loessial hillslope in Canada'®’. Due to the fact that
rill head advance and deep cut process nearly stopped,
the main source of sediment came from rill wall

(Fig. 1c and Fig. If).

caused by inter-rill flow was relatively small and thus

collapse Inter-rill  erosion
the contribution of rill erosion to hillslope erosion was
the largest during the whole process ('more than 75%
under 60 mm/h and 90 mm/h rainfall intensities ).

However, rill erosion rates and hillslope erosion rates

Tab.1 Rill erosion rate, hillslope erosion rate and contribution of rill erosion to hillslope erosion at different

dominant processes of rill development

Rainfall intensity/ Dominant erosion Rainfall duration/

(mm-h~")

process min

Hillslope Contribution of rill

Rill erosion

rate/ (kgem =2 -h 1)

erosion rate/ erosion to hillslope

(kg'm~2-h7') erosion/ %
Rill head advance 0 ~40 8.3 22.4 37.1
60 Rill bed deep cut 40 ~70 24.3 31.9 76.2
Rill wall collapse 70 ~90 24.2 31.6 76.5
Rill head advance 0~30 22.8 42.7 53.4
90 Rill bed deep cut 30 ~60 48.0 61.6 77.8
Rill wall collapse 60 ~90 40.8 50.7 80.5
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(a) Rill head advance (10 min),

(d) Rill head advance (11 mir;).

(e) Rill head advance (30 min),

(b) Rill head advance (40 min), (c) Rill head advance (90 min),
60 mm/h rainfall intensity 60 mmv/h rainfall intensity 60 mm/h rainfall intensity
"‘\ll'. g 1 “Eli) [ 4 X :{[ﬂ
B bt N ‘-7&'.\

(f) Rill head advance (90 min),
90 mm/h rainfall intensity 90 mm/h rainfall intensity 90 mm/h rainfall intensity
Fig.1 Dominated erosion patterns at different stages of rill development process

were smaller than those at rill bed deep cut dominant
rill has  the

characteristics of uncertainty and abruptness.

process  because wall  collapse
2.2 Spatial and temporal variations of rill erosion
2.2.1 Spatial variations of rill erosion

The amount of hillslope erosion were 621.3 kg and
1162.5 kg, the amount of rill erosion were 386. 3 kg
and 837.0 kg, and the contribution of rill erosion to
and 72.0%

60 mm/h and 90 mm/h rainfall intensities, respectively

hillslope erosion were 62.2% under
(Fig.2). Hillslope erosion rates reached steady state
earlier than rill erosion rates under the same rainfall

hillslope

erosion rates and rill erosion rates reach steady state

intensity. Larger rainfall intensity made
earlier. Rill erosion rates and hillslope erosion rates
needed 40 min and 60 min to reach steady state under
60 mm/h rainfall intensity and then fluctuated between
30.6 ~32.9 kg/(m’ +h) and 23.6 ~26.8 kg/(m’ +h),
respectively. Rill erosion rates and hillslope erosion
rates needed 30 min and 40 min to reach steady state

=== Rill erosion rate
== Hjllslope erosion rate

40 == Contribution of rill erosion 1100
to hillslope erosi

4% o hillslope erosion
= S gk -gi80 E
T 30t ’ g
= 5
5% . 160 F
& k-]
& 20F g
i ‘. lag £
g 15} 40 3
£ Pid 5
2 10k =]
g ’ 120 S
= 5l P

0

10

20 30 40 50 60 O B0 90
Rainfall duration/min
(a) 60 mm/h

to hillslope erosion/%

under 90 mm/h rainfall intensity, 10 min and 20 min
earlier than those under 60 mm/h rainfall intensity and
then fluctuated between 47.7 ~67.0 kg/(m”+h) and
37.7 ~45.7 kg/(m’ - h), respectively. The results
was consistent with previous researches which showed
that rill development reached steady stage earlier with
the increase of rainfall intensity'®. This could be
attributed to that raindrop energy and flow confluence
intensity were greater at the 90 mm/h rainfall intensity,
raindrop splash and runoff erosion were more serious,
rill

development reached steady stage earlier, namely, the

slope erosion process developed faster and
time reaching rill wall collapse dominant process was
earlier than that of 60 mm/h rainfall intensity. The
contribution of rill erosion to hillslope erosion reached
steady state earlier under 90 mm/h rainfall intensity,
and it fluctuated between 72. 6% ~ 81.5% under two
rainfall intensities. This was consistent with previous
research results on rill erosion dominant regions on the
Loess Plateau which showed that the contribution of rill
we== Rill erosion rate

