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Abstract This Report examines two key issues emerging when one deals with high‐resolution data for
particle tracks in bed‐load transport. The first relates to how a particle motion/rest state is defined; using
different definitions of motion changes the mean values computed for particle hop length and duration, that
are key properties for phenomenological analysis of bed‐load transport and quantitative estimation of the
associated rates. The second issue refers to the experimental bias due to considering a finite observation area
within the channel bed. A conceptual presentation of the problem is here complemented by an analysis of
experimental data, from both the literature and new experiments with weak bed‐load transport. Four
definitions of motion were employed, together with two different ways (correcting or not the bias due to the
observation area) of computing mean values from measured hop data. The results demonstrate that using
different definitions and operational methods highly changes themean values of hop‐related quantities. This
may explain the scatter among literature data and challenges future Lagrangian investigation of
bed‐load transport.

1. Introduction

Several hydro‐morphologic river processes depend on bed‐load transport. Many theoretical and
experimental studies were devoted to increasing our understanding of the dynamic processes governing
bed load, from the pioneers (e.g., Du Boys, 1879; Einstein, 1950; Meyer‐Peter & Müller, 1948; Shields,
1936) to many followers.

Bed‐load transport is an intermittent process governed by alternations of particle motions and rests. This
manuscript takes a Lagrangian approach to the investigation of bed‐load transport and considers the
individual motion of tracked particles (e.g., Campagnol et al., 2013; Fathel et al., 2015). Within the range
of possible Lagrangian scales (from the scale of particle‐bed collisions to that of an open‐channel reach)
we focus on particle hops, corresponding to the motions from entrainment to disentrainment. After
Einstein (1950), particle hop has received extensive attention (e.g., Campagnol et al., 2015; Fathel et al.,
2015; Furbish et al., 2016; Lajeunesse et al., 2010), due to both a fascinating phenomenology and its use to
quantify sediment transport rates (which can be indeed obtained as a product of the hop length and an
entrainment rate; see, e.g., Ballio et al., 2018; Garcia, 2008). Many studies have employed image‐based
methods, which are nonintrusive and can provide high‐resolution data (e.g., the pioneering work of
Francis, 1973, up to recent studies of Ballio et al., 2018; Bottacin‐Busolin et al., 2008; Lajeunesse et al.,
2010; Ramesh et al., 2011, among others). Furthermore, experiments have been performed in different
conditions. For example, Niño et al. (1994), Drake et al. (1988), and Lajeunesse et al. (2010) ran experiments
with a mobile bed; Campagnol et al. (2013) used both mobile and fixed beds; several others (e.g., Abbott &
Francis, 1977; Hu & Hui, 1996; Lee & Hsu, 1994; Lee et al., 2000, 2006; Martin et al., 2012; Papanicolaou
et al., 1999; Ramesh et al., 2011; Sechet & Le Guennec, 1999) employed fixed beds. Some experiments
(e.g., Abbott & Francis, 1977) had particle motion recording performed from the side, whereas other scholars
(e.g., Drake et al., 1988; Niño et al., 1994) used a top view. Transport modes included sliding, rolling,
and saltation.

The mean values of the hop length and duration for the literature studies are scattered over more than one
order of magnitude (see Figure 3, that will be extensively discussed later), for similar hydrodynamic
conditions and even considering only uniform or nearly uniform sediment and stationary/uniform flows.
This is a major shortcoming of current knowledge of bed‐load transport, challenging future research. In
particular, can we find possible reasons for the scatter of the available data? In turn, can guidance be
proposed to reduce this scatter?
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This Report aims at providing possible answers to the above questions, by
highlighting two operational issues that are related with measurement
and analysis of bed‐load particle tracks: (i) the recognition of a particle
motion state and (ii) the experimental limitations induced by a finite
observation area. These issues will be conceptually argued, and recent
experimental data will be used to support the discussion. The manuscript
is structured as follows. In section 2, different criteria for definition of par-
ticle motion/rest are introduced. The impact of a finite observation win-
dow on hop measurements is conceptually described in section 3, where
the calculation of mean values for hop length and duration is also dis-
cussed. Section 4 describes the bed‐load experiments and the particle‐
tracking algorithm adopted for this study. A sensitivity analysis of the
values of mean hop properties on their estimation is provided in
section 5, quantifying the individual and combined impacts of motion
identification and focus area and explaining, accordingly, the scatter
among literature data. The results of this study significantly challenge
the research community willing to explore the bed‐load transport process
by considering particle hops.

