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Abstract A detailed laboratory study was conducted to examine the effects of particle size on hysteretic
sediment transport under time-varying rainfall. A rainfall pattern composed of seven sequential stepwise
varying rainfall intensities (30, 37.5, 45, 60, 45, 37.5, and 30 mm h21), each of 20 min duration, was applied
to a 5 m 3 2 m soil erosion flume. The soil in the flume was initially dried, ploughed to a depth of 20 cm
and had a mechanically smoothed surface. Flow rates and sediment concentration data for seven particle
size classes (<2, 2–20, 20–50, 50–100, 100–315, 315–1000, and >1000 mm) were measured in the flume
effluent. Clockwise hysteresis loops in the sediment concentration versus discharge curves were measured
for the total eroded soil and the finer particle sizes (<2, 2–20, and 20–50 mm). However, for particle sizes
greater than 50 mm, hysteresis effects decreased and suspended concentrations tended to vary linearly with
discharge. The Hairsine and Rose (HR) soil erosion model agreed well with the experimental data for the
total eroded soil and for the finer particle size classes (up to 50 mm). For the larger particle size classes, the
model provided reasonable qualitative agreement with the measurements although the fit was poor for the
largest size class (>1000 mm). Overall, it is found that hysteresis varies amongst particle sizes and that the
predictions of the HR model are consistent with hysteretic behavior of different sediment size classes.

1. Introduction

Estimates of temporal variations of suspended load with discharge are needed for the assessment of aquat-
ic ecosystems, estimates of contaminant export from catchments, and the prediction of stream water quali-
ty [Walling and Webb, 1985; Wood and Armitage, 1997; Batalla et al., 2004; O’Connell and Siafarikas, 2010;
Rossi et al., 2013; Halliday et al., 2014; Karimaee Tabarestani and Zarrati, 2014; Lloyd et al., 2016]. The relation-
ship between discharge and sediment concentration is available for different catchments and rivers [Klein,
1984; Williams, 1989; Seeger et al., 2004; Nadal-Romero et al., 2008; Sadeghi et al., 2008; Smith and Dragovich,
2009; Eder et al., 2010; Alemayehu et al., 2014; De Girolamo et al., 2015; Sun et al., 2016; Dean et al., 2016; Sher-
riff et al., 2016]. Depending on the variation of discharge and sediment concentration versus time, different
hysteretic concentration-discharge curves can be generated including clockwise, anticlockwise, and figure
eight. At the plot scale, Strohmeier et al. [2016] examined soil erosion under temporally variable rainfall at
two different locations and assessed the effect of extreme rainfall events on long-time erosion. They
reported that a few extreme rainfall events can have a permanent effect on land degradation in contrast to
lower intensity but frequent events. Their results also show the opposite case, i.e., that the soil loss can be
mainly caused by a large number of low intensity rainfall events rather than the rainfall extremes. The differ-
ent patterns were due to spatially variable factors in the landscape such as soil type, land use, and slope.

Hysteresis loops are a feature of plot-scale and catchment-scale sediment transport. Several studies investi-
gated the factors and processes responsible for these loops in order to interpret or determine the distribu-
tion of sediment sources within a catchment [Seeger et al., 2004; Smith and Dragovich, 2009; Yeshaneh et al.,
2014]. The difficulty of interpretation at these scales is that there are complications arising from spatial and
temporal variability in climate [Ghahramani and Ishikawa, 2013; Arjmand Sajjadi and Mahmoodabadi, 2015;
Dai et al., 2016], soil types [Keesstra et al., 2014; Rodrigo Comino et al., 2016], land use [Cerd�a et al., 2009; Pros-
docimi et al., 2016], topography [Ghahramani et al., 2012], catchment connectivity [Ghahramani and Ishi-
kawa, 2013; Marchamalo et al., 2015; Masselink et al., 2016], channel storage and bank erosion [Buendia
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et al., 2015], and soil saturation and the initial condition of the surface soil [Seeger et al., 2004; Bussi et al.,
2014; Kim and Ivanov, 2014; Pietro�n et al., 2015]. Hysteresis patterns are generally seen as complex and their
interpretation is not straightforward [Gao and Josefson, 2012; Aich et al., 2014].

Simplified laboratory systems are more amenable to develop understanding of specific processes. For
instance, hysteresis loops can be obtained under a single-peak individual storm event on a planar land-
scape. For this case, Sander et al. [2011] conducted simulations using the Hairsine and Rose (HR) model
[Hairsine and Rose, 1991, 1992] in which variations in the initial condition of the deposited layer (i.e., previ-
ously eroded soil) were imposed. They found that not only were all the specific forms of the hysteretic loops
of Williams [1989] (i.e., clockwise—using a well-developed spatially uniform deposited layer at t (time) 5 0,
counter-clockwise—using no deposited layer at t 5 0, and figure eight—having a spatially varying deposit-
ed layer at t 5 0) straightforward to reproduce, but they could also replicate the same patterns found in
catchment studies by Eder et al. [2010] and Oeurng et al. [2011]. Subsequently, Zhong [2013] extended the
results of Sander et al. [2011] to demonstrate that a variety of multilooped hysteresis patterns could be
obtained without the need for flows over a complex topography or for multiple storm events.