= [illslope erosion rate
=== Contribution of rill erosion

80 to hillslope erosion 7100

70
g 80 £
T g
& 58
g 0 {60 T8
: 58
< £&
£ 30 1% 22
£ =
g 20F ==
g {20 8
oot

0 : : Lo

11 16 22 30 40 50 60 70 80 90
Rainfall duration/min
(b) 90 mm/h

Fig.2 Rill erosion rate, hillslope erosion rate and contribution of rill erosion to hillslope erosion with different rainfall durations
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erosion to hillslope erosion was about 70% ' ',
2.2.2 Characteristics of rill erosion rate along
hillslope

Rill erosion rates first increased, and then decreased
along hillslope and showed parabola trend under two
rainfall intensities ( Fig. 3 ). Regarding different ill

development process, maximums of rill erosion rate

60 =2 0~40 min
—e—40~70 min
—&— T0~90 min
—e— (90 min

S50

40

30 F

Rill erosion rate/(kg- {(m* hi

1 2 3 4 ] 5] 7 8 9 10
Slope length/m
(a) 60 mm/h

occurred at the rill bed deep cut dominant process with
rill wall collapse while minimums of rill erosion rate
occurred at the rill head advance dominant process

(Tab.1 and Fig.2 ).

positions, ill erosion rates at middle and down slope

Regarding different slope

position were larger than those at other slope positions

(Fig.3).

90 r —#—0~30 min
——30~60 min
| —s—60~90 min
—o—(~-90 min

Rill erosion rate/(kg (m*hh

Slope length/m
(b} 90 mm/h

Fig.3 Changes of rill erosion rate with unit slope length at different stages of rill development process

Trend lines of average rill erosion rate with unit
60 mm/h
distributed between trend lines of O ~40 min and 70 ~

slope length under rainfall ~ intensity
90 min rainfall durations. Maximum of rill erosion rate
was 33. 1 kg/(m*+h) , occurred at the slope length of
7 m, and it was 3.3 times as the average value. This
result was consistent with previous study which showed
that the most serious erosion area located at middle and

down slope position on the hillslope!” ="

. At the early
stage of rill development process (0 ~40 min, rill head
advance dominated) , changes of rill erosion rate with
unit slope length were gentle. At the middle stage of
rill development process (40 ~ 70 min, rill bed deep
cut dominated with rill wall collapse) , rill erosion rates
at 5 ~8 m slope length were larger than those at other
slope positions. Rills developed fast at this stage, and
after that, rill development tended to be steady, some
part of the main rill bed cut into plough pan.

Changes of rill erosion rate with unit slope length
at different stages of rill development process under
90 mm/h rainfall intensity were similar with those of
60 mm/h rainfall intensity. The average rill erosion
rate under 90 mm/h rainfall intensity was 1. 8 ~2. 8
times as that under 60 mm/h rainfall intensity.
However, at the last rill development process (70 ~
90 min) , rill erosion rate decreased from 4 m slope
while

length under 90 mm/h rainfall intensity,
decreased from 6 m slope length under 60 mm/h

rainfall intensity.

The slope length of 1 ~7 m was dominated by
erosion-transport process under two rainfall intensities
based on 3D laser scanning data. Shear stress and
stream power on the upper slope position were less than
those at middle and down slope position on the
hillslope limited by slope length (Fig.4). As a result,
rill erosion rate showed the same trend. On the other
hand, inter-rill erosion was dominated at the slope
length of 1 m, which led to the average rill erosion
rates were 0.2 kg/(m”+h) and 3.7 kg/(m’-h) under
60 mm/h and 90 mm/h rainfall intensities, respectively
(Fig.3). Contributing area, runoff erosivity, stream
power and unit stream power increased with the
increase of slope length ( Fig. 4). Rill erosion rate
gradually decreased after it reaching maximum.
Hillslope erosion, transportation and deposition existed
at the same time while deposition process dominated at
the slope length of 8 ~9 m, which was consistent with
previous research results given by WU et al. ', Rill
erosion rate decreased significantly at the slope length
of 10 m. The high-precision DEMs extracted from point
clouds data showed that deposition was the dominant
process at this slope length, and rills were wide and
shallow, which were different from narrow and deep
rills at upper and middle slope positions (Fig. 1). The
above results were similar to rill erosion-deposition

process fulfilled by BRUNTON et al.
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Fig.4 Changes of shear stress, stream power and unit stream power with unit hillslope length

