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ABSTRACT 

The proportionality between raindrop-driven soil erosion delivery and area of soil exposed to 

raindrops under a uniform precipitation rate was investigated in terms of individual size 

classes using laboratory flume experiments. In particular, we examined the dependence of soil 

erosion on the area exposed to raindrop detachment. Twelve experiments were performed on 

the same laboratory flume, filled with the same soil. The experiments entailed different 

(constant) precipitation rates (28 and 74 mm h-1, 2-5 h duration) and various fractions of 

exposed surface (20, 30, and 40%, created using rock fragment cover). In addition, different 

initial soil conditions (dry hand-cultivated, wet sealed-compacted and dry compacted) were 

considered. The discharge rates and the sediment concentrations of seven individual size 

classes (< 2, 2-20, 20-50, 50-100, 100-315, 315-1000 and > 1000 µm) were measured at the 

flume exit. Results showed that the proportionality of soil erosion to the area exposed appears 

to always hold at steady state independently of the initial conditions and rainfall intensity. 

Across all experiments the data indicate that this proportionality holds approximately during 

entire erosive events and for all individual size classes. However, the proportionality for short 

times is less clear for the larger size classes as the data show that for these classes the erosion 

was sensitive to the soil’s antecedent conditions and further influenced by additional factors 

such as surface cohesion, surface compaction and soil moisture content.  

Keywords: Size class, Surface compaction, Proportionality, Rock fragment, Steady state  
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1. Introduction 

The factors influencing raindrop-driven soil erosion can be divided into two main 

categories; rainfall characteristics (precipitation rate, duration, raindrop size) and soil 

properties (moisture content, topsoil compaction, surface roughness) (Butzen et al., 2014; Liu 

et al., 2014; Ries et al., 2014; Saedi et al., 2016). A good understanding of these factors and of 

their interactions is needed for predictions of sediment concentrations (Bryan, 2000; de Vente 

et al., 2013; Jomaa, 2012; Keesstra et al., 2016). 

At the catchment scale, several studies focused on obtaining a unique relationship between 

flow characteristics and sediment concentrations (de Vente et al., 2013; Harmel et al., 2006; 

Nearing et al., 2007; Pierson et al., 2001). These studies consistently reported a non-unique 

relationship between sediment concentrations and runoff response. Generally speaking, 

sediment delivery is found to increase with the flow volume from a given basin area (Kim, 

2013). Keesstra et al. (2016) reported that additional factors such as agricultural land 

management (e.g., tillage, herbicide and vegetation coverage) further affect the soil erosion 

delivery. For instance, it was found, experimentally, that straw mulch reduces soil erosion and 

runoff generation significantly (Cerdà et al., 2016; Prosdocimi et al., 2016). Kim (2013) listed 

and detailed the possible parameters influencing this relationship, i.e., rainfall characteristics, 

land use and cover, surface roughness, antecedent soil conditions, conservation management 

practices and the development of surface water connectivity as well as the steepness and 

length of slopes. Nearing et al. (2007) showed experimentally that event-based soil erosion 

delivery can differ considerably for the same hydrological response at the catchment outlet 

due to interactions amongst factors including soil degradation, loss of soil organic matter, or 

change in vegetation cover. Recently, de Vente et al. (2013) reviewed and evaluated 14 soil 

erosion models used in over 700 catchments. They found that prediction of sediment 
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concentration strongly depends on the spatial and temporal scales considered. They concluded 

that, at the catchment scale, none of the models captures all soil erosion processes and fulfils 

all modelling objectives. For instance, in large catchments, nonlinear regression models were 

found to represent more accurately the sediment concentrations. Factorial scoring models with 

identification of dominant soil erosion processes were more reliable for medium-sized 

catchments (de Vente et al., 2005; Haregeweyn et al., 2005). Process-based models, however, 

were found to better represent soil erosion delivery only when the modelled processes are 

dominant in the investigated study area (de Vente et al., 2013; Haregeweyn and Yohannes, 

2003; Jetten et al., 1999). Thus, de Vente et al. (2013) concluded that further integration of 

observations and different model concepts is needed to obtain better soil erosion predictions. 