The work of Sander et al. [2011] and Zhong [2013] shows that the HR model reproduces hysteretic loops in
sediment concentration versus discharge as a result of two factors. First, the model accounts for the spatial
variability in the distribution of easily erodible sediment at the start of an event. Second, it accounts for
deposition as a separate rate process and as such directly models the preferential deposition of different
sediment sizes resulting in the growth of a deposited layer having different erosive characteristics to the
original soil bed. Thus, hysteresis is a result of interactions between the time-varying overland flow and dif-
ferences between the cohesive strength of the original uneroded soil and deposited layer. Consequently
‘‘the [initial] spatial distribution and particle size composition of previously deposited sediment plays a sig-
nificant role in determining the erosive response of the land surface’’ [Sander et al., 2011].

The role of the surface soil composition and soil compaction due to rainfall was investigated by Jomaa et al.
[2013], who reported experimental data and associated modeling (using the HR model) of rainfall-driven
erosion. They applied multiple rainfall events separated by a drying period, which enabled them to investi-
gate the effect of initial soil conditions (surface sealing, wetting-drying cycles, and initial moisture content).
They found that ‘‘the soil erosion short-time response is mainly controlled by the initial conditions, whereas
the long-time behavior is controlled by the precipitation rate only.’’ Following this work, the importance of
initial surface sediment conditions was considered by Bussi et al. [2014], who modeled sediment transport
of the Goodwin Creek catchment. They found that the ‘‘estimation of the loose deposited sediments at the
beginning of the storm event is fundamental for proper event scale modeling of soil erosion and sediment
transport of the Goodwin Creek catchment.’’ Bussi et al. [2014] simulated the different hysteresis loops of
Williams [1989], although they had mixed success in reproducing the correct orientation and loop size of
the experimental data.

In more recent work on the role of initial conditions in soil erosion, Kim and Ivanov [2014] and Kim et al.
[2016a, 2016b] have recently further developed and confirmed the findings of Sander et al. [2011] and
Jomaa et al. [2013] by carrying out a series of detailed numerical studies on the effect of the initial deposit-
ed layer in the HR model on erosion rates and transport of eroded sediment. Kim and Ivanov [2014] consid-
ered combinations of two consecutive 1 h storms of differing but constant intensities that were also
separated by different time intervals. For combinations were the second storm had the same intensity, quite
different sediment transport responses during the second storm were seen, as observed earlier by Jomaa
et al. [2013]. They also found that this nonuniqueness in the erosive response was due to the first storm
resulting in different compositions of the deposited layer (or initial conditions) prior to the start of the sec-
ond storm. Kim et al. [2016b] also demonstrated the role of the subsurface initial moisture content in caus-
ing nonunique sediment transport under the same rainfall history. Numerical simulations reported by Kim
et al. [2016a] on total sediment loss at the plot scale provide evidence (their supporting information Figure
S2) of the dependence of clockwise and counter-clockwise hysteresis loops on the initial state of the depos-
ited layer.

Previous studies at the field scale reported hysteresis loops for the total suspended concentration, but not
the corresponding results for the different particle size classes [e.g., Alemayehu et al., 2014; De Girolamo
et al., 2015; Sun et al., 2016; Dean et al., 2016; Sherriff et al., 2016]. It is unknown whether all size classes have
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the same or different hysteretic behavior as the total concentration. At the laboratory scale, Polyakov and
Nearing [2003] analyzed flow-driven erosion experiments in which they considered both steady state and
time-dependent hysteretic conditions. The steady state experiments were carried out on an 8 m flume for
two different inflow boundary conditions, either a zero or constant sediment flux, the latter being greater
than the transport capacity of the flow. The volumetric water discharge for both boundary conditions was
the same. The transient experiments were performed on a 2 m flume for which the incoming sediment flux
at the boundary was cycled every 0.25 h between the two fluxes used in the steady state experiment. Both
sets of experiments displayed hysteresis in the total sediment concentration. Hysteresis in the suspended
sediment concentrations for the individual size classes was also shown for the steady state experiment;
however, size class data were not measured for the transient experiments. Sander et al. [2007] subsequently
used the HR model to reproduce the steady state results of Polyakov and Nearing [2003] for both the total
sediment concentration and for the different size classes. For the transient experiments, flow through the
flume was supercritical and the bed morphology evolution was coupled with the overland flow. To account
for this, Sander et al. [2011] extended the finite volume scheme of Heng et al. [2009, 2011], which combined
the HR model with the Saint-Venant equations for flow and the Exner equation for modeling bed elevation
changes. Figure 3 of Sander et al. [2011] shows that their model reproduces the rapid rise and fall in total
sediment concentration at the end of the flume that results from the periodic sediment flux boundary con-
dition along with the associated hysteretic behavior of the transported sediment.