2.3 Spatial and

hydrodynamic parameters

temporal  variations of
2.3.1 Spatial variations of hydrodynamic parameters

Shear stress, stream power and unit stream power
under 90 mm/h rainfall intensity were 1.3, 1.1 and
1.4 times as those under 60 mm/h (Tab. 2). The
average values of shear stress, stream power and unit
stream power of the whole slope decreased under two
rainfall intensities from the rill head advance dominant
process to rill wall collapse dominant process at
different stages of rill development process. The
variations of three hydrodynamic parameters of rill and
inter-rill flow were different at different stages of rill
development process, which verified the results of
changes of rill erosion process can significantly affect

hydrodynamic characteristics'”"’ Specifically ,
hydrodynamic parameters of inter-rill flow decreased,

while those of rill flow increased first and then

decreased with the increase of rainfall duration under
two rainfall intensities. Main reasons were as follow:
(D At the very early stage of rill development, hillslope
was relatively integrated and overland flow was

After that,

concentrated into rills, contributing area of inter-rill

dominated by inter-rill flow. runoff
flow decreased which lead to inter-rill flow volume and
flow velocity decreased rapidly. As a result, shear
stress, stream power and unit stream power of the
inter-rill decreased with the rainfall process. @ In
contrast to inter-rill flow, rill flow hydrodynamic
parameters increased as overland flow concentrated into
rills. However, due to the uncertainty of rill wall
collapse , soil blocks deposited in the rill channel led to
rill flow velocity decreased and rill flow width and
depth increased. As a result, hydrodynamic parameters
of rill flow decreased at the rill wall collapse cut

dominant process.

Tab.2 Shear stress, stream power and unit stream power of inter-rill flow and rill flow at different stages of rill

development process

Rainfall intensity/ Dominant erosion Rainfall Runoff
7/Pa ®/(Neem~'es71) o/ (emes™ 1)
(mm-h~1) process duration/min type
Inter-rill 1.3 25.4 6.0
Rill head advance 0 ~40 .

Rill 2.1 63.5 7.9
Inter-rill 1.0 13.5 3.4

60 Rill bed deep cut 40 ~70
Rill 2.2 69.5 7.9
Inter-rill 0.8 12.3 3.1

Rill wall collapse 70 ~90
Rill 1.7 55.5 7.7
Inter-rill 1.6 41.4 6.3

Rill head advance 0~30
Rill 2.8 85.9 8.5
Inter-rill 1.2 16.9 3.9

90 Rill bed deep cut 30 ~60 .

Rill 3.1 95.3 9.1
Inter-rill 1.1 15.4 3.6

Rill wall collapse 60 ~90
Rill 2.5 82.8 8.7

2.3.2 Hydrodynamic parameters characteristics along under two rainfall intensities (Fig.4). Three

unit slope length
Shear stress, stream power and unit stream power

showed an increasing trend along unit slope length

hydrodynamic parameters showed obvious fluctuations
under 90 mm/h rainfall intensity due to the uncertainty

of rill development and severe scouring effects of rill
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wall toe and rill head. The average scouring concave
depth of rill head at the rill head advance dominant
process was 3.5 cm under 90 mm/h rainfall intensity
and it was 1.3 cm deeper than that under 60 mm/h
rainfall intensity. The positive relationship between
scouring concave depth of rill head and upslope inflow
rate was also verified by WELLS et al.'®’. The
average scouring concave depth of rill wall toe at the
rill wall collapse dominant process was 4.2 em under
90 mm/h rainfall intensity and it was 1.5 cm deeper
than that under 60 mm/h rainfall intensity. The larger
scouring concave depth of rill wall toe resulted in high
uncertainties of rill wall collapse and finally affected
rill flow velocity and flow regime, which contributed to
the variations of three hydrodynamic parameters along
slope length. Rill head advance rate increased with the
increase of scouring concave depth of rill head'®’.
Variations of three hydrodynamic parameters with unit
slope length were consistent with variations of rill
erosion rates at the slope length of 0 ~7 m. Rill erosion
rate increased with the increase of shear stress, stream
power and unit stream power. However, at the slope
length of 7 ~ 10 m, variations of rill erosion rates
hydrodynamic

showed opposite trend to three

parameters. Rill erosion rate decreased with the
increase of three hydrodynamic parameters, which
could be attributed to the changes of runoff transport
capacity and erosion process ( changed from erosion
dominant to deposition dominant)'*’.