This work is a step in that direction. We consider the transferability of measured soil erosion 

data under laboratory-controlled conditions, i.e., if, at a given site, erosion measurements are 

available under a given set of conditions, can those results be scaled when the conditions 

(e.g., precipitation rate or area exposed) change? 

At the field scale, the factors that influence soil erosion cannot be imposed. However, this 

is not the case for laboratory flume experiments. Therefore, numerous studies have 

highlighted the importance of the use of simulated rainfall experiments to better understand 

soil erosion processes and to predict sediment delivery (e.g., Iserloh et al., 2013; Lassu et al., 

2015; Martínez-Murillo et al., 2012). Jomaa et al. (2012a) investigated the relationship 

between the temporal evolution of total eroded mass from a laboratory flume and the area 

exposed to raindrop detachment. In that study, the temporal soil erosion delivery from a rock 

fragment-protected flume (flume 2) was estimated by multiplying the time-varying eroded 

mass from the bare soil flume (flume 1) by the fraction of exposed soil to raindrops in flume 

2. The proportionality between soil erosion and the area exposed to raindrops worked 

surprisingly well for the duration of the experiment, and was able to estimate reliably the 
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temporal behaviour in the total sediment concentration leaving flume 2. The most accurate 

estimates of the measured flume 2 concentrations were obtained when conditions settled 

down to steady state. 

 In this study, we consider the applicability of these findings in terms of the behaviour of 

the individual size classes. As with the total eroded mass discussed above, the measured 

sediment concentrations of the individual size classes from flume 2 were also estimated from 

flume 1 data based on the exposed area of soil in flume 2. Specifically, we (i) investigate the 

proportionality between surface area exposed and the eroded sediment concentration for 

individual size classes through time, and (ii) assess how much these relationships are 

controlled by the antecedent soil conditions.  

2. Material and Methods 

2.1. Experiments 

Previously published data from the EPFL erosion flume and an additional experiment 

were utilised, all of which were for the same loamy agricultural soil. To compare the effect of 

different exposed surface areas, the 6-m × 2-m EPFL flume was separated into two identical 

6-m × 1-m flumes, identified as flume 1 and 2. Experiments for flume 1 always started with a 

bare soil surface, while flume 2 experiments considered different levels of surface rock 

fragment coverage (Fig. 1); otherwise the experimental conditions (surface roughness, soil 

cohesion and soil initial moisture) for each flume were identical. For all experiments, the rock 

fragments were placed on the top surface (not embedded in the soil). The design of 

experiments, the rainfall simulator characteristics and the soil property as well as its 

preparation procedure were described previously (Jomaa et al., 2010; Jomaa et al., 2012b; 

Tromp-van Meerveld et al., 2008), so only key features are discussed here. The flume was 

filled to a depth of 0.32 m with an agricultural loamy soil from Sullens, Switzerland, and 



 

6 

underlain by 0.10 m of coarse gravel facilitating the drainage. The flume slope can be 

adjusted in the range 0-30% using a hydraulic piston. Water from Lake Geneva was applied to 

the flume by 10 Veejet 80150 nozzles located on two parallel oscillating bars (each contains 

five Veejet nozzles), 3 m above the soil surface. The rainfall intensity can be adjusted by 

changing the oscillation frequency of the sprinklers. Over the course of each rainfall event, 

water and sediment samples were collected in individual bottles at the exit of each flume. 

Continuous sampling occurred at the beginning of the runoff generation to capture the early 

soil erosion peak. Afterwards, the sampling period increased due to less rapid changes in 

sediment concentration as the system tended toward steady-state.  

