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Abstract

Purpose Rain-induced overland flow involves the detach-
ment of soil particles by raindrop impact and the transporta-
tion by the resultant overland flow. The purpose of this study
was to investigate the relationship between sediment concen-
tration and different hydraulic parameters including flow
depth, flow velocity, shear stress, stream power, and unit
stream power. The effects of soil particle size distribution, rain
intensity, and slope steepness on measured sediment concen-
tration in rain-induced sheet flow were also examined.
Materials and methods Two arid land soils with different par-
ticles size distributions (D, and Dy 7s,m) Were subjected to
simulated rains using a detachment tray under infiltration con-
ditions. Two rain intensities of 57 and 80 mm h™" were simu-
lated on slope gradients ranging from 0.5 to 20 %, resulting in
rain-induced overland flows. After pre-wetting each soil, the
sediment-laden overland flow was sampled at several time
intervals (2, 5, 15, 20, 30, and 40 min) and the sediment
concentration was determined. Different hydraulic parameters
including flow depth, flow velocity, shear stress, stream pow-
er, and unit stream power were measured. The hydraulic pa-
rameters were used to model the sediment concentration, and
the model performance was evaluated.

Results and discussion The result showed that the measured
sediment concentration was greater in the higher rainfall in-
tensity and at steeper slopes. With increasing slope steepness,
sediment concentration increased from 4.3 to 15.5 kg m > and
from 3.8 to 12.5 kg m > for soils Dypym and Dy 75mms respec-
tively. There was a direct relationship between sediment con-
centration and the rain-induced flow velocity, shear stress,
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stream power, and unit stream power. Nevertheless, the values
of sediment concentration increased as flow depth decreased
on steeper slopes. Also, sediment concentration was lower in
the soil containing larger aggregates than in the finer soil. The
hydraulic parameters tended to overestimate low amounts of
sediment concentration and underestimate high values.

Conclusions In general, the accuracy of the hydraulic param-
eters in predicting sediment concentration was: flow velocity
> stream power > shear stress > unit stream power > flow
depth. Flow velocity was the best predictor of sediment con-
centration with a linear relationship, whereas the other param-
eters showed nonlinear relationships. This study revealed that
rain-induced sediment concentration at small scales can be
modeled precisely on the basis of the flow velocity parameter.

Keywords Arid land soils - Detachment tray - Flow velocity -
Rain-induced erosion - Slope

1 Introduction

Soil erosion is one of the major environmental problems in the
arid and semiarid regions (Martinez-Mena et al. 2002; Leh
et al. 2013; Mandal and Sharda 2013; Wang and Shao 2013;
Zhao et al. 2013), which lead to soil productivity reduction,
pollution in water bodies, and an increase in sediment trans-
port in rivers (Deng et al. 2008; Garcia-Orenes et al. 2009;
Cerda et al. 2010; Kuhn et al. 2012; Ligonja and Shrestha
2013). Rainfall and the resultant overland flow are two impor-
tant erosive agents in water erosion having the ability to de-
tach and/or transport soil particles from the surface (Zhang
et al. 2007). As a concept, pre-detached soil particles can be
transported by overland flow and, in the case that the energy
of flow is not sufficient to transport soil particles, deposition
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occurs (Shih and Yang 2009). In this context, the modeling of
soil erosion can be used for the prediction of soil loss and
sediment deposition for different conditions (Yu 2003).

Rain-induced erosion is recognized as the first step in
which soil particles are detached by raindrop impact and
transported by shallow surface flow (Wuddivira et al. 2009).
Sheet and interrill erosion are two forms of erosion where
detachment and transport processes are dependent on the rain-
drop impact (Kinnell 2009). Raindrop-induced overland flow
occurs when the overland flow does not have sufficient energy
to detach soil particles unless raindrops impacting the flow
disturb the bed underlying the flow (Kinnell 2005). According
to Kinnell (2010), in rain-impacted flows, detachment and
transport processes are highly dependent on the dissipation
of raindrop kinetic energy. Thus, it is essential to have infor-
mation about the drop characteristics (Cerda 1997) and the
soil erodibility (Cerda and Doerr 2007).