There appears to be only one time-dependent laboratory study on hysteresis effects in overland flow sedi-
ment transport [Polyakov and Nearing, 2003], and it considers only the total suspended sediment concentra-
tion. There have been no experiments that specifically investigate the role of particle size in hysteretic
transport other than the steady state data of Polyakov and Nearing [2003]. Consequently, the aim of this
paper is to investigate hysteretic sediment transport under rainfall-driven erosion conditions using a well-
controlled flume-scale experiment. The experiment involves a symmetric, single-peak rainfall event made
up of seven sequential 20 min periods of differing constant intensities, with the peak intensity occurring for
the fourth period. Throughout these seven periods, discharge and sediment size class data are measured at
the flume outflow in order to quantify hysteresis in particle size class concentrations. The data are analyzed
using the HR model, which is shown to reproduce the size class hysteretic behavior displayed by the experi-
mental data. This investigation therefore compliments those of Sander et al. [2007, 2011] on flow-driven ero-
sion to the case of rainfall-driven erosion.

2. Methods

2.1. Experimental Setup
The study was carried out using the 6 m 3 2 m EPFL soil erosion flume with two collectors at the outlet.
Rainfall was applied to the lower 5 m of the flume’s length from 10 oscillating valves that generate approxi-
mately uniform rainfall with a uniformity coefficient of 0.86 [Tromp-van Meerveld et al., 2008; Jomaa et al.,
2010]. The precipitation rate is changed by varying the oscillation frequency of the sprinklers.

Different parts of the flume are shown in Figure 1. More detailed descriptions of the flume characteristics
are reported elsewhere [Viani, 1986; Baril, 1991; Jomaa et al., 2010]. The flume was filled with an agricultural
loamy soil with 4% clay, 29% silt, 41% sand, and 26% fine gravel from a field near Sullens in the Canton of
Vaud, Switzerland. Soil characteristics are given by Baril [1991]. After ploughing and disaggregating the top-
soil to a depth of 20 cm, a mechanical smoother was moved along the flume several times to ensure a uni-
form initial surface condition.

For loamy soils, the critical stream power above which entrainment occurs is in the range 0.15–0.20 W m22

[Beuselinck et al., 2002]. In this work, the maximum stream power was estimated to be 0.013 W m22 and
therefore raindrop-driven erosion was the dominant mechanism of sediment transport. No rills were
observed during a visual postexperiment inspection. As seen in Figure 2, the 140 min precipitation period
involved symmetric rising and falling limbs, divided into seven consecutive 20 min intervals, which are
referred to as rainfall events and are denoted by E1 to E7, respectively. The rainfall intensity increased from
30 mm h21 (E1) up to 60 mm h21 (E4) on the rising limb. During the experiment, flume discharge was col-
lected regularly in half-liter containers (Collectors 1 and 2, Figure 1). Because of higher erosion rate at the
beginning of the experiment, sampling was performed continuously for the first 10 min and thereafter
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every 3 min. The size and proportion of the particle size classes are presented in Table 1. The collected sam-
ples were used to determine discharge rates and sediment concentrations of the total and individual size
classes. Seven size classes were considered (Table 1), with concentrations denoted by C1–C7. For sediment
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Figure 2. Seven sequential rainfall events, each 20 min long.

Figure 1. Schematic of the EPFL soil erosion flume. The flume slope can be varied between 0% and 30%. Precipitation is applied using 10 oscillating sprinklers located 3 m above the
soil surface.
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concentration measurements from the collected samples, the larger size classes (>100 mm) were sieved,
while for the rest a laser particle size analyzer was employed.

2.2. HR Model
The HR soil-erosion model considers different particle size classes and incorporates a mechanistic descrip-
tion of a shield layer development (that is composed of previously eroded material that helps to protect the
original soil from further erosion). This model was investigated theoretically [Sander et al., 1996; Lisle et al.,
1998; Hairsine et al., 1999; Parlange et al., 1999; Barry et al., 2010; Kinnell, 2013] and validated via zero-
dimensional [Heilig et al., 2001; Gao et al., 2003] and flume-scale laboratory experiments [e.g., Jomaa et al.,
2010, 2012b, 2013], as well as at the small field [Van Oost et al., 2004] and catchment scales [Kim et al.,
2013]. Details of the HR model are available elsewhere [Hairsine and Rose, 1991, 1992], so only a brief sum-
mary is given here. The model’s governing equations in the absence of flow-driven processes are
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1
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where i refers to particle size class, N is the number of size classes, t, x, D, and Ci denote the time (s), down-
slope distance (m), surface water depth (m), and suspended sediment concentration, respectively (kg m23),
mi is the deposited sediment mass per unit area (kg m22), q is the volumetric water flux per unit width (m2

s21), R and P are the excess rainfall and rainfall rates (m s21), respectively, a is the detachability of the origi-
nal soil (kg m23), pi is the mass proportion of the particle size class i in the original soil, ad is the detachabili-
ty of the deposited soil (kg m23), and vi is the settling velocity (m s21). The degree of shielding is measured
by H5mt=m� in which mt5

P
mi is the total mass of the deposited layer and m� is the required mass for a

complete shielding of the original soil.

