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Abstract: Temporally variable rainfall was applied on an initially dry, ploughed and 
smoothed agricultural soil to investigate the hysteresis pattern in the sediment concentration-
discharge relation using laboratory flume experiments. The erosion flume had dimensions of 5-m × 
2-m and consisted of two collectors at either side of the outlet. The slope was fixed at 2% and a 
sequence of seven events involving 20-min precipitation (rates of 15, 30, 45, 60, 45, 30 and 15 mm 
h-1) were imposed. Due to the cohesive agricultural soil, low discharge and slope, rainfall 
detachment was the only erosion mechanism operating. The data collected at the two flume exits 
were analysed by measuring the discharge and total sediment concentration. A clockwise hysteresis 
loop was found for total sediment concentration because of the easily erodible soil condition at the 
beginning of the experiment. It was also found that the Hairsine-Rose (HR) model was in 
agreement with the experimental data, which showed its capability to predict the characteristics of 
hysteretic sediment transport arising in time varying rainfall events. 
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1. INTRODUCTION 

Transport of sediment within and from catchments has important environmental and 
ecological implications. Over the years many studies were carried out on sediment 
transport in rivers (Walling and Webb, 1985; Batalla et al., 2004; Halliday et al., 2014). 
These showed that sediment fluxes, or concentration, are different on the rising as 
opposed to falling limb of river discharge. Different types of loops – termed hysteresis 
loops – appear in the discharge-sediment concentration relationship. Motivated by this, 
we hypothesise that hysteresis loops appear also in sediment transport in shallow 
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overland flow, e.g., precipitation-driven erosion, and report a laboratory experiment 
designed to capture this behaviour. 

Among different process-based soil erosion models applicable to precipitation-driven 
erosion, the HR model has been shown to explain soil erosion of both the different 
particle size contributions and the total suspended sediment. Numerous experimental 
(Gao et al., 2003; Heilig et al., 2001; Jomaa et al., 2013, 2012) and theoretical (Barry et 
al., 2010; Hairsine et al., 1999; Kinnell, 2013; Lisle et al., 1998; Parlange et al., 1999; 
Sander et al., 1996) investigations have been carried out to validate and analyse the 
model.  

Sander et al. (2011) reported a theoretical study on this model where they showed it 
predict different hysteresis loops (in sediment concentration versus discharge plots) for 
entrainment and detachment-driven erosion. They also validated the model against the 
hysteretic experimental results of Polyakov & Nearing (2003) for flow-driven erosion. 
Thus, in this study the main objective was to further validate the model’s predictions of 
hysteresis using temporally varying rainfall rates and for which raindrop detachment was 
the dominant erosive mechanism. 

2. EXPERIMENTAL SETUP  

The setup of the EPFL erosion flume is shown in Figure 1. Rainfall with uniformity 
coefficient of 0.85 (Jomaa et al., 2010; Tromp-van Meerveld et al., 2008) was generated 
using 10 sprinklers on two oscillating bars 3 m above the soil surface.  Water was ejected 
from the sprinklers with a pressure of 1.2 bar, while the precipitation rate was controlled 
via changing the oscillation frequency. There were two collectors at the downstream end 
that sampled the transported sediment. A more detailed description of the flume is 
provided in Baril (1991), Jomaa et al. (2010) and Viani (1986). The agricultural soil in 
the flume was taken from Sullens (Vaud), Switzerland, and prior to the start of the 
rainfall the soil surface was ploughed to a depth of 20 cm and smoothed as outlined in 
Jomaa et al. (2010).  

The soil was subdivided into seven different particle sizes classes (< 2, 2-20, 20-50, 
50-100, 100-315, 315-1000 and > 1000 µm) from which the corresponding mass 
proportions and settling velocities for the HR model were obtained (Jomaa et al., 2010, 
2012, 2013). In our experiment, the stream power was estimated as 0.013 W m-2, which 
is below the critical value of 0.15-0.20 W m-2 (Beuselinck et al., 2002) required for flow-
driven entrainment. Therefore, the sediment eroded and transported was due to raindrop 
impact. 