Sediment concentration depends on the reaction of the soil
surface to the erosive stress produced by either raindrop im-
pact or overland flow or both (Kinnell 2000). Different factors
such as rainfall intensity, slope steepness, and soil properties
are assumed to be the important parameters to determine sed-
iment concentration (Defersha and Melesse 2012). Also, sev-
eral hydraulic parameters (e.g., flow depth, flow velocity,
shear stress, stream power, and unit stream power) are used
to characterize the erosive power of the overland flow for
determining sediment concentration (Trout and Neibling
1993; Shih and Yang 2009). In situations of higher erosive
powers, due to greater flow rates, sediment concentration in-
creases (Sirjani and Mahmoodabadi 2012a). In addition, slope
steepness has an important role in controlling stream power. In
fact, stream power is obtained by multiplying hydraulic shear
stress and flow velocity; both depend on slope steepness. Fur-
thermore, aggregate breakdown under rainfall, which depends
on soil strength, is a key parameter controlling sediment con-
centration (Le Bissonnais 1995; Cerda 1996; Bryan 2000). In
general, aggregate breakdown occurs when its strength is re-
duced by wetting to a level where the stress imposed by rain-
drops is sufficient to disrupt the aggregate (Assouline 2004).

Many studies have investigated sediment concentration at
large scales (Gabet and Dunne 2003; Yuill and Gasparini
2011; Shi et al. 2012a, b). Nevertheless, few, if any, studies
have assessed sediment concentration at small scales
(Defersha and Melesse 2012; Sirjani and Mahmoodabadi
2012a). Also, soil erosion modeling contributes to the under-
standing of the erosion processes (Mahmoodabadi and Cerda
2013; Mahmoodabadi et al. 2014a). Only a few studies have
investigated rain-induced erosion processes and the control-
ling erosive agents in arid and semiarid regions. Therefore, in
this study, a simulated rainfall was applied at a small scale
(i.e., detachment tray) to assess sediment concentration in re-
lation to hydraulic parameters of arid region soils. The main
objectives of this study were the following: (1) to characterize

the influence of rain intensity, slope steepness, and particle
size distribution on the hydraulic characteristics of rain-
induced overland flow, as well as sediment concentration
and (2) to investigate the relationship between sediment con-
centration and hydraulic parameters in arid land soils.

2 Materials and methods
2.1 Soil samples

The soil used for the experiments was taken from an agricul-
ture field in an arid region. At the time of soil sampling, the
field was under fallow for 2 years. The soil is classified as
Haplocalcids. A long-term mean precipitation of the area is
140 mm year ', which mainly occurs in winter. During the
recent 25 years, the maximum and minimum amounts of rain-
fall were recorded in 1992 (307.2 mm year ') and 1998
(56.3 mm year '), respectively. The average annual tempera-
ture for this region is 16.5 °C and varies from 1.9 to 28.9 °C.

The soil sample was air dried and then passed through 2
and 4.75 mm sieves separately. By this way, two soil sub-
samples with different particle size compositions were pre-
pared, which were named Dy, and Dy 75mm, respectively.
Soil texture analysis was done using the hydrometer method,
and aggregate size distribution was determined using a sieve
shaker facility in cases of dry and wet (Kemper and Rosenau
1986). In addition, pH and EC were measured in 1:5
(soil/water) suspension (Page et al. 1992). The organic matter
content was determined using the Walkley and Black (1934)
procedure. The CaCOj3 equivalent was measured using the
titration method (Page et al. 1992). The measured properties
of'the soils are presented in Table 1. The texture of both soils is
classified as sandy loam, while the percentages of sand, silt,
and clay were different in the soils. The soil containing larger
aggregates (D4.75mm) had greater content of silt and lower
amounts of clay and sand. The distribution of primary parti-
cles in different aggregate size classes is not necessarily the
same (Mahmoodabadi and Ahmadbeygi 2011, 2013). The
values of dry and wet mean weight diameters (MWD) for soil
D4 75mm Were 0.78 and 0.3 mm, respectively while, in soil
D3im» these were 0.46 and 0.26 mm, respectively. Both soils
showed a very low organic carbon content (<1 %) as is usual
in semiarid and arid soils, whereas the content of CaCO;
equivalent was considerable (>10 %).