2.3. Model Application and Parameter Estimation
An analytical approximation of the HR model was presented by Sander et al. [1996] and validated by differ-
ent flume-scale and small-scale experiments [Heilig et al., 2001; Tromp-van Meerveld et al., 2008; Jomaa et al.,
2012b, 2013]. In their solution, a uniform suspended concentration is assumed within a constant depth of
water, and spatial variability is ignored. The same approach was used in this study. With these assumptions
and the combination of equations (1) and (2), the model consists of 14 coupled ordinary differential equa-
tions for seven particle size classes. These equations were solved for each 20 min rainfall event (E1–E7).
Every 20 min, the final values of the sediment concentrations (Ci) and deposited layer masses (mi) provided
the initial conditions for the next rainfall event.

The settling velocity is an important parameter that determines the deposition rate of the individual par-
ticles. The ranges of settling velocity for different particle sizes were measured by Tromp-van Meerveld et al.
[2008] who used the same flume and sediment (Table 1). For the larger particle size classes (C4–C7, Table 1),
they used a 0.47 m tube filled with water and for the rest of the particles, the settling velocity was

Table 1. Properties of Seven Different Particle Size Classes of the Soila

Size Class

Diameter (mm) Proportion
(by Mass) in the

Original Soil, pi (%)

Settling Velocity, vi (m s21)
vi (m s21) Used

in HR ModelFrom To From To

C1 0 2 3.7 8.0 3 1028 4.0 3 1026 5.0 3 1027

C2 2 20 19.4 4.0 3 1026 4.0 3 1024 1.5 3 1025

C3 20 50 8.3 4.0 3 1024 2.5 3 1023 7.0 3 1024

C4 50 100 8.7 2.5 3 1023 1.4 3 1022 4.0 3 1023

C5 100 315 17.7 1.4 3 1022 3.7 3 1022 4.0 3 1023

C6 315 1000 20.6 3.7 3 1022 6.9 3 1022 4.0 3 1023

C7 >1000 21.6 6.9 3 1022 1.4 3 1021 6.0 3 1022

aThe settling velocities are from Tromp-van Meerveld et al. [2008].
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calculated using Stokes’ law [Stokes, 1850]. They also fitted the model to the experiments to find the optimal
settling velocities, some of which were different from the measured values for some of the particle sizes. As
discussed in detail by Tromp-van Meerveld et al. [2008], possible explanations for this are flocculation, selec-
tive rainfall detachment, transport mechanisms rather than suspension, turbulence, hindered settling, the
effect of infiltration, and measurement errors. The excess rainfall rate (R 5 P 2 f) was calculated based on
the saturated infiltration rate (f) and the precipitation rate (P). In this experiment, the steady infiltration rates
(f) for the different rainfall events were 4.82, 4.84, 4.23, 4.93, 4.24, 4.18, and 4.16 mm h21, respectively, for E1
to E7. Parameters fitted were detachability (a), redetachability (ad), mass of the shield layer to protect the
original soil (m�), and water-layer depth (D). The calibrated values for the two collectors are presented in
Table 2. An automatic calibration procedure was used for each rainfall event to deduce model parameters.
The objective function was defined as the mean square error of the difference between model and experi-
ment for the seven particle size classes, which was minimized using particle swarm optimization [Kennedy,
2010].