In this study, we analyse results from 12 experiments using two rainfall intensities (28 and 

74 mm h-1) and three rock fragment coverages (20, 30 and 40%), as detailed in Table 1. Here, 

the two used rainfall intensities (i.e., 28 and 74 mm h-1) are realistic rainfall rates for the city 

of Lausanne (Switzerland) (Baril, 1991). The lower rainfall rate was chosen as slightly 

exceeding 25 mm h-1, the value reported as a threshold for significant erosion in central 

Europe (Morgen, 2005), while the higher intensity illustrates the maximum rainfall rate 

expected for Lausanne.   

Four sequential experiments, denoted H7-E1, H7-E2, H7-E3, and H7-E4 are taken from 

Jomaa et al. (2013; 2012b), and experiment H6 from Jomaa et al. (2012b). Experiment H6 

used two flumes, H6-F1 (bare soil) and H6-F2 (20% rock fragment coverage), each subjected 

to 3 h precipitation at a rate of 74 mm h-1. Experiments involving multiple rainfall events (H7- 

E1, E2, E3 and E4) used 4 × 2-h precipitation rates (28, 74, 74 and 28 mm h-1, respectively) 

with 22 h of natural air drying between events. These experiments permitted investigation of 

the effects of progressive raindrop soil compaction on the effluent sediment concentrations of 

the individual size classes. Again, the two flumes had the same conditions, Flume 1 was bare 
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soil and the surface of Flume 2 was covered by 40% rock fragments. In addition, a 

(previously unreported) 5-h duration experiment was conducted to capture long-time 

behaviour using a precipitation rate of 74 mm h-1. This is denoted as H8 where H8-F1 used 

bare soil and H8-F2 had 30% rock fragment coverage. Experiment H8 was prepared similarly 

to the other experiments (H6 and H7), except that the topsoil surface was initially compacted 

dry using a 70-kg roller/compactor. Thus, in total three different initial soil surface conditions 

were considered: 

1. Hand cultivated and smoothed; 

2. Undergoing raindrop compaction (through multiple rainfall events); and 

3. Hand cultivated and smoothed, then dry-compacted. 

Table 1 lists the precipitation rate and duration, the initial soil conditions and moisture 

content for each experiment. All experiments used a 2.2% slope, and rainfall detachment was 

the dominant erosive process based on stream power calculations (Jomaa et al., 2010; 

2012a,b). 

2.2. Analyses 

The collected discharge samples were utilized to determine discharge rates and sediment 

concentrations during the erosive events. For each sample, the total sediment concentration 

and the sediment concentrations of seven particle-size classes (< 2, 2-20, 20-50, 50-100, 100-

315, 315-1000 and > 1000 µm) were analysed. Concentrations were determined using sieving 

for three largest size classes (> 100 µm) and laser diffraction for the rest (Jomaa et al., 2010). 

Similarly to Jomaa et al. (2012a), results from experiments conducted using different 

precipitation rates, initial soil conditions and surface rock fragment coverage were analysed to 

test if the sediment concentrations (in the flume effluent) of the individual size classes 

decreased proportionally to the area exposed, as was found for the total suspended sediment 
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concentrations. The cumulative eroded mass per unit width was computed for each flume and 

experiment as the sum of multiplying the measured sediment concentration with its 

corresponding discharge rate per unit width. Then, the eroded mass from the rock fragment-

covered flume was estimated by multiplying the cumulative eroded mass on the bare soil by 

the fraction of exposed surface area in flume 2. More details of these calculations are given in 

Jomaa et al. (2012a). 

 

Fig. 1. Design of experiments (figure modified from Jomaa et al., 2012b). The 6-m × 2-m 

flume was divided into two 6-m × 1-m flumes. Note that the flumes are not drawn to scale. 