2.2 Experimental framework

In this study, three factors including particle size distribution
at two levels, slope steepness at five levels, and rain intensity
at two levels were examined. The experiment was designed as
factorial in a completely randomized design with three repli-
cations; thus, a total of 60 runs were performed. In general,
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Table 1  Some physical and chemical properties of the two study soils

Soil Sand (%)  Silt(%) Clay (%) Dry MWD (mm) WetMWD (mm) OC (%) pH EC(@Sm™)  CaCO; (%)
Soil Doy 58.8 23.4 17.8 0.46 0.26 0.9 7.13 3.11 17.4

Soil Dy 7smm ~ 56.6 313 12.1 0.78 03 0.75 747 331 21

MWD mean weight diameter, £C electrical conductivity, OC organic carbon

two different soil samples (D5, and Dy 75mm) Were placed at
0.5,2.55, 10, and 20 % slope gradients under two rain inten-
sities of 57 and 80 mm h™".

2.3 Rainfall simulator

To study rain-induced erosion, a rainfall simulator equipped
with a single pressurized nozzle was used. The nozzle can
produce raindrops from a height of 1.5 m with a constant
intensity. The raindrops diameter was measured experimental-
ly using the stain method described by Hall (1970). The ob-
tained median raindrop size was 2.2 mm (standard deviation
+0.08 mm) and 2.5 mm (standard deviation £0.09 mm) for
rain intensities of 57 and 80 mm h™', respectively. The unifor-
mity coefficient for the simulated rains was calculated using
the Christiansen coefficient uniformity (Mahmoodabadi et al.
2007), which, for the rain intensities of 57 and 80 mm h_l, was
86 and 80 %, respectively.

2.4 Detachment tray

The experiments were conducted using a drainable detach-
ment tray (Fig. 1), 35-cm long, 30-cm wide, and 10-cm deep.
The tray consisted of two splash buffers placed on two sides of
the detachment tray and a test area with 15-cm wide and 30-
cm long in which the studied soils could be examined by

Fig. 1 The detachment tray used in the rainfall simulation experiments
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collecting overland flow and transported sediment. At the base
of the tray, a percolation outlet was used for collecting infil-
trated water.

2.5 Determination of hydraulic parameters

In all experiments, each soil sample was put in the detachment
tray, then was saturated from the bottom for 24 h. Afterwards,
the drainage water was removed out of the tray, and the ex-
periment lasted for 40 min. For each rainfall event, the
sediment-laden overland flow was sampled at selected time
intervals (2, 5, 15, 20, 30, and 40 min) and volumetrically
measured. The sediment in the collected samples was allowed
to settle, separated from the water, and dried in an oven at
105 °C for 24 h. The sediment concentration was determined
as the ratio of dry sediment mass to sampled runoff volume for
each time interval.

Mean flow velocity was measured using the dye method
(Sirjani and Mahmoodabadi 2012b). Afterwards, for each ex-
periment, the average depth of flow was calculated as:

=1 (1)

where D is the average flow depth (m), ¢ is the average unit
flow discharge per unit width (m* s™"), and V'is the measured
flow velocity (m s™"). Since the tray length was short (30 cm)
and the rain was introduced on the whole surface of the soils,
the changes of ¢ over the tray length were assumed to be
negligible.

The shear stress was determined as (Nearing et al. 1997):

7 = pgDS (2)

where 7 is shear stress (Pa), p is flowing water density
(kg m ™), and g is the gravitational acceleration (m s 2).

The stream power (Q; W m ?) was calculated as
(Mahmoodabadi et al. 2014b):

=7V (3)

Unit stream power (U; m s ') was determined as (Sirjani
and Mahmoodabadi 2012b):

U=vs 4)
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Accordingly, for each rainfall event, the average of sedi-
ment concentration and corresponding hydraulic parameters
were calculated (40 min). Finally, to analyze the effects of rain
intensity, slope gradient as well as soil type on sediment con-
centration and hydraulic parameters, statistical analysis was
done in the SAS framework. For obtaining the main differ-
ences between the obtained values, the Duncan's («=0.05)
test was applied.

3 Results and discussion
3.1 Hydraulic parameters

Table 2 shows the minimum, maximum, and average values
of different hydraulic parameters. In general, greater values of
the parameters were obtained for soil D,,,,,, compared to soil
D4 75mm» indicating higher erosivity of overland flow generat-
ed on the soil containing finer particles. Figure 2 shows the
results of hydraulic parameters for soil D,,,,, at various slope
gradients and rain intensities. The mean flow velocity varied
from 0.013 t0 0.039 m s ' and 0.013 to 0.041 m s ' as slope
steepness increased from 0.5 to 20 % for rain intensities of 57
and 80 mm h ™", respectively (Fig. 2a). Also, the effects of
slope steepness and rain intensity on flow velocity intensified
as slope gradient became steeper. It is obvious that at steeper
slopes, the flow velocity and the resultant stream power and
transport capacity of runoff increase so that more pre-detached
materials can be transported by the raindrop-driven overland
flow (Grismer 2012). In other words, due to higher flow ve-
locities generated on steeper slopes, soil particles can be
transported easier (Fu et al. 2011).