3. Results and Discussion

3.1. Experiment
3.1.1. Discharge
The discharge rates for each collector are shown in Figure 3. In the first rainfall event (E1, Figure 2), most
rainfall infiltrated into the soil during the first 10 min. Afterward, the runoff increased up to a constant value
as the soil became saturated, after which infiltration into the soil was constant (4.82 mm h21). In the follow-
ing rainfall events (E2–E7, Figure 2), runoff rates generally followed rainfall intensities (Figures 2 and 3). The
higher discharge from Collector 2 compared to Collector 1 reflects the two-dimensional flow in the flume.
Also, the discharge for the falling rainfall limb (E5–E7) is greater than that in the rising limb (E1–E4) for both
collectors. This increase in discharge is due to reduced infiltration into the soil, caused by surface sealing
and/or compaction of the soil resulting from raindrop impact. Additionally, due to compaction and overland
flow, the surface roughness likely reduced over time, which resulted in increased surface flow rates.
3.1.2. Sediment Concentrations
Figures 4 and 5 show the total sediment concentration (C) and the concentrations of individual particle clas-
ses (C1–C7) for Collectors 1 and 2, respectively. The maximum total sediment concentration (C) occurs in the
first rainfall event, in spite of the low precipitation rate in this period (30 mm h21). During each of the subse-
quent rainfall events, C declines to a quasisteady equilibrium. The higher sediment concentrations in the
first rainfall event (E1, Figure 2) stems from the initial condition—the soil was ploughed and not compacted
prior to the experiment, leading to easily erodible soil. Additionally, there is the initial flush of fine material,
which dominates the contribution to the early peak, and then the subsequent decline in C as the develop-
ment of deposited layer reduces access to the finer soil particles [Sander et al., 1996]. During rainfall events
E2–E4 (rainfall intensities of 37.5, 45, and 60 mm h21, respectively), C shows a small increase at the begin-
ning of each precipitation event and rapidly reaches a near-constant value. Finally, during the last three
rainfall events (E5–E7), due to the decreasing rainfall intensity, C decreases. Observe that C is higher for the
same precipitation rate during the rising limb compared to falling limb, i.e., C is lower during E7 than E1, E6
than E2, and E5 than E3. This is likely due to on-going compaction of the soil caused by raindrop impact
and development of the shield layer, leading to reduced availability of erodible fine sediment. Both of these

Table 2. Optimized Parameters (a, ad , m�; and D) for Each Rainfall Event

Rainfall Event

Parameter E1 E2 E3 E4 E5 E6 E7

Collector 1 a (mg cm23Þ 357 23 21 36 20 25 23
ad (mg cm23Þ 435 464 597 715 485 330 320
m* (mg cm22Þ 11.4 23.6 28.0 33.6 38.5 39.6 40.8
D (mm) 6.1 7.1 8.0 10.5 8.4 8.3 7.9

Collector 2 a (mg cm23Þ 230 25 33 35 25 22 26
ad (mg cm23Þ 423 436 480 562 312 239 254
m* (mg cm22Þ 12.8 25.1 28.4 37.4 42.9 45.2 45.5
D (mm) 4.8 5.4 5.7 6.7 6.0 5.6 5.4
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effects have been previously observed in flume experiments by Jomaa et al. [2012a] and field studies by
Cerd�a [2001], while Kim and Ivanov [2014] have also noted the effect of the shield layer development on
subsequent rainfall events with their 2-D numerical simulation at the large plot scale. We return to the
shield layer below.

The results for the individual particle size classes (Figures 4 and 5) show that their temporal evolutions
agree with, or are in contrast to, the overall behavior displayed by C. For instance, the maximum contribu-
tion of the two finest size classes (>2 and 2–20 mm, i.e., C1 and C2) is at the beginning of the first precipita-
tion period E1, where C1 reached 1.00 and 1.38 g L21 for Collectors 1 and 2, respectively, with the
corresponding values for C2 being 5.11 and 6.95 g L21. The calibrated parameters of the HR erosion model
(Table 2) for this period also show that the soil detachabilities were greater than for the subsequent rainfall
events, where the maximum concentrations decreased regardless of the rainfall intensity (except for a sub-
tle increase occurring for 60 mm h21 during E4). After the second rainfall event, the proportion of the finer
particles decreased in the deposited layer (see section 3.1.3) and hence also in the flume discharge. This
trend was maintained during the increasing rainfall events of E3 and E4, indicating that the availability of
finer sediments decreased over the course of the experiment.

Sediment concentrations were more sensitive to the precipitation rate variation for the middle particle size
classes. For particle size C3, for both collectors (Figures 4 and 5), the concentration at the maximum rainfall
intensity (60 mm h21, E4) was comparable to that of the first rainfall event (30 mm h21, E1). For particle size
class C4, the two collectors both show that the greatest concentrations appear at the maximum rainfall
intensity (60 mm h21, E4). For Collector 2 (Figure 5), the maximum concentration of C4 (0.34 g L21) is at
around 5 min, although this point is likely an outlier. The C4 data from both Collectors 1 and 2 show that if
this point were ignored, the same temporal behavior and the same magnitudes for each separate rainfall
were measured. Data from Collectors 1 and 2 agree well for all of the size classes as well as total concentra-
tion, demonstrating consistent sediment transport on both sides of the flume.