For experiments H6, H7- E1-E4, and H8, Flume 1 was bare soil while Flume 2 was covered 

by surface rock fragments (Table 1). 
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Table 1. Summary of the precipitation-driven erosion experiments. All experiments were performed using the same soil in the EPFL erosion 

flume. Note that it was assumed that steady state was achieved when concentrations in the flume effluent showed negligible change with time 

relative to the range of concentrations measured. F1 and F2 refer to Flume 1 and Flume 2, respectively. Shaded in grey are four multiple rainfall 

events. For these, E1-E4 refer to the Event number (i.e., rainfall events applied successively to the same soil). For experiment H8, the topsoil 

surface was dry hand-cultivated, smoothed, and then compacted uniformly. 

Experiment 
Soil surface 

condition 
P a (mm h-1) 

Duration 

(h) 

Moisture content b (%) 
f c (mm h-1) tr d (min) Initial soil condition 

Initial Final 

H6-F1 e Bare soil 
74 3 

6.8 19.1 5.30 6.07 
Hand-cultivated and smoothed 

H6-F2 e 20% cover 6.5 21.9 19.60 8.28 

H7-E1 f 
Bare soil 

28 2 
7.7 18.3 7.54 14.32 

Hand-cultivated and smoothed  
40% cover 8.8 30.9 13.44 27.13 

H7-E2 f 
Bare soil 

74 2 
19.1 22.0 2.60 1.34 Compacted and sealed by raindrop splash during H7-E1 

then left for 22-h air drying 40% cover 24.8 29.5 10.16 2.06 

H7-E3 f 
Bare soil 

74 2 
20.4 22.0 1.96 1.23 Compacted and sealed by raindrop splash during H7-E1 

and H7-E2 then left for 22-h air drying 40% cover 25.2 29.8 6.08 2.09 

H7-E4 f 
Bare soil 

28 2 
22.1 22.6 1.24 1.58 Compacted and sealed by raindrop splash during H7-

E1, H7-E2 and H7-H3 40% cover 26.4 27.3 2.20 2.46 

H8-F1 Bare soil 

30% cover 
74 5 

7.3 24.5 9.80 10.67 
Hand-cultivated, smoothed and partially-compacted dry 

H8-F2 7.0 30.1 20.48 12.62 
a Precipitation rate 
b Surface moisture content 
c Steady-state infiltration rate (f = P - R, where R is the effective rainfall rate) 
d Time-to-runoff 
e From Jomaa et al. (2012b) 
f From Jomaa et al. (2012b, 2013)  
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3. Results 

Consistent results were obtained for all experiments, so only the typical results 

(experiments H6 and H7-E2 for flumes 1 and 2) are presented here. The rest of the 

experimental results for H7-E1, H7-E3, H7-E4 and H8 are given in the Supplementary 

Material. 

Figs 2, 3 and S2-S4 (S refers to Supplementary Material) provide a comparison between 

measured and predicted size class concentrations as a function of cumulative discharge from 

the stone-covered flume. Predicted values were obtained by multiplying measured 

concentrations from the paired bare flume, by the percentage of stone cover. If we first 

consider steady-state conditions, then all the experimental results presented in Figs 2, 3, and 

S1-S4 show that the sediment concentrations of the individual size classes are proportional to 

the area exposed to raindrops. These results also show that this proportionality is independent 

of initial conditions within the flume and the applied rainfall intensity. 

While noting that there are exceptions for some size classes, this proportionality appears to 

hold also under unsteady conditions, i.e., for the entire erosion event. In particular, Figs 2, S1 

and S3, which cover two different initial conditions and rainfall rates (Table 1), show that the 

scaling relationship does surprisingly well for all times across all size classes. Figs S2 and S4 

showed good agreement (lowest R2 = 0.87) between measured and predicted concentrations 

for the four largest particles, > 50 µm, with a slight overestimation occurring for the smaller 

particles at small discharges (or early times). Overall though, the predictions are still quite 

good. Fig 3 provides mixed results with excellent agreement (lowest R2 = 0.94) obtained for 

the three smallest sizes, reasonable agreement (R2 = 0.78) for the 50-100 µm range, poor 

matching for the next two classes (lowest R2 = 0.61) and back to a reasonable match for the 