2. Identification of a Particle Motion State

A hop length Δx is defined as the stream‐wise distance traveled by one particle from entrainment to disen-
trainment, and the associated time of motion Δtm is the time elapsed between the entrainment and disen-
trainment events. The state of a particle at each instant is identified by a Boolean variable M, with M = 1
and M = 0 representing motion and rest, respectively. Consequently, a change of M from 0 to 1 represents
a particle entrainment, while the opposite indicates a disentrainment. Couples of these events bound hops
with individual length and duration. While analyzing measured particle tracks (see below), it was thus
necessary to determine if, at every instant, any particle was in motion or not. Several definitions have been
proposed by different researchers to accomplish this requirement. For example, Roseberry et al. (2012) fol-
lowed a principle that any particle motion be part of a hop and intended to measure all the hop lengths down
to the shortest ones; coherently, they identified a state of motion with the particle velocity exceeding a cutoff
value that was set as equal to 0. Differently, Heyman et al. (2016) used a combination of thresholds for velo-
city and elevation of particles to define a particle entrainment, that was associated with (i) the magnitude of
instantaneous particle velocity exceeding 0.01 times the settling velocity and (ii) the distance from the par-
ticle center of mass to the estimated bed elevation being lower than the particle size (this definition is thus
only applicable to experiments with a side view). Finally, other studies (e.g., Campagnol et al., 2013;
Hosseini‐Sadabadi et al., 2016b; Seizilles et al., 2014) defined the particle motion based on the particle posi-
tions. Campagnol et al. (2013) detected a state of motion at a certain instant if the stream‐wise coordinate of
the particle position at that instant was smaller than the stream‐wise coordinates of all the positions taken
later by the particle. Seizilles et al. (2014) identified a state of motion if the standard deviation of the last four
positions taken by the particle was higher than 0.1 times the particle size. Hosseini‐Sadabadi et al. (2016b)
considered a particle at motion at a certain instant if the stream‐wise coordinate of its position exceeded
all the previous ones and was lower than all the following ones, amending in this way the earlier criterion
of Campagnol et al. (2013). This brief review considered a few experimental studies, but the problem of
defining an entrainment condition is also present in numerical investigations (e.g., Bialik, 2015; Wu &
Chou, 2003; Wu & Jiang, 2007). The impact of using different criteria on the resulting statistics for hop prop-
erties will be explored in section 5.

3. Experimental Bias in Measuring Particle Hops

A predetermined working reach of a channel is (almost) unavoidably used in bed‐load transport studies, for
both experimental (e.g., Fathel et al., 2015; Lajeunesse et al., 2010; Radice et al., 2009) and numerical
(e.g., Bialik & Karpiński, 2018; Lukerchenko et al., 2006; Oh & Tsai, 2010) investigations. The size of the
observation area impacts the values measured for the relevant quantities, as illustrated by a sketch in
Figure 1. Lines represent the particle tracks for a certain duration T, and the length along which a particle

Figure 1. Sketch of complete and incomplete particle hops in a bed‐load
transport process. Black circles correspond to rest positions.
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was observed is X. Circles correspond to rest positions, thus a line between two circles defines a hop. In this
example, only two hops (one for particle 1 and one for particle 2) are completely observed, while other hops
are only partially detected. Particle 4 makes a hop that is longer than the observation length, and several
hops associated with particles 1, 2, 3, and 5 cross the area boundaries. These hops are identified
as “incomplete.”

One could compute a mean value for the hop length considering only the hops that are completely observed.
In this way, arithmetic averages of hop lengths 〈Δx⟩ and hop durations 〈Δtm⟩ are obviously

Δxh i ¼ 1
Nc

∑
Nc

j¼1
Δxj; (1)

Δtmh i ¼ 1
Nc

∑
Nc

j¼1
Δtmj ; (2)

with j as a hop counter and Nc as the number of completely observed hops. However, equations (1) and (2)
are biased estimates of themean values because several incomplete hops are excluded from the computation.
Roseberry et al. (2012), Fathel et al. (2015), and Furbish et al. (2016) were probably the first ones recognizing
the impact of a finite window on the investigation of hop properties. While proposing a conceptual frame-
work for definition of several bed‐load quantities, Ballio et al. (2018) mentioned that an unbiased estimate
of the mean hop length should be computed as

ξ ¼ 1
Ne

∑
Np

i¼1
Xi; (3)

where i is a particle counter, Np is the number of tracked particles (equal to 5 in the sketch of Figure 1), and
Ne is the number of entrainment events observed (equal to 6 in Figure 1). This method pools together all the
measured particle tracks (including both complete and incomplete hops), as if they were portions of a single
super‐track. Furthermore, Heyman et al. (2016) and Ballio et al. (2018) also computed unbiased mean values
of the hop duration τm as

τm ¼ 1
Ne

∑
Np

i¼1
Tm
i ; (4)

where Tm is the total time of motion for a tracked particle. Equations (3) and (4) are equations (52) and (50)
of Ballio et al. (2018), to which the reader is directed for the theoretical developments. In section 5, a sensi-
tivity analysis is performed to investigate how the mean value of particle hop properties changes depending
on the method used for its computation (on the one hand, using equations (1) and (2); on the other hand,
using equations (3) and (4)).