The rainfall intensity had a noticeable impact on the transport of the coarser sediment classes (C5–C7). At
the precipitation rate of 30 mm h21, erosion rates of the large particles for the rising limb (E1) tend to be
less than for the falling limb (E7), which is opposite to the behavior of the finer particle sizes. Although the
condition of the topsoil changes between the second and sixth rainfall events (E2 and E6, 37.5 mm h21)
and the third and fifth rainfall events (E3 and E5, 45 mm h21), the concentrations of the larger sediment
sizes (C5–C7) remain approximately equal for the same rainfall intensity on both the rising and falling limbs.
In short, the measurements show that the larger particle size concentrations are determined primarily by
the precipitation rate, not by the condition of the soil surface. This is likely due to the deposited layer
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Figure 3. Discharge measured at the two collectors. Except the first rainfall event (precipitation onto a dry soil), the discharge rapidly
adapts to changes in rainfall intensity.
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already becoming dominated by the larger particles by the end of E1, thus the soil surface (the deposited
layer) undergoes only relatively minor changes during subsequent events [Sander et al., 2011; Kim and Iva-
nov, 2014].
3.1.3. Hysteresis Loops
Figures 6 and 7 show plots of q versus sediment concentration for Collectors 1 and 2, respectively. Although
minor differences can be seen, the results for the two collectors are similar. As described above, the maxi-
mum total sediment concentration occurs before the maximum discharge (Figures 3–5), thereby generating
a clockwise hysteresis loop [Williams, 1989; Sander et al., 2011]. As a result of compaction during the early
rainfall events, as well as the initial removal of easily erodible fine sediment followed by the greater protec-
tion of the soil due to the growth of deposited layer with time, and the subsequent domination of this layer

Figure 4. Total sediment concentration (C) and the concentrations of the seven different particle size classes (C1–C7) for Collector 1. Regardless of the rainfall intensity, concentrations of
the first two size classes decrease with time whereas concentrations of the larger particle sizes vary with the rainfall intensity.
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by the larger size classes, less erosion takes place during the falling limb of discharge in comparison to the
rising limb [Colby, 1963; Miller and Baharuddin, 1987; Sander et al., 2011; Kim and Ivanov, 2014].

Clockwise hysteresis loops were measured for the three finest particle size classes (C1–C3, Figures 6 and 7).
However, as the sediment particles become larger (C4–C7), the hysteresis loops gradually become narrower
and there is almost a linear relation between the discharge and sediment concentration, i.e., the hysteresis
disappears. The concentration-discharge data show that, within a temporally varying rainfall event, different
particle sizes not only have different hysteresis patterns, but also that their individual behaviors are strongly
coupled. This is because the hysteresis patterns for the fine particles arise due to the presence of the larger
particles within the original soil, which have a greater deposition rate compared to the finer particles. The

Figure 5. Total sediment concentration (C) and concentrations of the seven different particle size classes (C1–C7) for Collector 2. The HR model predicts the concentrations of the finer
particle size classes satisfactorily. As the particles become larger, the difference between the model predictions and experimental data increases.
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larger particles with their nonhysteretic behavior limit the supply of the finer particles, resulting in hysteretic
loops for these latter sediment sizes [Sander et al., 2011].

The ploughed and smoothed flume surface initially provide a source of easily erodible sediment that has a
greater availability of fine particles. During the first rainfall event, rapid increases in both C1 and C2 occur,
with C2>C1 as the mass proportion of sediment in class 2 is far greater than that in size class 1 (p2 � p1,
Table 1). Since the deposition rate of suspended sediment is given by viCi, in equation (2), the smaller clas-
ses contribute minimally to the deposited layer due to their low settling velocities. As the main source of
the fine particles is the original soil, access to these particles becomes reduced by growth of the deposited
layer (i.e., supply limited) [Parlange et al., 1999; Bussi et al., 2014]. Therefore, both C1 and C2 rapidly reduce
from their initial peaks. Over successive events, the deposited layer becomes increasingly dominated by
larger particles with any previously deposited fine material being slowly stripped out (Figure 8).

The availability of the finer particles reduces due to different factors. First, raindrops nonpreferentially eject
sediment from the bed [Legout et al., 2005]. Suspended transport of finer sediment sizes, however, occurs

Figure 6. Hysteresis loops (measured data and HR model results) associated with the total sediment concentration (C) and individual particle size classes (C1–C7) (Collector 1). The
elapsed time (0–140 min) is shown by the color bar.
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preferentially, as does deposition of larger sediment sizes. The combination of these two effects leads to a
surface soil layer that is progressively denuded of finer sediments as they are transported from the flume.
Other things being equal, this means that the sediment concentrations for finer size classes leaving the
flume will be reduced. Second, soil compaction decreases the depth of the soil into which the raindrops
penetrate, i.e., less soil is able to be detached by the raindrop impact. Consequently, during the falling limb
of the hydrograph for the same discharge, lower sediment concentrations are observed since it is now the
larger, deposited particles that are being eroded. That the larger particles are seen to have similar concen-
trations on both the rising and falling limbs are due to their consistent availability (Figure 9) in the deposit-
ed layer. For this situation, changes in concentration between events are related to the rainfall intensity, i.e.,
detachment limited. Thus, the different behavior across the size classes highlights the importance of the
particle size distribution in the development of hysteresis loops. These results reinforce the findings of Bussi
et al. [2014] for the Goodwin Creek catchment and the numerical study of Kim and Ivanov [2014] on the role
of initial loose sediment (equivalent to the deposited layer in the HR model) in determining sediment trans-
port patterns. That is, the initial spatial distribution and sediment size class composition of the deposited
layer play an important role in determining the different types and orientations of sediment hysteresis loops
[Sander et al., 2011; Zhong, 2013; Bussi et al., 2014].