According to Fig. 2b, the obtained flow depth ranged from
7.19x107° to 2.18x10"* m for a rain intensity of 57 mm h™"
and from 7.95x107° to 2.13x10™* m for a rain intensity of
80 mmh™". The depth of flow decreased with increasing slope
steepness for both rainfall intensities. In fact, due to higher
flow velocities at steeper slopes, shallower flow depths were
achieved. Moreover, shear stress changed for 57 and
80 mm h ™! rain intensities from 0.011 to 0.141 Pa and 0.010
to 0.156 Pa, respectively, as slope gradient increased from 0.5

to 20 %, respectively (Fig. 2¢). Also, the overland stream
power ranged from 1.4x10* to 5.5%10° W m 2 and 1.3 %
10 to 6.4x10° W m 2 on 0.5 to 20 % slopes under rain
intensities of 57 and 80 mm h™', respectively (Fig. 2d). The
values of unit stream power varied from 6.4x107° to 7.7x
107 m s™' for rain intensity of 57 mm h™" as slope gradient
increased from 0.5 to 20 %. In contrast, this parameter
changed from 6.3x107° m s ' at 0.5 % slope to 8.2
102 ms " at 20 % slope (Fig. 2e).

With increasing slope steepness and rain intensity, all the
hydraulic parameters, except flow depth, increased (Fig. 2).
Consequently, the maximum values were observed at the
steepest slope (20 %) under higher rain intensity
(80 mm h™"). Also, the results indicated that the hydraulic
parameters had greater values at a rain intensity of 80 than at
57 mm h™". This finding implied that the higher rain intensity
led to stronger stream powers of overland flow.

The hydraulic parameters for different slope gradients and
rain intensities for soil D4 75mm are reported in Fig. 3. The
results showed that the measured flow velocity for a rain in-
tensity of 57 mmh ™" increased from 0.0099 t0 0.0313 ms ' as
slope gradient increased from 0.5 to 20 %, respectively. For a
rain intensity of 80 mm h™', flow velocity increased from
0.0113 to 0.0378 m s ' with increasing slope steepness from
0.5 to 20 % (Fig. 3a). For a rain intensity of 57 mm h™', the
depth of flow decreased from 1.49x10 * to 5.24x10> m as
slope steepness increased from 0.5 to 20 %. In addition, for a
rain intensity of 80 mm h™', there was a reduction in the
obtained values of flow depth from 1.80x10™* m at 0.5 %
slope to 6.97x 107> m at 20 % slope (Fig. 3b). For both rain
intensities, the overland shear stress was found to increase
with increasing slope steepness. As a result, for rain intensities
of 57 and 80 mm h ™', shear stress increased from 0.0073 to
0.1028 Pa and from 0.0088 to 0.01366 Pa as slope gradient
increased from 0.5 to 20 %, respectively (Fig. 3c). The over-
land stream power varied from 7.3x107° t0 3.2x 10> W m >
and from 1.0x107° to 5.2x10° W m™? as slope gradient
increased from 0.5 to 20 % for rain intensity of 57 and
80 mm h™", respectively (Fig. 3d). Furthermore, after increas-
ing slope gradient from 0.5 to 20 %, the measured unit stream
power for a rain intensity of 57 increased from 4.96x 107> to

Table2 Minimum, maximum, and average values of the hydraulic parameters for the two study soils

Parameter Soil Dy Soil Dy 75mm

Max Min Average Max Min Average
Flow velocity (m s) 0.04144 0.01216 0.02641 0.03837 0.00985 0.02257
Flow depth (m) 0.00022 0.00007 0.00013 0.00019 0.00005 0.00009
Shear stress (Pa) 0.15652 0.00989 0.06781 0.13945 0.00722 0.05423
Stream power (W m2) 0.00651 0.00012 0.00225 0.00537 0.00007 0.00158
Unit stream power (m s ') 0.00829 0.00006 0.00263 0.00767 0.00004 0.00227
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Fig. 2 Measured hydraulic parameters including a flow velocity, b flow depth, ¢ shear stress, d stream power, and e unit stream power at different slope
gradients and rain intensities for soil Dy, Mean comparison using Duncan's test («=0.05) and error bars represent standard errors of the means

6.26x107° ms ' while for a rain intensity of 80 mm h™',
the values changed from 5.63x107° to 7.57x10° m s
(Fig. 3e).