4. Experiments and Image Processing

The bed‐load experiments for this study were conducted in a pressurized duct at the Hydraulics Laboratory
of the Politecnico di Milano. The channel length is 5.8 m, while the rectangular cross section is 0.4 m wide
and 0.11 m high. Uniform, quasi‐spherical Polybutylene Terephthalate grains with a dimension d = 3.0 mm
and a density ρg = 1.27 × 103 kg/m3 were used as bed‐load sediment. A fixed, rough bed covering the entire
length of the flumewas employed. The channel is pressurized for its entire length by a transparent lid, avoid-
ing image distortion that could have been caused by a wavy free surface.

The present study included four experiments with steady water discharges ranging between 12 and 18 L/s,
the threshold flow rate being equal to 10 L/s as determined by Campagnol et al. (2012). Sediment was
released into the duct by an automatic feeder located at the inlet. During each experiment, the particle
motion was recorded for 50 s at 32 fps using a camera installed above the channel, at approximately 1 m
upstream of the outlet (thus, ensuring a developed flow at the working section). Presented results are related
to a focus area of 270 and 200 mm in the stream‐wise and transverse directions, respectively (corresponding
to 90 and 67 times the particle size). One image pixel corresponded to 1.47 mm in reality (half the particle

10.1029/2018WR023350Water Resources Research

HOSSEINI‐SADABADI ET AL. 1700



size). For a better tracking process, the entire bed was painted in black,
while the released bed‐load grains were white.

The vertical profile of the stream‐wise flow velocity component was mea-
sured at the center of the recording section using a package of two
Ultrasonic Velocity Profilers. The shear velocity u* was estimated based
on the time‐averaged velocity profile. The main characteristics of the runs
are summarized in Table 1, where Q is the flow rate, U is the bulk flow
velocity, Re is the Reynolds number, and Re* is the particle
Reynolds number.

Particle Tracking Velocimetry was conducted using the Streams software (Nokes, 2012) which was success-
fully applied in earlier studies of Campagnol et al. (2013, 2015), Ballio and Radice (2015), Hosseini‐Sadabadi
et al. (2016a, 2016b), and Radice et al. (2017). The stream‐wise and transverse coordinates (x and y, respec-
tively) of the fed particles were determined for each movie frame corresponding to an instant in time. The
tracks of individual grains were consequently derived using a criterion of minimum distance for particle
matching. Most of the tracks (on average, 81%) crossed the upstream and downstream boundaries of the
focus area, while few crossed the sides. After Particle Tracking Velocimetry, eye‐based inspection revealed
that some of the particle tracks were incorrect; therefore, these tracks were excluded from the samples.
The time evolutions of the stream‐wise position and instantaneous velocity (us) are depicted for a sample
particle in Figure 2. Table 1 includes qs as the time‐averaged sediment transport rate per unit width (mea-
sured by equation (7), see later) and Nt as the number of valid tracks.

5. Sensitivity Analysis Results and Discussion
5.1. How Do Operational Choices Affect the Mean Values of Hop Length and Duration?

Two operational issues affecting the measured values have been introduced in this manuscript: First, the
definition used to identify the particle motion state and, second, using biased and unbiased estimates for

Table 1
Experimental Conditions

Run
Q

(l/s)
U

(mm/s)
Re

(104)
u*

(mm/s) Q/Qc Re*
qs

(mm2/s) Nt

R1 12.1 272.7 2.8 7.5 ± 2.9 1.2 22.4 0.047 60
R2 14.1 318.2 3.3 15.6 ± 2.7 1.4 46.8 0.181 192
R3 16.1 363.6 3.8 17.9 ± 1.5 1.6 53.6 0.439 416
R4 18.1 409.1 4.3 20.7 ± 2.3 1.8 61.9 1.487 1,421

Figure 2. (a) The x coordinate of a sample tracked particle and (b) its stream‐wise velocity us (experiment R2). The other
plots (c to f, respectively) present the Boolean variable M as returned by the criteria of (I) Campagnol et al. (2013), (II)
Hosseini‐Sadabadi et al. (2016b), (III) Seizilles et al. (2014), and (IV) a criterion based on a cutoff velocity. Ne is the total
number of entrainment events detected using a definition of motion.
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the mean values of hop length and duration. The two issues are first considered separately, and then together
to quantify their impact on the mean values of particle hop properties.