2.4 Correlations between rill erosion and
hydrodynamic parameters

Equations between rill erosion per unit width and
three hydrodynamic parameters ( shear stress, stream
power and unit stream power ) were established at
different stages of rill development process under two
rainfall intensities. Only rill erosion per unit width and
three hydrodynamic parameters at the slope length of

2 ~7m were selected due to that sheet erosion was

dominated at the slope length of 1 m and the slope
length of 7 ~ 10 m was the deposition area. Tab. 3
indicates that rill erosion per unit width D, showed a
linear correlation with three hydrodynamic parameters
and the correlation coefficient was more than 0. 6. The
maximum of the monomial coefficient occurred at the
rill bed deep cut dominant process, which was
consistent with that both of the rill erosion rate and
hillslope erosion rate reached the maximum at this
process. When rill erosion per unit width D, =0, the
corresponding constant term was the ecritical shear
stress, stream power and unit stream power (Tab.3).
The critical shear stress, stream power and unit stream
power were 0.748 Pa, 1.319 N/(cm - s) and
1. 504 em/s at the rill head advance dominant process,
respectively. The critical shear stress, stream power
and unit stream power decreased with the rill
development process; and three critical hydrodynamic
parameters at the rill wall collapse dominant process
were 48.6% , 62. 6% and 50. 1% of those at the rill
The above
@D Pre-rain

facilitated soil crust form and large flow energy was

head advance dominant process.

phenomenon could be attributed to;

needed to cause soil erosion, which was consistent with
previous research results on the black soil ¥/, @ At
the second stage, soil crust was broken and rill flow
dominated overland flow, flow rate and flow velocity
increased which led to critical shear stress, stream
power and unit stream power decrease. 3) At the third
stage, the main source of sediment yield was rill wall
collapse. Due to the vortex effect of rill flow, rill toe
was scoured and formed diamond cross section at the
middle and down slope position ( Fig. 1f). Rill wall
collapsed when rill wall self-gravity was larger than
cohesive force of soil particles. The result corresponded
with that given by WELLS et al. in Mississippi region

[30]

of America Rill wall collapse was the result

of combined effects of water erosion and gravity

Tab.3 Fitted equations between rill erosion per unit width and hydrodynamic parameters at different stages

of rill development process

Dominant T w 1]
erosion ) Sample ) Sample ) Sample
Equations 2 Equations R? Equations
process number number number

Rill head advance D, =54.97(7-0.748) 14
Rill bed deep cut D, =82.61(7-0.675) 14

Rill wall collapse D, =50.44(7 -0.364) 14

0.85 D, =1.262(w-1.319) 14
0.82 D, =2.131(w-1.075) 14
0.66 D, =1.763(w -0.827) 14

0.68 D,=11.29(¢-0.015) 14  0.63
0.82 D, =21.01(¢-0.012) 14 0.62
0.74 D, =14.12(¢ -0.007) 14 0.63
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erosion, the relationship between rill erosion per unit
width and hydrodynamic parameters decreased which
led to the decrease of critical shear stress, stream

power and unit stream power.
3 Conclusions

(1) Under the rainfall intensity of 90 mm/h,
hillslope erosion, rill erosion and contribution of rill
erosion to hillslope erosion were 1.9, 2.2 and 1.2
times as those under 60 mm/h rainfall intensity. The
time of reaching maximum of hillslope erosion, rill
erosion and contribution of rill erosion to hillslope
erosion under 90 mm/h rainfall intensity was earlier
than those under 60 mm/h rainfall intensity.

(2) The maximum of rill erosion rate and hillslope
erosion rate occurred at rill bed deep cut dominant
process. The minimum of rill erosion rate and hillslope
erosion rate occurred at rill head advance dominant
process. Regarding different slope positions, rill
erosion rate increased first and then decreased along
slope length which showed parabola trend. Rill erosion
rates at middle and down slope position were larger
than those at other slope positions.