For the higher rain intensity of 80 mm h™', the measured
hydraulic parameters (flow depth, flow velocity, shear stress,
stream power, and unit stream power) were greater than for the
rain intensity of 57 mm h™'. The comparison of hydraulic
parameters in both soils (Figs. 2 and 3) showed that the mea-
sured parameters in s0il D 75,m Were lower than in s0il Dy,
This means that the generated overland flow is not only af-
fected by slope steepness and rainfall intensity, but it is also

@ Springer

influenced by the aggregate size distribution of the soils.
Bryan (2000) reported that the percentage of larger aggregates
at the surface of soil can control flow velocity and flow stream
power. The plausible reason for lower hydraulic parameters in
soil D4 75mm may be attributed to the existence of larger ag-
gregates and the subsequent larger pores in this soil, which
enable water to pass easily through the soil and generate less
overland flow. The result showed that the maximum infiltra-
tion rates for soils Dy and Dy 75mm Were 24.7 and
39.1 mm h™' for the rain intensity of 57, and 30.6, and
45.1 mm h™' for the rain intensity of 80 mm h™".
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Fig.3 Measured hydraulic parameters including a flow velocity, b flow depth, ¢ shear stress, d stream power, and e unit stream power at different slope
gradients and rain intensities for soil D4 75m,m. Mean comparison using Duncan's test («=0.05) and error bars represent standard errors of the means

3.2 Sediment concentration

The comparison of sediment concentration between the soils
due to different rain intensities and slope gradients is shown in
Fig. 4. It was found that sediment concentration was greater in
the higher rainfall intensity and at steeper slopes. For soil
Dsmm, as slope steepness increased from 0.5 to 20 %, the
measured sediment concentration increased from 4.3 to
14.6 kg m ™ and from 7.7 to 15.5 kg m ™ in rain intensities
of 57 and 80 mm h™', respectively (Fig. 4a). The obtained

values of sediment concentration for soil D4 75, under a rain
intensity of 57 mm h™' increased from 3.8 to 11.2 kg m >
when slope steepness increased from 0.5 to 20 % and corre-
spondingly increased from 4.1 to 12.5 kg m > under a rain
intensity of 80 mm h™ ' (Fig. 4b). Defersha and Melesse (2012)
found that rain intensity and slope gradient had significant
influences on sediment concentration. Slope gradient is im-
portant as more soil particles are splashed down-slope than
up-slope (Dunne et al. 2010; Grismer 2012). In fact, slope
gradient has a significant influence on the down-slope splash
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Fig.4 The changes of sediment concentration at different slope gradients
and rain intensities for a soil Dy, and b soil D, 75, Mean comparison
using Duncan's test (av=0.05) and error bars represent standard errors of
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loss (Fu et al. 2011) as well as total splash rate (Van Dijk et al.
2003).

Comparison of sediment concentration between the studied
soils showed that soil D»,,,, exhibited higher values of sedi-
ment concentration than soil Dy 75,m (Fig. 4a, b). However,
flow hydraulic conditions determine the erosive forces acting
on the eroding surface, although soil properties can also con-
trol these conditions, most notably through the aggregate sta-
bility influencing on surface roughness (Parsons et al. 1994;
Bryan 2000). In fact, soil properties affect rain-induced over-
land flow through soil detachability by distributing erosive
forces and water infiltration into the soil (Dlamini et al. 2011).