Four definitions were applied to explore the sensitivity of measured hop properties to the identification
of particle motion states. Definitions (I), (II), and (III) were those proposed by Campagnol et al. (2013),
Hosseini‐Sadabadi et al. (2016b), and Seizilles et al. (2014), respectively. Definition (IV) was based on a
cutoff velocity, chosen as equal to (1/30) × d/Δt (where Δt is the time interval between frames). The
four definitions are applied to a sample particle track in Figure 2, where Boolean variables M(I) to M
(IV) identify the states of motion and rest obtained for the particle. When the particle vibrated around
a relatively stable position (see, e.g., velocity fluctuations at around 12 s), it was considered still by
definitions (II) and (III), whereas some short hops were detected by definitions (I) and (IV). Figure 2
also shows that the definitions returned different numbers Ne of the entrainment events detected for
the particle.

Figure 3a presents the dimensionless mean hop lengths (using equation (1)) for the experiments of this
study, as a function of the ratio u*/u*c between the shear velocity and its threshold value. To check the
statistical stability of the mean values, the Kolmogorov‐Smirnov test (Massey, 1951) was applied to the
experimental Probability Density Functions of hop length for different sample sizes (details are in the sup-
porting information and in Hosseini‐Sadabadi, 2017). The plot of Figure 3a evidences the significant
impact of the definition used to identify particle motion on the mean values that are obtained. For exam-
ple, for experiment R1 (u*/u*c = 1.2), the mean hop length returned by the definition of Seizilles et al.
(2014) is almost 20 times the mean value obtained using the one based on a cutoff velocity. This is the
largest difference detected; globally, the points scatter over one order of magnitude. In general, the high-
est mean values are obtained employing the definitions of Seizilles et al. (2014) and Hosseini‐Sadabadi
et al. (2016b). For comparison, Figure 3a also includes the results of several literature studies (Abbott
& Francis, 1977; Campagnol et al., 2013; Drake et al., 1988; Hu & Hui, 1996; Lajeunesse et al., 2010;
Lee et al., 2000, 2006; Lee & Hsu, 1994; Martin et al., 2012; Niño et al., 1994; Niño & Garcia, 1998;
Papanicolaou et al., 1999; Ramesh et al., 2011; Sechet & Le Guennec, 1999). Definitions for identification
of motion are rarely reported; on the other hand, the sensitivity analysis described above demonstrates
that the use of different definitions may be one reason for the large scatter of points from
various scholars.

In the second part of the analysis, the relationship between the biased (equation (1)) and unbiased (equa-
tion (3)) estimates for the mean hop length was explored. Figure 3b provides a comparison between the
biased and unbiased estimates for our experiments using the definitions of Hosseini‐Sadabadi et al.
(2016b) for the identification of particle motion. The ratio between the unbiased and biased estimates of
the mean hop length is 2.9 and 17.7 for the lowest and the highest flow discharges, respectively. This demon-
strates that, in this work, the mean length of particle hops was significantly affected by the window size.
Figure 3b also shows that the ratio between the two values grows for increasing shear velocity (and conse-
quently increasing mean hop lengths), indicating that mean hop lengths for experiments with more intense
transport conditions are more prone to bias by a finite area of observation. Again, the points for the present
study were compared to those for earlier literature analyses. The scatter of the literature points might also be
explained by the impact of a finite window size on the computation of mean values, even though no definite
argument can be proposed because these studies often lacked a detailed description of how the mean values
were computed.

Finally, Figure 3c presents a comprehensive comparison of results, considering all the definitions of
motion for both biased and unbiased estimates of the mean values. The same set of analyses is performed
for the hop duration in Figure 3d, including data of Campagnol et al. (2013), Lajeunesse et al. (2010),
Martin et al. (2012), and Papanicolaou et al. (1999). The summary of results in Figures 3c and 3d con-
firms that mean values are highly dependent on operational criteria, answering in this way the question
raised in this study. The scatter of the literature results is fully explainable considering differences in (i)
definitions used to define particle motion and rest states and (ii) how the mean hop properties are com-
puted. In turn, the present analysis suggests that, in the absence of a clear description of all the methods
used in bed‐load transport studies, it would not be possible to reduce the scatter of points from
different authors.
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5.2. Can One Give Preference to any Definition for Identification of Motion?

Since anyone would prefer an unbiased estimate to a biased one, it is evident that equations (3) and (4) are to
be preferred to equations (1) and (2). Beyond providing conceptual arguments, Ballio et al. (2018) also took
advantage of a proof‐of‐concept result comparing the values of the time‐averaged sediment transport rate
derived from their primitive quantities following two methods. A first evaluation of the sediment transport
rate is

qs ¼ Eξ; (5)