Figure 7. Hysteresis loops (measured data and HR model results) associated with the total sediment concentration (C) and individual particle size classes (C1–C7) (Collector 2). The
elapsed time (0–140 min) is shown by the color bar.
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Rising limb Falling limb

Shield layer

Original soil

Figure 8. Schematic depiction of raindrop impact on the soil surface. Finer particles are available for suspension due to raindrop impact
on the rising limb. Over time, the finer particles are preferentially removed, leaving a shield layer composed mainly of larger particle sizes
[Colby, 1963].

Figure 9. HR model predictions of the total mass of the deposited layer (m) and the contribution of seven different particle size classes (m1–m7) within the shield layer (Collector 1). The
variation of degree of shielding (H) is shown along with the total mass.
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Hysteresis in total sediment concentration-discharge plots for river flow was analyzed by Williams [1989],
who explained clockwise loops as being due to either ‘‘a depletion of available sediment before water dis-
charge has peaked’’ or to ‘‘the formation of an armored layer prior to the occurrence of the discharge peak.’’
The results presented here on the sediment size classes composing the soil highlight the important role of
the reduction of fines within the surface soil layer—this reduction over the course of the experiment under-
pins the observed hysteresis. At the same time, the surface layer protects the underlying soil, so in that
sense it is an ‘‘armored layer,’’ i.e., both reasons given by Williams [1989] apply to our experiments.

3.2. Model
3.2.1. Calibrated Parameters
We return to the optimized parameters for the HR model given in Table 2. The results show that the maxi-
mum detachability (a) occurs in the first rainfall event (E1). This value reduces during E2, and then varies lit-
tle. Likewise, the value of critical mass (m*) is a minimum for the first rainfall event, varying little thereafter.
These results reflect the differences in the soil structure (i.e., soil compaction) that had a significant effect
during the first rainfall event, but was negligible for later events.

Another factor is the water layer depth (D) that protects the soil from raindrop splash erosion (equation (3)).
The modeled water depths reported in Table 2 increase as expected with rainfall intensity, but also because
soil compaction during the falling limb decreases the infiltration rate and smooth the soil surface [Jomaa
et al., 2013], D tends to be lower on the falling limb of the hydrograph for the same rainfall intensity event.

The mass of deposited sediment required for complete shielding (m*) depends on both the rainfall rate and
flow depth. For the same rainfall rate and soil condition but for a lower water depth, raindrops are able to
penetrate a greater distance into the soil surface [Hairsine et al., 1999; Jomaa et al., 2012a]. Hence, a greater
thickness, or increased mass m*, is required for the deposited layer to absorb the raindrop energy and fully
protect the underlying soil. Consistent with this observation, the results of Table 2 also show that, at differ-
ent rainfall rates, higher values of m* are predicted for Collector 2 on which the water layer (D) is less than
for Collector 1.

The match of the model with the experimental results is good for the total sediment concentration and for
the finer particle size classes, with poorer matches for the larger particles (Figures 4–7). For the largest parti-
cle size class (C7), although the trend of the model is correct (i.e., rising and falling sediment concentrations
depending on the precipitation rate), the modeled concentrations of the large particles are less than mea-
sured in the experiment. As noted previously [Jomaa et al., 2012b, 2013] in the model, the larger particles
are assumed to be transported as suspended load that is rapidly deposited due to their high settling veloci-
ties. However, large particles are more likely transported due to rolling, saltation and ejection during the
experiment, which would account for the higher measured values compared to the model predictions. A
caveat on the HR model application is that, although the results are consistent with the experimental data,
the model was not used to predict the experimental measurements, rather the model was calibrated
to them. Our purpose here was not prediction, but to test whether the HR model could reproduce the
time-dependent size class hysteretic behavior observed in the experimental results in a physically consis-
tent manner.
3.2.2. Deposited Layer Mass
The total mass of the shield layer and its sediment-size composition is given by the calibrated HR model. In
Figure 9, model results for the total mass of the deposited layer (m) and the proportion of seven particle
size classes (m1–m7) are presented for Collector 1 only as results for Collector 2 are similar. At the start of
the first rainfall event, the initially ploughed and smoothed surface easily erodes, resulting in a rapid
increase in the suspended concentration (Figure 4), which is immediately followed by deposition and a rap-
id increase of the deposited layer (Figure 9). Initially, the deposited layer contains the smaller sediment size
classes (C1, C2, and C3) even though they have relatively low settling velocities. This is because the deposi-
tion rate (as given by di5viCi in equations (2) and (3)) shows that a high suspended sediment concentration
can compensate for a low settling velocity to still give significant deposition of small particles. However, as
time increases, the supply of the smaller particles (C1–C3) reduces as the original soil becomes protected,
and the smaller particles within the deposited layer are gradually redetached and advected downstream to
the flume exit, resulting in the increased contribution of all larger sized particles, i.e., sizes C4 through C7
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(Figure 9) [Heilig et al., 2001; Salant et al., 2008; Tromp-van Meerveld et al., 2008; Sander et al., 2011; Kim and
Ivanov, 2014].