3.3 Relationship between sediment concentration
and the hydraulic parameters

Figures 5 and 6 show the relationship between the measured
sediment concentration and hydraulic parameters for soil
Domm and for soil Dy 75mm, respectively. As is shown, the
sediment concentration had positive relationships with flow
velocity, shear stress, stream power, and unit stream power
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and a negative relationship with flow depth. Also, the result
indicated that the sediment concentration had greater values at
higher rain intensity (80 mm h™') as hydraulic parameters
(except flow depth) increased with increasing rain intensity.
Ziadat and Taimeh (2013) investigate the effect of rainfall
intensity, slope, land use, and antecedent soil moisture on
soil erosion and runoff. They found that rainfall intensity
was the most important factor affecting soil erosion. Kinnell
(2010) found that the presence of water layer on the soil sur-
face can cause the dissipation of raindrop kinetic energy. In
fact, an increase in flow depth decreases the rate at which
sediment was transported by flow, consequently leading to a
decline in sediment concentration. It was also found that all
the studied hydraulic parameters had a significant relationship
with the measured sediment concentration. Shih and Yang
(2009) concluded that gravity is the significant driving force
for overland flow and the unit stream power dominates
sediment concentration among all hydraulic parameters.
Proffitt et al. (1993) concluded that for stream powers
<0.01 W m 2, the most contribution to sediment concentration
was related to soil detachment by raindrop impact, while over-
land flow entrainment was the dominant contributor at higher
stream powers. Due to the small scale of the detachment tray
and low erosivity of the flows, the overland stream power
seems to be insufficient to entrain soil materials from the sur-
face, but was sufficient to transport the materials pre-detached
by raindrop impact.

Among the different hydraulic parameters, just flow velocity
exhibited a linear relationship with sediment concentration,
whereas the other parameters showed nonlinear (power) rela-
tionships. Cao et al. (2013) found a linear relationship between
the soil loss on loess road surface and stream power. Sirjani and
Mahmoodabadi (2012b) reported that the nonlinear relation-
ships make the determination of erodibility and critical values
disputable, while in a linear trend, these two process-based
parameters can be determined more easily and accurately.

In this study, the hydraulic parameters were used to model
sediment concentration. The best fitted equations obtained were:

¢=0.016 D% (R*>=0.39%) (5)
c=2802V"" (R*=0.841) (6)
¢ =30.89 7% (R? = 0.819) (7)
¢ = 60.97Q°%  (R? =0.828) (8)
c=39.88U"? (R*>=0.774) (9)

where ¢ is the predicted sediment concentration (kg m )
using the hydraulic parameters. Figure 7 shows plots
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Fig. 5 The relationship between sediment concentration and measured hydraulic parameters including a flow velocity, b flow depth, ¢ shear stress, d

stream power, and e unit stream power for soil D5,

measured against predicted values of sediment concentration
estimated by the above equations and shows that almost all the
hydraulic parameters tended to overestimate low amounts of
sediment concentration and underestimate high values. There
is usually a tendency for erosion models to over-predict small
erosion values and under-predict large ones (Tiwari et al.
2000; Kinnell 2003; Mahmoodabadi and Cerda 2013).
Nearing (1998) explained part of the reason for this trend in
terms of the natural variability of the measured within-
treatment variability. However, Tiwari et al. (2000) stated that
this is common in most erosion models.

Among the studied hydraulic parameters, flow velocity
showed the best performance in predicting sediment concen-
tration (R*=0.841), followed by stream power (R*=0.828)
and shear stress (R*=0.819) of the rain-induced overland flow.
In contrast, flow depth had no acceptable performance in es-
timating sediment concentration due to lower coefficient of
determination (R*=0.396) and higher deviation from the 1:1
line. This finding reveals that for rain-induced overland flow
at the small scale of the detachment tray, flow velocity can be
used for modeling of sediment concentration. Similarly, Fox
and Bryan (1999) tested the relationship of soil loss by interrill
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Fig. 6 The relationship between sediment concentration and measured hydraulic parameters including a flow velocity, b flow depth, ¢ shear stress, d

stream power, and e unit stream power for soil Dy 75mm

erosion to different hydraulic parameters including mean run-
off velocity, shear stress, shear velocity, and unit stream pow-
er. They found that among the hydraulic parameters, soil loss
was best correlated with flow velocity.

On the other hand, due to the relatively low accuracy of
flow depth applied in the formulas of the other hydraulic pa-
rameters, some reductions in their performance occurred. An-
other plausible reason for this finding is that sediment concen-
tration depends on both raindrop impact and the resultant
overland flow. In rain-impacted flows, the dissipation of rain-
drop kinetic energy plays an important role in the detachment

@ Springer

and transportation of soil particles (Kinnell 2010;
Mahmoodabadi and Rouhipour 2011). Consequently, at
deeper flow depths, the measured values of sediment concen-
tration were reduced. Bryan (1979) examined the influence of
slope angle on soil entrainment by sheetwash and rainsplash
and observed very considerable variability in the result. The
high variability of results was attributed to microscale varia-
tions in surface soil characteristics, in surface water depth, and
in raindrop size and point of impact. In addition, there may be
an interaction between rain-induced sediment concentration
and seal formation, but this could not be proven in this