As shown in Figure 2, seven sequential rainfall events of 20-min duration with 
intensities of 15, 30, 45, 60, 45, 30 and 15 mm h-1 were imposed. The increasing 
sequence of rainfall rates from 15 → 60 mm hr-1 are denoted E1 - E4 and the decreasing 
sequence of 45 → 15 mm hr-1 are labelled as E5 - E7. All runoff was collected 
continuously at the flume outlets for the first 10 mins of the experiment, after which 
samples were collected every 3 mins. 
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Figure 1. Outline of the EPFL erosion flume. The size of the flume is 5-m × 2-m and the 

precipitation rate can be adjusted based on the oscillation frequency of the sprinklers. 

 

 
Figure 2. Temporal variation in the precipitation rate, which consisted of seven rainfall events  

(no pauses). 

3. MODEL 

The governing equations and underlying assumptions of the HR model are provided 
elsewhere (Barry et al., 2010; Hairsine and Rose, 1992, 1991; Sander et al., 1996). The 
fundamental difference between the HR approach and other erosion models is that it 
considers eroded sediment to be either in suspension or at the soil surface, where it forms 
a deposited layer of low-cohesion sediment. The key model parameters are the 
detachability (inversely proportional to soil cohesion) of the uneroded soil (a), the 
redetachability of the deposited soil (ad), the critical mass per unit area of the deposited 
layer (m*) and the overland flow water depth (D). The parameter m* is the amount of the 
deposited soil to completely protect the original soil from further erosion. All parameters 
reported below were obtained by fitting the model using the Particle Swarm Optimization 
method (PSO). 
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4. RESULTS AND DISCUSSION 

4.1. DISCHARGE 
 

The time variation of discharge during the experiment is shown in Figure 3. As the soil 
surface was initially dry, the transient effects of infiltration are clearly evident during the 
first two rainfall periods, as steady-state discharge was not achieved until after 30 min. 
By this time the upper soil profile had become saturated, and steady-state discharge was 
quickly achieved in all subsequent periods following the change in rainfall intensity. 
Differences in discharges between collectors 1 and 2 indicate that overland flow was not 
fully one-dimensional. 

 
Figure 3. The observed discharge of the collectors 1 and 2. The flow rate of collector 2 is 

greater than collector 1 due to the two-dimensional nature of the flow on the soil surface. 
 

4.2. TOTAL SEDIMENT CONCENTRATION 
 

Figure 4 shows an early rise in the concentration as a result of the rapid injection of 
sediment from raindrop detachment at the start of the experiment. This was followed by a 
rapid decline due to removal of easily erodible sediment from suspension, as well as the 
development of a layer of deposited sediment. The deposited layer composition was 
dominated by larger particles due to gravity settlement. The erosion of the smaller 
particles from the original (non-eroded) soil, which is responsible for the peak 
concentration, was then significantly reduced and the concentration declines. The 
magnitude of the initial peak is governed by both the rainfall rate and the detachability of 
the soil at t = 0. This process was then repeated for the next three increasing rainfall 
periods, i.e., we see a peak occurring at the start of each successive period followed by a 
decline in the concentration. The peak at the start of the second period is significantly 
less than that of the first, but is higher in E3 and E4. This is due to the overall balance 
between the effect of compaction by raindrops on the initial ploughed soil as well as the 
growth of the deposited layer during the experiments, which reduces its detachment rate, 
against the growth in rainfall rate, which  increases the detachment rate. For E5 → E7, 
there is a rapid decrease in suspended sediment concentration at the beginning of each 
period due to the reduction in rainfall intensity. Figure 4 also shows similar suspended 
sediment concentrations measured at both collectors. At the end of the experiment, the 
concentrations measured at the collectors 1 and 2 were 1.70 and 2.20 g L-1, respectively.  
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Figure 4. Sediment concentration versus time of the collector 1 (left) and the collector 2 (right). 