which is an Einstein‐type formula with

Figure 3. (a) Dimensionless mean hop length (using the biased estimate) as a function of u*/u*c. The motion was
identified using the definitions of: Campagnol et al. (2013), Hosseini‐Sadabadi et al. (2016b), Seizilles et al.
(2014), and using a cutoff velocity. (b) Dimensionless mean hop length as a function of u*/u*c. Gray and hollow triangles
show biased and unbiased estimates, respectively. Motion was identified using the definition of Hosseini‐Sadabadi et al.
(2016b). (c) Dimensionless mean hop length as a function of u*/u*c. Gray and white symbols are for the biased and
unbiased estimates, respectively. Symbol shapes are as in Figure 3a. (d) Dimensionless mean time of motion as a function
of u*/u*c. Gray and white symbols are for the biased and unbiased estimates, respectively. Symbol shapes are as in
Figure 3a. In panels (a) to (d), previous literature findings are pooled together and symbolized with +. (e) The time‐mean
entrainment rateE as a function of u*/u*c for each definition of motion used in this study. (f) The time‐mean concentration
of moving particles as a function of u*/u*c for each definition of motion used in this study. In panels (e) and (f),
symbol shapes are as in Figure 3a. Note that the horizontal axis has different range in the panels to maximize readability.
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E ¼ New= ATð Þ (6)

as the time‐averaged entrainment rate (w is the volume of one particle and A is the area of observation). The
second expression determines the sediment transport rate from the concentration C = Nmw/(Ad) (with Nm

as the total number of moving particles at each instant within A) and the velocity, uA, of the same particles:

qs ¼ CuAd; (7)

where again an overbar denotes time averaging. It was shown by Ballio et al. (2018) that equations (5) and (7)
returned the same value for the sediment transport rate when equation (3) was used to determine the mean
hop length while, when hop lengths are evaluated with equation (1), resulting sediment discharge values dif-
fer as a consequence of the bias. This further motivates the choice of formulas (3) and (4) with respect to the
more straightforward (1) and (2) for the evaluation of mean values of hop properties. On the other hand, one
cannot prefer any definition for identification of motion: All those used here are conceptually reasonable, in
spite of the highly different results obtained from each of them. Moreover, equations (5) and (7) are in this
case unable to give any proof of concept. In fact, the two equations were employed to compute the sediment
transport rate for the experiments of the present study; the exercise returned values from (5) always equal to
those from (7), independently of the different definitions. Reasons for this result are different for the two
approaches used for the evaluation of the transport rate (equations (5) and (7)), as briefly discussed in the
following.

Let one first consider the two terms, E and ξ, appearing in equation (5): Figures 2, 3c, and 3e show that the
definition of motion significantly affects the values of both terms. This is because a definition selecting very

small movements as “motion” also indicates a high number of events, Ne, and therefore a high value for E
(equation (6)); at the same time, the resulting average hop length, ξ, would be small (and proportional to

1/Ne, equation (3)). When combined in equation (5), the variations of the two terms (E and ξ) are exactly
compensated.

We now analyze the effect of the motion definition on the concentration and velocity values appearing in

equation (7). As mentioned above, CuA is also insensitive to the definition of motion. It is worth exploring
if the primitive quantities are both independent of how the particle states are identified. Figure 3f
demonstrates that the time‐mean value of C was insensitive to the definition of motion that was used. The
same held also for the Eulerian velocity of the moving particles (not shown). This result was likely obtained
because the area of observation was large enough to obtain relatively definition‐independent instantaneous
values of C and uA (thanks to a sufficient number of particles laying within A and determining these
Eulerian quantities). The only experiment for which the concentration was somehow variable with the
definition of motion was R1 with a u*/u*c ratio of 1.2, for which indeed the number of moving particles
was the lowest.

Based on the above comparison, one must conclude that a simple double‐check on sediment transport rate
values is not useful to identify an “optimal” definition for identification of motion. For the time being, the
issue is unsolved and affects all the literature values of hop properties. Therefore, a necessity emerges of
focusing on conceptual arguments and methods that might provide more definitive and reasonably
grounded results.

6. Conclusions

Several studies have aimed at investigating bed‐load particle hops tracking individual grains, and results
from different scholars are largely scattered. In order to measure hop‐related quantities, scholars employed
different definitions for identification of motion. In addition, the experiments were conducted using finite
observation windows, within which only a part of the particle hops could be completely observed.

The mean values of hop length and duration change depending on how a particle motion state is defined at
any given instant, and the variation may be of more than one order of magnitude. A finite observation
window also significantly biases the mean values that are computed. These considerations can explain the
scatter among literature data for bed‐load particle hops.
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The experimental bias related with a finite observation window can be fixed with an appropriate
computation of the mean hop properties; the unbiased estimates are remarkably higher than the biased
ones, the ratio between the two increasing with more intense transport conditions.

By contrast, no preference can be given to any definition of particle motion and stillness states. However, in
the absence of commonly accepted definitions, the research community can hardly target to reach a scatter
of particle hop data below one order of magnitude.