J Soils Sediments (2015) 15:710-721

18 -

18

Tz c=280.2 Vo1 a N = 0.016 D b
E 16 2 _ Pl E 16 - 2 &
g R*=0.841 - g R%=0.396 0
= 14 = 14
.3 2
12 B 12 -
- -
= =
g 10 g 10 |
E 8 E 8 -
E | E ]
5 © £ s
2 g
-] 4 ° 4 4
1] ]
g, g,
& &

0 T T T T T r T T 0 T T T T T T T T

0 2 4 6 8 10 12 14 16 18 1] 2 4 6 8 10 12 14 16 18
Measured sediment concentration (kg m3) Measured sediment concentration (kg m73)

18 > 18 d —~
o c=30.89 70405 c a c=60.97 00282
E 16 2 - E 16 - * -
) R*=0.819 4 g R*=0.828 -
T 14 1 = 14 -
2 £
e 12 4 e 12 4
€ =
g 10 - g 10 -
8 8
T 8 E A9
g £
5 E 1
5 6 3 °
P7) o
& &
- 4 - - 4
o o
2 h+]
s 2 > T 2
g -~ 2
a .~ a 5

0 += T T T T T T T T 0 T T T T T T T T

0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18

Measured sediment concentration (kg m3)

Measured sediment concentration (kg m™3)

18
c=39.88 U 0220

16
R*=0.774

14 A
12 4

10 A

Predicted sediment concentration (kg m?)

T

T

0 2 4 6 8 10 12 14 16 18
Measured sediment concentration (kg m3)
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experiment. Rainfall, runoff, and erosion all change soil sur-
face roughness, cohesion (crusting), as well as infiltration
(sealing) and, therefore, affect the hydraulic properties of the
soil surface (Kuhn et al. 2012). It seems that due to the small
scale of the detachment tray, the overland flow can only trans-
port those materials pre-detached by raindrop impact. Alter-
natively, at steeper slopes, shallower flow depths were ob-
served. This means that in spite of lower flow depths at steeper
slopes, higher flow velocities were generated, which can result
in higher sediment concentrations.

The results of the experiment have implications for rain-
induced erosion studies. Flow velocity was found to be the
most important hydraulic parameter affecting sediment con-
centration. On the other hand, on longer slopes, the overland
flow has greater runoff velocity, thereby increasing erosion
rates (Fox and Bryan 1999). In fact, this study was performed
at the small scale of a detachment tray, which may be different
from continuous field conditions, as soil erosion measure-
ments are scale dependent (Bryan 1979; Iserloh et al. 2012;
Palacio etal. 2014). Also, flow velocity increases the transport
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capacity of overland flow in rain-induced erosion conditions
(Fox and Bryan 1999). The results indicate that flow velocity
must be measured routinely in rain-induced erosion
experiments.

4 Conclusions

This study focused on the interaction between sediment con-
centration and some hydraulic parameters in a rain-induced
erosion experiment. The results showed that there was a direct
relationship between sediment concentration and flow veloc-
ity, shear stress, stream power, and unit stream power. Also,
with increasing slope steepness and rain intensity, the mea-
sured sediment concentration increased. Nevertheless, the
values of sediment concentration increased as flow depth de-
creased at steeper slopes. The results imply that sediment con-
centration was lower in the soil containing larger aggregates
than in the other, finer soil. Flow velocity was the only param-
eter that exhibited a linear relationship with sediment concen-
tration, whereas the other parameters showed nonlinear
(power) relationships. Also, flow velocity was found to be
the best predictor of sediment concentration among the stud-
ied hydraulic parameters. In general, the priority in the applied
hydraulic parameters was: flow velocity > stream power >
shear stress > unit stream power > flow depth. Overall, all of
the hydraulic parameters tended to overestimate low amounts
of sediment concentration and underestimate high values. Due
to the small scale of the detachment tray and the low erosivity
of the flows, the overland flow stream powers were insuffi-
cient to entrain soil particles from the surface, but were suffi-
cient to transport those materials pre-detached by raindrop
impact. The findings of this study revealed that sediment con-
centration at small scales can be modeled precisely based on
the velocity of the rain-induced overland flow. It was conclud-
ed that flow velocity must be measured routinely in rain-
induced erosion experiments.
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