largest size class due to its large scatter. Taken together, the results from the six different  
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Fig. 2. Measured and estimated sediment concentrations as a function of cumulative discharge 
for experiment H6. The total sediment concentration and concentrations of individual 
sediment size classes are shown. The estimated sediment concentrations captured well the 
dynamics of measured data (early peak followed by a rapid decline) for all individual size 
classes, except the finest class (< 2 µm) where estimates slightly over-predict the observed 
concentrations. The estimated sediment concentrations of the medium and larger size classes 
under-predict the maximum of the early peak, consequently generating an underestimation of 
the total sediment concentration at the initial erosive stage. At steady state, however, the 
estimated and measured sediment concentrations are in good agreement. 
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Fig. 3. Measured and estimated sediment concentrations as a function of cumulative discharge 
for experiment H7-E2. The total sediment concentration and concentrations of individual 
sediment size classes are shown. The estimated sediment concentrations reproduce reasonably 
well the measured data for the three finest size classes (up to 50 µm) during the entire erosive 
event, while for the rest of size classes the estimated and measured concentrations are in good 
agreement only at steady state. Considering the experiment characteristics (Table 1), these 
results confirm that the short-time behaviour is mainly controlled by the initial and antecedent 
soil conditions (soil moisture, surface compaction and roughness), in particular for the larger 
particles. 
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experiments suggest that predictions of eroded sediment based on the area exposed to 

raindrop impact perform remarkably well across a range of different initial conditions and 

rainfall intensities. 

4. Discussion 

This study completes and provides a fuller picture – in terms of the concentrations of 

individual size classes – of the results of Jomaa et al. (2012a), who considered only the 

proportionality between total eroded mass and area exposed. Similarly to the total sediment 

concentration, the results provide confirmation that, for the considered experiments, sediment 

concentrations are proportional to the area exposed during the entire erosive event for the 

individual size classes across a range of initial surface conditions and rainfall rates. In 

particular, experiments H6, H7-E1, H7-E3 and H7-E4 all show that remarkably good 

predictions are obtained for all size classes for all times, capturing both the initial rapid rise 

and subsequent decline in the smaller size classes. For experiment H8, the predictions are still 

quite good as they again capture the temporal dynamics of the measured data. There is, 

however, a level of consistent slight over or under estimation of the smaller size classes (< 

100 µm). The only experiment where there appears to be some level of inconsistency between 

measurement and area-based predictions is for H7-E2. This occurs, however, only for the 

larger size classes (greater than 100 µm) where the early time behaviours are quite different, 

but this difference disappears as steady state is approached. For the four particle sizes less 

than 100 µm the predicted concentrations are again extremely good for all times. 

Considering the range of different initial conditions and rainfall intensities used in these 

experiments, overall the predictions based on exposed area do significantly well. For the few 

cases where the agreement was slightly poorer this could possibly reflect the effect of non-

uniform spatial development of surface roughness and soil sealing due to the antecedent 
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conditions. Different factors such as compaction, surface sealing, initial moisture content and 

surface roughness can control the early stages of soil erosion delivery indirectly through 

interactions with hydrological features such as the time-to-ponding/runoff, the spatial 

development of overland flow depth and the infiltration rate. The initial moisture content 

affects the short time hydrological response through the time-to-ponding and runoff, which in 

turn influences the overland flow depth development and consequently soil erosion 

detachment (H6 versus H7-E2 and H7-E3). For example, the times-to-runoff for experiment 

H7-E1, where the compaction effects were significant (Jomaa et al, 2012b), were 14.3 and 

27.1 min for Flumes 1 and 2, respectively (Table 1). However, for the other experiments the 

time-to-runoff was less than 3 min independent of the precipitation rate (H7- E2-E4). 

Jomaa et al. (2012b) reported that the presence of rock fragments on the topsoil affects the 

surface sealing development and infiltration rate compared with the bare flume (Table 1). 