References
Abbott, J. E., & Francis, J. R. D. (1977). Saltation and suspension trajectories of solid grains in water streams. Philosophical Transactions of

the Royal Society of London A, 284, 225–254. https://doi.org/10.1098/rsta.1977.0009
Ballio, F., Pokrajac, D., Radice, A., & Hosseini‐Sadabadi, S. A. (2018). Lagrangian and Eulerian description of bed load transport. Journal of

Geophysical Research: Earth Surface, 123, 384–408. https://doi.org/10.1002/2016JF004087
Ballio, F., & Radice, A. (2015). Fluctuations and time scales for bed‐load sediment motion over a smooth bed. International Journal of

Sediment Research, 30(4), 321–327. https://doi.org/10.1016/j.ijsrc.2015.03.014
Bialik, R. J. (2015). Lagrangian modelling of saltating sediment particles: A review. In P. M. Rowiński & A. Radecki‐Pawlik (Eds.), Rivers–

Physical, fluvial and environmental processes, GeoPlanet: Earth and planetary sciences (pp. 427–441). Berlin: Springer. https://doi.org/
10.1007/978‐3‐319‐17719‐9_16

Bialik, R. J., & Karpiński, M. (2018). On the effect of the window size on the assessment of particle diffusion. Journal of Hydraulic Research,
56(4), 560–566. https://doi.org/10.1080/00221686.2017.1397780

Bottacin‐Busolin, A., Tait, S. J., Marion, A., Chegini, A., & Tregnaghi, M. (2008). Probabilistic description of grain resistance from simul-
taneous flow field and grain motion measurements. Journal of Hydraulic Research, 44, W09419. https://doi.org/10.1029/2007WR006224

Campagnol, J., Radice, A., & Ballio, F. (2012). Insight on how bed configuration affects properties of bed load motion, ICSE6‐XXX, Paris.
Campagnol, J., Radice, A., Ballio, F., & Nikora, V. (2015). Particle motion and diffusion at weak bed load: Accounting for unsteadiness

effects of entrainment and disentrainment. Journal of Hydraulic Research, 53(5), 633–648. https://doi.org/10.1080/
00221686.2015.1085920

Campagnol, J., Radice, A., Nokes, R., Bulankina, V., Lescova, A., & Ballio, F. (2013). Lagrangian analysis of bed‐load sediment motion:
Database contribution. Journal of Hydraulic Research, 51(5), 589–596. https://doi.org/10.1080/00221686.2013.812152

Drake, T. G., Shreve, R. L., Dietrich,W. E., Whiting, P. J., & Leopold, L. B. (1988). Bedload transport of fin gravel observed bymotion picture
photography. Journal of Fluid Mechanics, 192, 193–217. https://doi.org/10.1017/S0022112088001831

Du Boys, P. (1879). Le Rhône et les rivières à lit affouillable. Etude du régime du Rhône et de Faction exercée par les eaux sur un lit à fond de
graviers indéfiniment affouillable [in French]. Annales des Ponts et Chaussées, 49(2), 141–195.

Einstein, H. (1950). The bed‐load function for sediment transportation in open channel flows, Tech. Bull. (Vol. 1026). Washington, DC: U.S.
Department of Agriculture.

Fathel, S. L., Furbish, D. J., & Schmeeckle, M. W. (2015). Experimental evidence of statistical ensemble behavior in bed load sediment
transport. Journal of Geophysical Research: Earth Surface, 120, 2298–2317. https://doi.org/10.1002/2015JF003552

Francis, J. (1973). Experiments on the motion of solitary grains along the bed of a water‐stream. Proceedings of the Royal Society of London,
Series A, 332, 443–471. https://doi.org/10.1098/rspa.1973.0037

Furbish, D. J., Schmeeckle, M. W., Schumer, R., & Fathel, S. L. (2016). Probability distributions of bedload particle velocities, accelerations,
hop distances, and travel times informed by Jaynes's principle of maximum entropy. Journal of Geophysical Research: Earth Surface, 121,
1373–1390. https://doi.org/10.1002/2016JF003833

Garcia, M. H. (2008). Sediment transport and morphodynamics. In M. H. Garcia (Ed.), Sedimentation engineering: Processes, measurements,
modeling, and practice, American society of civil engineers, manuals and reports on engineering practice (Vol. 110, pp. 21–164). Reston:
ASCE. https://doi.org/10.1061/9780784408148.ch02

Heyman, J., Bohorquez, P., & Ancey, C. (2016). Entrainment, motion and deposition of coarse particles transported by water over a sloping
mobile bed. Journal of Geophysical Research: Earth Surface, 121, 1931–1952. https://doi.org/10.1002/2015JF003672

Hosseini‐Sadabadi, S. A. (2017). Lagrangian and Eulerian study of bed‐load kinematics. Ph.D. thesis. Politecnico di Milano, Milan, Italy.
Hosseini‐Sadabadi, S. A., Radice, A., & Ballio, F. (2016a). An analysis of entrainment and deposition rate fluctuations in weak bed load

transport. In P. M. Rowiński & A. Marion (Eds.), Hydrodynamic and mass transport at freshwater aquatic interfaces, GeoPlanet: Earth
and planetary sciences (pp. 333–342). Berlin: Springer. https://doi.org/10.1007/978‐3‐319‐27750‐9_27