(3) Under the rainfall intensity of 90 mm/h, shear
stress, stream power and unit stream power were 1.3,
1.1 and 1.4 times as those under 60 mm/h rainfall
intensity. Hydrodynamic parameters of inter-rill flow
decreased with rill

development.  Hydrodynamic

parameters of rill flow increased first and then
decreased with rill development.

(4) Critical shear stress, critical stream power and
critical unit stream power that cause hillslope erosion
occur reached maximum at the rill head advance
dominant process. Rill wall collapse was the dominant
erosion process at the final stage of rill development,
critical shear stress, critical stream power and critical

unit stream power reached minimum.
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Temporal and Spatial Variation Characteristics of Rill Erosion and
Hydrodynamic Parameters on Loessial Hillslope

Qin Chao' Wu Hongyan' Zheng Fenli'® Xu Ximeng' Bian Feng’
(1. State Key Laboratory of Soil Erosion and Dryland Farming on Loess Plateaw, Institute of Soil and Water Conservation ,
Northwest A&F University, Yangling, Shaanxi 712100, China
2. Institute of Soil and Water Conservation, Chinese Academy of Sciences, Ministry of Water Resources, Yangling, Shaanxi 712100, China
3. College of Natural Resources and Environment, Northwest A&F University, Yangling, Shaanxi 712100, China)

Abstract. Rill erosion rate and hydrodynamic parameters present evident spatial and temporal variation
characteristics during rill development process on hillslopes. Based on 3D laser scanning technique
(LiDAR) and intermittent simulated rainfall experiments, high-precision DEMs were extracted. Temporal
and spatial variations of rill erosion and hydrodynamic parameters at different rill development stages on
loessial hillslope were analyzed. Results showed that the maximum values of rill erosion rate and hillslope
erosion rate occurred at the rill deep cutting dominated stage, while the minimum values of them occurred
at the rill headcut dominated stage. Rill erosion rates and hillslope erosion rates were increased at first
and then tended to be steady and fluctuated in a certain range with rainfall duration. Hillslope erosion
rates reached steady state earlier than rill erosion rates. Rill erosion rates and hillslope erosion rates under
90 mm/h rainfall intensity reached steady states earlier than those under 60 mm/h rainfall intensity. Rill

erosion rates were first increased and then decreased along hillslope and showed parabola trend. The
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maximum values of rill erosion rate occurred at the hillslope lengths of 6 m and 7 m. Shear stress, stream
power and unit stream power under 90 mm/h rainfall intensity were 1.3, 1.1 and 1.4 times as those
under 60 mm/h rainfall intensity. Hydrodynamic parameters of overland flow and rill flow showed
different variation trends with the increase of rainfall duration. Shear stress, stream power and unit stream
power were increased with fluctuations of unit slope length under two rainfall intensities. It showed strong
positive linear correlation between rill erosion per unit width and three hydrodynamic parameters. The

critical values of shear stress, stream power and unit stream power reached the maximum values at initial

phase of rill development.

Key words:

rill erosion; 3D laser scanning technique;

spatial and temporal variation; critical

hydrodynamic parameters; loessial hillslope
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Tab.1 Rill erosion rate, hillslope erosion rate and contribution of rill erosion to hillslope erosion at different

dominated process of rill development

o T 5 3/ . W& W g it/ 4 VA 2 ok T 2/ SRl A/ A VA = o T
B EFRMy R i I 2y S e 2
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T4 BE i 3 42 il 60 ~90 40. 8 50.7 80.5
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Fig.2 Rill erosion rate, hillslope erosion rate and contribution of rill erosion to hillslope erosion under different rainfall durations
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Fig.3 Changes of rill erosion rate with unit hillslope length at different stages of rill development process
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Fig.4 Changes of shear stress, stream power and unit stream power with unit hillslope length
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Tab.2 Shear stress, stream power and unit stream power of inter-rill flow and rill flow at different stages of rill