Thus, another possible reason of the differences with the predictions for some size classes 

could be in the different contributions of the individual size classes to surface sealing. When 

the soil was initially dry, freshly hand-cultivated and disaggregated, the infiltration and soil 

erosion rates were greater after the commencement of runoff. The time to reach steady-state 

equilibrium was also delayed compared with experiments that were conducted on initially 

wet, sealed and compacted soil (H6 versus H7-E2-E3 and H7-E1 versus H7-E4). 

Comparing the results obtained from Flumes 1 and 2 through the multiple rainfall events, 

the data show that the contributions of the larger size classes varied considerably (Table 1 and 

Fig. 3). For example, for experiment H7-E2, the early peak of sediment concentrations for 

three largest size classes (> 100 µm) disappeared for bare soil conditions (Flume 1) compared 

with the surface-protected flume (Flume 2). This is due to the different antecedent conditions 

(H7-E1 was followed by 22 h of air drying) where surface sealing, compaction and roughness 
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did not develop similarly for both flumes (Jomaa et al., 2013). The presence of surface rock 

fragments on Flume 2 increased the water depth due to the reduction of cross-sectional area 

available for flow, which increased the infiltration rate and reduced detachment of the soil 

surface (raindrop detachment is attenuated by the increased water depth). Previous 

experiments consistently found that larger particles are more sensitive to these conditions as 

their motion is likely due to raindrop splash in addition to suspension within the overland 

flow (Asadi et al., 2007; Heng et al., 2009; Kinnell, 2009). 

In addition, surface rock fragments prevent the development of surface sealing beneath 

them during the erosion event (Jomaa et al., 2012b; Poesen et al., 1999; Rieke-Zapp et al., 

2007). However, between the rock fragments, the surface sealing develops similarly to the 

bare flume conditions, i.e., soil erosion is controlled by the area exposed and effective 

precipitation rate (Fig. 3). 

Numerous studies have been conducted on the effect of rock fragments on soil erosion and 

hydrological processes (e.g., Cerdà, 2001; Jiménez et al., 2016; Zhang et al., 2016). In the 

recent review of Zhang et al. (2016), it was concluded that the effect of rock fragments on soil 

hydrological processes is inconsistent (positive/negative), and depends on the features of rock 

fragments (such as coverage, size, position, spatial distribution and morphology) as well as 

their interaction with soil and weather conditions. Thus, the outcome of this study was likely 

possible only when replicates of laboratory flume experiments were carried out under 

carefully controlled conditions and with a consistent feature of rock fragments resting on the 

flume topsoil surface. 

Previously, we modelled experiments H6, H7-E1, H7-E2, H7-E3 and H7-E4 using the 

Hairsine-Rose model (Hairsine and Rose, 1991; Jomaa et al., 2013; Jomaa et al., 2012b; Rose 

et al., 1983a,b), where the shielding effect of rock fragment cover was considered. The linear 
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scaling model deduced from the area-based predictions presented here was compared with 

these existing results (plots not shown). In short, the linear scaling and the HR model 

predictions gave similar results, with neither approach being consistently better. 

5. Conclusions 

These results generalize the previous findings of Jomaa et al. (2012a), viz., that in 

laboratory flume experiments, soil erosion ‒ in terms of total and individual size classes ‒ is 

proportional to area exposed throughout the erosive event and that soil erosion can be scaled 

linearly by the area exposed to raindrop detachment for all size classes. At the initial erosive 

phase, sediment delivery from the laboratory flume is sensitive to the antecedent soil 

conditions. It seems that the non-uniform development of surface roughness and soil sealing 

during the prior erosive event influence the soil erosion delivery. The concentrations of the 

larger size classes are more affected by the antecedent soil conditions than are the 

concentrations of the finer particles. At steady state, however, the results suggest that the 

proportionality between soil erosion delivery (total and individual size classes) and area 

exposed to raindrops holds independent of the initial soil conditions. 
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