Hosseini‐Sadabadi S. A., Radice, A., & Ballio, F. (2016b). Post‐processing of particle tracking data for phenomenological description of
weakbed‐load sediment transport, Proc. River Flow 2016, VIII International Conference on Fluvial Hydraulics, St. Louis, US. https://doi.
org/10.1201/9781315644479‐124

Hu, C., & Hui, Y. (1996). Bed‐load transport. I: Mechanical characteristics. Journal of Hydraulic Engineering, 122, 245–254. https://doi.org/
10.1061/(ASCE)0733‐9429(1996)122:5(245)

Lajeunesse, E., Malverti, L., & Charru, F. (2010). Bed load transport in turbulent flow at the grain scale: Experiments andmodeling. Journal
of Geophysical Research, 115, F04001. https://doi.org/10.1029/2009JF001628

Lee, H. Y., Chen, Y. H., You, J. Y., & Lin, Y. T. (2000). Investigations of continuous bed‐load saltating process. Journal of Hydraulic
Engineering, 126(9), 691–700. https://doi.org/10.1061/(ASCE)0733‐9429(2000)126:9(691)

Lee, H. Y., & Hsu, I. S. (1994). Investigation of saltating particle motions. Journal of Hydraulic Engineering, 120, 831–845. https://doi.org/
10.1061/(ASCE)0733‐9429(1994)120:7(831)

Lee, H. Y., Lin, Y. T., You, J. Y., & Wang, H. W. (2006). On three‐dimensional continuous saltating process of sediment particles near the
channel bed. Journal of Hydraulic Research, 122(5), 245–254. https://doi.org/10.1061/(ASCE)0733‐9429(1996)122:5(245)

Lukerchenko, N., Chara, Z., & Vlasak, P. (2006). 2D numerical model of particle‐bed collision in fluid‐particle flows over bed. Journal of
Hydraulic Research, 44(1), 70–78. https://doi.org/10.1080/00221686.2006.9521662

Martin, R. L., Jerolmack, D. J., & Schumer, R. (2012). The physical basis for anomalous diffusion in bed load transport. Journal of
Geophysical Research, 117, F01018. https://doi.org/10.1029/2011JF002075

Massey, F. J. (1951). The Kolmogorov‐Smirnov test for goodness of fit. Journal of the American Statistical Association, 46(253), 68–78.
https://doi.org/10.1080/01621459.1951.10500769

10.1029/2018WR023350Water Resources Research

HOSSEINI‐SADABADI ET AL. 1705

Acknowledgments
This work was supported by the
Research Executive Agency, European
Union (grant 316546). Insightful
comments of three Reviewers helped
improve the manuscript. A
supplemental file is provided online.
Data are available at http://intranet.
dica.polimi.it/people/radice‐alessio/.

https://doi.org/10.1098/rsta.1977.0009
https://doi.org/10.1002/2016JF004087
https://doi.org/10.1016/j.ijsrc.2015.03.014
https://doi.org/10.1007/978-3-319-17719-9_16
https://doi.org/10.1007/978-3-319-17719-9_16
https://doi.org/10.1080/00221686.2017.1397780
https://doi.org/10.1029/2007WR006224
https://doi.org/10.1080/00221686.2015.1085920
https://doi.org/10.1080/00221686.2015.1085920
https://doi.org/10.1080/00221686.2013.812152
https://doi.org/10.1017/S0022112088001831
https://doi.org/10.1002/2015JF003552
https://doi.org/10.1098/rspa.1973.0037
https://doi.org/10.1002/2016JF003833
https://doi.org/10.1061/9780784408148.ch02
https://doi.org/10.1002/2015JF003672
https://doi.org/10.1007/978-3-319-27750-9_27
https://doi.org/10.1201/9781315644479-124
https://doi.org/10.1201/9781315644479-124
https://doi.org/10.1061/(ASCE)0733-9429(1996)122:5(245)
https://doi.org/10.1061/(ASCE)0733-9429(1996)122:5(245)
https://doi.org/10.1029/2009JF001628
https://doi.org/10.1061/(ASCE)0733-9429(2000)126:9(691)
https://doi.org/10.1061/(ASCE)0733-9429(1994)120:7(831)
https://doi.org/10.1061/(ASCE)0733-9429(1994)120:7(831)
https://doi.org/10.1061/(ASCE)0733-9429(1996)122:5(245)
https://doi.org/10.1080/00221686.2006.9521662
https://doi.org/10.1029/2011JF002075
https://doi.org/10.1080/01621459.1951.10500769
http://intranet.dica.polimi.it/people/radice-alessio/
http://intranet.dica.polimi.it/people/radice-alessio/


Meyer‐Peter, E., & Müller, R. (1948). Formulas for bed‐load transport, Paper presented at 2nd Meeting of International Association for
Hydraulic Research, International Association for Hydraulic Research, Stockholm, Sweden.