 

4.3. HYSTERESIS LOOPS 
 

The maximum sediment concentration occurs before the maximum discharge 
(Figures 3 and 4) and a clockwise hysteresis pattern results (Figure 5). The experiment 
started with the soil being initially ploughed, so as mentioned above we began with a soil 
surface that was easily eroded and led to a high sediment flux and concentration on the 
rising limb of the discharge hydrograph. During this time, the easily eroded soil was 
being removed, while simultaneously the surface was undergoing compaction due to 
raindrop impact. On the falling limb of the hydrograph the deposited layer was much 
more developed, i.e., had greater mass than on the rising limb, and since this layer is 
preferentially composed of larger particles, it is also more difficult to erode. Hence for 
the same discharge, the suspended sediment concentrations were higher on the rising 
limb than they for the falling limb, and a clockwise hysteresis loop formed. 

 

 
Figure 5. The hysteresis loop generated for collector 1 (left) and collector 2 (right). 
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4.4. MODEL RESULTS 
 

Estimated HR model parameter values are presented in Table 1. The maximum values 
of detachability (a) and redetachability (ad) and the minimum critical mass per unit area 
to protect the original soil (m*) were obtained for the initial rainfall period. For 
subsequent rainfall periods (E2-E7), these values are of largely similar magnitude while 
they differ from those of the first period (which reflect the initial preparation of the soil). 
Also, the water depth decreases or increases along with the rainfall intensity. In general, 
the agreement between the HR model and experiment (Figures 4 and 5) is considered as 
being satisfactory. 

 

Table 1. Detachability (a), redetachability (ad), the critical mass of the deposited layer (m*) and 
the water layer depth (D) for each rainfall event. 

 
4.5. DEPOSITED MASS 

 

The HR prediction of the mass of the deposited layer is presented in Figure 6 for both 
collectors. The degree of shielding (dimensionless) is the ratio of the total deposited mass 
to the critical mass (m*), which was defined in section 3. As is evident from Figure 6, 
regardless of the precipitation rate, the total deposited mass increases continuously 
during the experiment. On the other hand, there is some variation in the degree of 
shielding, which stems from the different values of the critical deposited mass (m*) used 
for each erosion period (E1-E2) and the sudden changes in rainfall intensity imposed 
during the experiment. Particularly, in the second rainfall event, there was a sudden 
decrease in the degree of shielding. In fact, after the first rainfall event, the soil was still 
undergoing compaction due to the initially low rainfall intensity of 15 mm h-1. When, 
subsequently, the precipitation rate doubled to 30 mm h-1, there was a marked increase in 
the erosion of the deposited layer. The high rainfall intensity and incomplete soil 
compaction resulted in an increased model-estimated critical mass and, therefore, the 
degree of shielding suddenly decreased (Figure 6). 

Rainfall 
Event 

Parameter E1 E2 E3 E4 E5 E6 E7 

Collector 1 

a (mg cm-3) 47 15 13 35 18 15 19 

ad (mg cm-3) 1247 1026 1092 1063 978 937 1175 

m* (mg cm-2) 5.2 23.7 23.4 23.1 31.4 34.1 31.8 

D (mm) 1.4 1.6 14.9 14.9 0.6 0.5 0.4 

Collector 2 

a (mg cm-3) 34 11 13 22 18 18 20 

ad (mg cm-3) 1533 1199 971 958 935 944 951 

m*	(mg cm-2) 7.9 32.2 30.3 31.5 34.6 34.9 35.1 
D (mm) 0.5 1.5 14.5 14.8 0.3 0.3 0.1 
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Figure 6. Deposited mass (solid lines) and shield layer development (dashed lines) based on the 
results of the collector 1 (left) and the collector 2 (right). 

 

5. CONCLUSIONS 

Hysteresis effects in splash erosion were investigated by applying seven sequential 
periods of different precipitation rates in a laboratory flume experiment. The changes in 
the sediment concentration, shield layer development and hysteresis were analysed. The 
experimental results show a clockwise hysteresis loop in the sediment concentration 
versus discharge plot. The physical basis of this loop is the higher availability (due to the 
prepared, ploughed soil imposed as the initial condition) of sediment in the rising 
discharge limb relative to lower availability (more compacted and protected soil state) 
during the falling limb. The Hairsine-Rose (HR) model was validated (via calibration) 
using the experimental data, which showed its robustness in replicating hysteretic soil 
erosion delivery under multiple rainfall events. 
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