The increased rainfall at the start of the second event (E2) resulted in little change in the flow depth
(Table 2). At the same time, the sediment detachment rate increased, resulting in an increased value of m*
to protect the original soil and a corresponding sudden decrease in H (equation (3)). Thus, the increased
rainfall rate results in increased penetration of raindrops through the depositing layer to access a greater
amount of fine particles. For m1–m3 (Figures 8 and 9), this increase reflects the behavior seen at the begin-
ning of the first event, but at a lower magnitude due to raindrop compaction of the soil. Simultaneously,
there are small increases in the measured sediment concentrations in the effluent for size classes C1–C3

(Figures 4 and 5). Again, there is a rise in the contributions of the larger particles (m4–m7) to the deposited
layer (Figure 9, E2). From event E3 onward, there is a continual removal of the small size (m1–m3) classes
that is accompanied by growth in the contribution of the largest size class, while that of classes m4, m5, and
m6 remain relatively static. By this time, the deposited layer has become so dominated by the largest size
classes that changes in rainfall rate (Figure 2) and flow rate (Figure 3) have only a minor impact on it.

4. Concluding Remarks

Sediment transport as a result of multiple continual rainfall events was studied via experiments and model-
ing. Specifically, we investigated the hysteresis loop patterns of different sediment size classes versus flume
discharge for time-varying precipitation rates. To this end, seven consecutive rainfall events were applied to
an initially ploughed and smoothed soil. Sediment concentrations at the flume exit were taken from sam-
ples from two collectors. The results were further analyzed by calibrating the HR model to the measure-
ments. We examined the behavior of the different particle size classes during the multiple rainfall events in
the absence of rills.

For an initially dry and ploughed soil, clockwise hysteresis loops in sediment concentration versus discharge
rate were generated for the total sediment concentration and the concentrations of the finest particle size
classes. In contrast, for the larger particle sizes, the hysteresis loops are narrower and have a more irregular
shape. Indeed, it is not clear whether they exhibit hysteresis. The results suggest that the contribution of
the finer particles to the total eroded mass reduces over the course of the experiment, independent of the
precipitation rate (source-limited delivery). However, the contribution of larger particles to the total eroded
mass increased during the rising limb and decreased during the falling limb, reflecting transport-limited
behavior of the larger size classes. We remark that soil compaction is not necessary for the appearance of
hysteresis. Instead, at least for our experiments, the key factor is the decreasing availability of finer sedi-
ments. The combination of deposited material and compaction also protects the original soil from raindrop
erosion. Another factor affecting raindrop erosion is surface water, since increasing water depths protect
the soil. The average surface water depth changes due to compaction and the variable precipitation rate.
Consistent with the low precipitation rates applied during most of the experiment, modeled water depths
were small according to the calibrated HR model (Table 2), and which we noted visually. Consequently, it is
unlikely that water depth played a significant role protecting the soil in the results reported here.

A crucial feature of the HR model is its ability to simulate the sediment size distribution in the deposited lay-
er (i.e., deposition of previously eroded sediment), which provides a quantitative basis for simulating hyster-
esis in the discharge-sediment concentration plots. The model results show that the reduction in the
availability of the finer sediment sizes in the deposited layer results in hysteresis in the total sediment con-
centration plots, as well as in the finer size classes. Additionally, the model results are consistent with the
reduction (even absence) of hysteresis evident in the experimental data for the larger sediment size classes.

However, the just-mentioned reduction of the proportion of fine sediment sizes is not essential for hystere-
sis to occur. To be clear, the distribution of size classes plays an important role in determining the shape
and magnitude of the hysteresis loop, but it is not the controlling factor. In the extreme case of a soil that is
composed of only a single size class, simulations with the HR model show that clockwise, anticlockwise, and
figure eight loops can still be obtained. As found by Sander et al. [2011], the shapes of the hysteresis loops
produced are still dependent on the initial condition of the deposited layer, i.e., on the initial availability of
easily erodible sediment. These shapes are dependent on particle size. That is, as the (single) particle size
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increases, the size of the loop diminishes, and hysteresis effectively ceases, in agreement with the behavior
of the largest size classes shown in Figures 6 and 7.
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