Niño, Y., & Garcia, M. (1998). Using Lagrangian particle saltation observations for bed‐load sediment transport modelling. Hydrological
Processes, 12(8), 1197–1218. https://doi.org/10.1002/(SICI)1099‐1085(19980630)12:8%3C1197::AID‐YP612%3E3.0.CO;2‐U

Niño, Y., García, M., & Ayala, L. (1994). Gravel saltation 1. Experiments. Water Resources Research, 30(6), 1907–1914. https://doi.org/
10.1029/94WR00533

Nokes, R. (2012). Streams v. 2.00. System theory and design, University of Canterbury, Christchurch, New Zealand. Retrieved from http://
www.civil.canterbury.ac.nz/streams.shtml

Oh, J., & Tsai, C. W. (2010). A stochastic jump diffusion particle‐tracking model (SJD‐PTM) for sediment transport in open channel flows.
Water Resources Research, 46, W10508. https://doi.org/10.1029/2009WR008443

Papanicolaou, A. N., Diplas, P., Balakrishnan, M., & Dancey, C. L. (1999). Computer vision technique for tracking bed load movement.
Journal of Computing in Civil Engineering, 13, 71–79. https://doi.org/10.1061/(ASCE)0887‐3801(1999)13:2(71)

Radice, A., Ballio, F., & Nikora, V. (2009). On statistical properties of bed load sediment concentration. Water Resources Research, 45,
W06501. https://doi.org/10.1029/2008WR007192

Radice, A., Sarkar, S., & Ballio, F. (2017). Image‐based Lagrangian particle tracking in bed‐load experiments. Journal of Visualized
Experiments, 20(125). https://doi.org/10.3791/55874

Ramesh, B., Kothyari, U. C., & Murugesan, K. (2011). Near‐bed particle motion over transitionally‐rough bed. Journal of Hydraulic
Research, 49(6), 757–765. https://doi.org/10.1080/00221686.2011.620369

Roseberry, J. C., Schmeeckle, M. W., & Furbish, D. J. (2012). A probabilistic description of the bed‐load sediment flux: 2. Particle activity
and motions. Journal of Geophysical Research, 117, F03032. https://doi.org/10.1029/2012JF002353

Sechet, P., & Le Guennec, B. (1999). Bursting phenomenon and incipient motion of solid particles in bed‐load transport. Journal of
Hydraulic Research, 37, 683–696. https://doi.org/10.1080/00221689909498523

Seizilles, G., Lajeunesse, E., Devauchelle, O., & Bak, M. (2014). Cross‐stream diffusion in bed‐load transport. Physics of Fluids, 26(1),
013302. https://doi.org/10.1063/1.4861001

Shields, A. (1936). Anwendung der Aehnlichkeitsmechanik und der Turbulenzforschung auf die Geschiebebewegung, Mitteilungen der
Preußischen Versuchsanstalt für Wasserbau (in German) 26, Berlin, Germany.

Wu, F. C., & Chou, Y. J. (2003). Rolling and lifting probabilities for sediment entrainment. Journal of Hydraulic Engineering, 129(2),
110–119. https://doi.org/10.1061/(ASCE)0733‐9429(2003)129:2(110)

Wu, F. C., & Jiang, M. R. (2007). Numerical investigation of the role of turbulent bursting in sediment entrainment. Journal of Hydraulic
Engineering, 133(3), 329–334. https://doi.org/10.1061/(ASCE)0733‐9429(2007)133:3(329)

10.1029/2018WR023350Water Resources Research

HOSSEINI‐SADABADI ET AL. 1706

https://doi.org/10.1002/(SICI)1099-1085(19980630)12:8%3C1197::AID-YP612%3E3.0.CO;2-U
https://doi.org/10.1029/94WR00533
https://doi.org/10.1029/94WR00533
http://www.civil.canterbury.ac.nz/streams.shtml
http://www.civil.canterbury.ac.nz/streams.shtml
https://doi.org/10.1029/2009WR008443
https://doi.org/10.1061/(ASCE)0887-3801(1999)13:2(71)
https://doi.org/10.1029/2008WR007192
https://doi.org/10.3791/55874
https://doi.org/10.1080/00221686.2011.620369
https://doi.org/10.1029/2012JF002353
https://doi.org/10.1080/00221689909498523
https://doi.org/10.1063/1.4861001
https://doi.org/10.1061/(ASCE)0733-9429(2003)129:2(110)
https://doi.org/10.1061/(ASCE)0733-9429(2007)133:3(329)