development process
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2.3.2 KBTI S HBE ALK 1R LR AE
MK Bl 7 2 2 B0 BE B L R 1 78 A 15 B R
A2 Fh R SR R, AR U O DD ) AR U S N A
TRV I AR BE A Y A 2 S e sl BT (I 4) .
90 mm/h FERR 3R BE T 3 ASIK B J) 2= S 800 B S B
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10 m b, 2009 15 b 1o 4 3037 39 4 19 A A B 34 S5 42
L R2) PARNE ) < S LR A S i e 3 i R AR VR N )
A SEAR S, A = R 3 4K 3l 12 2R
P 8 R T D/, 3K 3 5 AR O ) B VD R 7 L R i
oA phoad B o T LT o R R
X,
2.4 WEABHESKINESHHXER

oy 3k — A T W 240 9 R el ik 5 K B g 2R B R 1)
5 2, s 1P o o T 5 38 T 0098 AN ) K 7 o B i
Vi 2 7 A ok ek S AR R BT U ) AR U S A R B AR R
AR PEAT A 3 A, I7 R LA 8L IS 30 BB R 3
K2 ~7 m AR 2098 4= b B FOK 8 ) 2 B B0 AT T
B BB R T m b FE B AR i Ty AR A
b s RE 8 ~ 10 m A& TURUA AR sl i bR 1 2L E



5 8 1)

B A L YT AN AR A b K B ) 2 RO I s AR AL R AR 153

2 B R

o1 3 AT, I A (= i it D, (kg/(h-m))
5KE 1% SRR AN KR BT A LG T 2/
E REIY KT 0.6, LW 40V = il Bt 5 0K 3 J) 2%
SR A B R SC e, HAAORE UG T7
R — R IR BTE LA AHVE T YR ol ERAE & J
W Bt oK, 2 WIZ B B & B2k Y R R aR R, RIZE K
B ) E SR IR — B 0L, B A0 R ok i
R R, 31X 5 B B A VA 4R ok 3 R R R ik AR
Y305 ) s KAE — B ST I 5 A - 9 UKL 22 [1] 79 Al
55 3 A2 A - S UKL AG 4 K A AL B I B AR 0 BT )
T3 AR U Py 30 B AN A5 U ) 238 B Ay TR AR el A A Y
I PR ARV BT U1 3l B4 A 3 2 3 Il BB A2 R 2
LM 3 PR & R AT AL, 2 R ST A = i D,
I R IO A B Y ECEE B S £ e T A ik
A K B ) SR A . TE DA Sk i IR AR kol
F9 5 T 030, A B T 45 okt ke A R i AR R B U0 g L
SO R TR T R VAR EE R I N |
0.748 Pa . 1.319 N/(cm-s) 1 1.504 cm/s, [ & 4l
WK E KA AR G S AR U 5T U1 ) (I A% T 2
NI SR AR AL T 8 8 T A , E A B 42 el Oy

E R E AR I AR BT Y 7 s SR T AR
G A2 T R4 S R E LA A Sk 1 U5 AR ok o Y
KB WIWI B 48. 6% .62.6% 50. 1% . 4 HT R, I
By - DR U6 T30 119 90 o T 0 08 7 2B T — 2 AR
B i) e Bz, DT 39 T 38 340t 98 BT 5 19 g
BROK, X5 AN 215 T M 4 g T A BF 5T 4G Rk
L. OFEL 2 BB, th T R ¥B 419 - 4 4% K © wlak
R, LI T A% 0 5 LA 3 BB T S AP A L AR AR
R, W R, 152k E 7 S b T BT DA AR i
(I L BE R LLES — Y BEN . TESS 3 B BE, % 1 12
b7 Vb 2 R YR T A0 A VA BE G R R I A TR
YA V) BE 14 3 A PR o8 9 BE R A B R A o] SE Y
ZIEHEWT I (B L s Y EE R iR g B K
T ok (] F RG 45 0 I, 0 BE BRI AR OB R B R S
WELLS 25 xof 26 [ % 75 75 L0 Hb X 3% 17 340 BE i 353 13
ThBIE S 9 4538 26 0L, 105 35 400 S LA 40 300 90 S P 3
FBE R 12 28 K 17 0ol T VA RE A R ki K
e ol RV R g 4 b I [ R P A 45 L, TN I R BE 40 9 12
b 5 K IR ) 2 R O 2R B W R AR, B A A VA 4R e
(9 BB A 3 e S A 0 5 00 i SR AR I T R A
A AR TR ) PR

R3 WHARBEFENMREZTHARMEE KINFZSHIUSHE
Tab.3 Fitted equations between rill erosion per unit width and hydrodynamic parameters at different stages

of rill development process
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