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Abstract. Bedload Self-Generated Noise (SGN) measurements consist in
deploying an underwater microphone (i.e. a hydrophone) in the water
course and to record the ambient noise of a river. The use of hydrophones
is of interest as it can be easily deployed and can provide a continuous
monitoring of bedload transport. However, developments are still required
to fully understand how bedload characteristics (e.g. speciﬁc ﬂux or
granulometry) are related to bedload SGN parameters (e.g. acoustic power
and spectrum). Laboratory experiments have shown that central and peak
frequencies of bedload noise decrease as the particle size increases, just
like in string instruments where the tone frequency decreases from a
narrow string to a broader string. In this paper, we propose to test a new
inverse method enabling the estimation of bedload grain size distributions
from SGN measurements. The inverse method is based on a theoretical
modelling of the noise generated by a bedload mixture. SGN and physical
sampling measurements have been made in 5 French alpine rivers having
several transport conditions (bedload D50 from 1 to 40 mm) and varying
slopes (0.05 to 1%). Measurements were made for speciﬁc bedload ﬂux
varying from 10 to 150 g.m-1s-1. The proposed inverse method was used to
estimate the bedload grain size distributions. SGN results are compared to
bedload samples and are found to largely overestimate sampled
granulometries. Finally, it is observed that the spectral characteristics of
bedload SGN are not related to bedload GSD but rather to the roughness of
the river bed, acting as a source of attenuation and shaping bedload SGN
spectra.
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1. Introduction
Surrogate methods are beneficial for studying bedload processes when direct samplings are
not practicable or when continuous-automatic observations are requested. Passive acoustic
monitoring is one of the methods currently developed to monitor bedload fluxes and grain
size distributions. The method consists in recording, with hydrophones, the acoustic noise
generated by sediment impacts on the river bed. This paper investigates the relationship
between bedload Grain Size Distributions (GSD) and spectral information of bedload SelfGenerated Noise (SGN). Field experiments, including bedload samplings with pressuredifference samplers and SGN measurements with hydrophones, are presented.
The use of passive acoustics has been initiated in the middle of the 20th century [1, 2] by
attempting to relate the acoustic power of bedload SGN (in µPa 2) to the transported mass of
bedload sediments. In the 1980s, laboratory measurements [3, 4] and theoretical studies [5]
showed that spectral information is related to bedload grain-sizes. Two spectral parameters
were used: (1) the peak frequency fpeak and (2) the central frequency fc, both expressed in
Hz. The frequency fpeak corresponds to the maximum of Power Spectral Density (PSD in
µPa2/Hz). The frequency fc represents the centroid frequency of the PSD, computed as:
fc
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where the significant region [fmin,fmax] is given by PSD(f)> 0.1 PSDmax(f).
For uniform grain-size mixtures, it has been found that these characteristic frequencies were
almost inversely proportional to D, the grain diameter (m):
(2)
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Equations (2) and (3) were used in several studies to estimate bedload diameter from
passive acoustic measurements [6, 7, 8]. None of these studies discussed the accuracy of
these laws in field experiments, and yet, these equations give a unique-equivalent bedload
diameter whereas bedload diameters are defined by grain-size distributions. In the Drau
river, it has been found that the D50 and D90 sizes measured by a sampler correspond to the
central frequency and the peak frequency, respectively [9]. More recently, Petrut et al. [10]
proposed an inverse method enabling the determination of Grain-Size Distribution from
bedload SGN spectrum. This method is based on a theoretical modelling of a sediment
mixture impinging a fixed-massive river bed. The acoustic signal generated by the
transported mixture is equal to the sum of individual shocks. Every single shock is
modelled according to the diameter of the transported particle and its impact velocity. The
algorithm founds the most probable relative quantity of shocks (for each granulometric
class) that is required to best reproduced the measured spectrum. This procedure showed
good agreement with bedload sampling measurements in a large gravel bed river.
In this paper, we propose to test the laws proposed by P.D. Thorne (eq. 2 and 3) and
the algorithm described in Petrut et al. [10]. SGN and sampling measurements have been
done in five alpine rivers with slopes varying from 0.05 to 1 %. Estimated GSDs with
acoustics are compared to GSDs that have been sampled with pressure difference samplers.
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2. Methodology
2.1. Field sites
A description of the field sites is presented in the Table 1. Slopes have been locally
measured over reaches starting 100 m upstream and ending 100 m downstream the
measurements. Granulometric data have been obtained with Wolmann samplings on the
closest emerged bars. Discharge and surface velocity have been monitored (or estimated)
with data from SVR Radar Guns or acoustic Doppler current profilers. Averaged data are
for the entire cross-section. Suspended sediment concentrations were also monitored with
turbidity meter and was below 0.5 g/l for all sites.
Table 1. Geometric and hydraulic parameters of the field sites.
River

Slope
(%)

Width
(m)

Date of fields
experiments

Discharge
(m3/s)

Averaged
water depth
(m)

Averaged
surface
velocity
(m/s)

14

Surfacic
granulometry
[D50-D84]
(mm)
[70-120]

Arve

0.75

2017-06-27
2017-06-28

38
29

1.25
1.1

2.3
1.95

Grand
Buëch

0.70

13

[30-66]

2017-05-15

13

0.6

1.85

Isère

0.05

60

[14-22]

2017-06-06

237

2.8

1.85

Romanche

0.13

38

[20-39]

2017-06-14

55

1.2

1.85

Séveraisse

1.00

13

[32-75]

2017-05-17
2017-05-30

14
16

0.6
0.7

2.4
2.5

2.2. Bedload samplings
Two types of bedload samplers were used for this study (Fig. 1). For the largest rivers
(Romanche and Isère), a Toutle River 2 sampler (305 by 152 mm) with a mesh size of
0.75 mm was deployed from a bridge with a crane. For smaller rivers, an Elwha sampler
(229 by 152 mm) with a mesh size of 0.5 mm was handheld with a long pole. The duration
of each sample varied between 30 seconds and 8 minutes. Sampling duration were adapted
in each stream to ensure that the meshed bag capacity was larger than the sampled volume.
Six to twelve locations were sampled across each stream. Each cross-sectional
measurement was repeated for at least three times. Bedload samples were dried, sieved and
weighted and, bedload specific fluxes were computed for each grain-size class with the
following expression:
ܯ
(4)
ݍ௦ǡ ൌ
݀ ൈ ܹ௦

With qs,i the specific bedload flux (g.m-1.s-1) of the ith grain-size class, Mi the sampled mass
of the ith grain-size class (g), d the sampling duration (s) and Wsampler the width of the
sampler (m).
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(a)

(b)

Fig. 1. (a) Toutle River sampler deployed in the Isère River ; (b) Elwha sampler deployed in the
Selves River.

For each cross-sectional location, the specific flux qs,i is averaged with respect to the
number of repetitions. Finally, a total bedload flux is computed by integration over the
width of the river. These total bedload fluxes (for each grain-size class) are used to compute
cumulative Grain-Size Distribution of bedload transport. Results are shown in the Fig. 2.

Fig. 2. Cumulative Grain-Size Distribution of sampled bedload fluxes.

2.3. Self-Generated Noise measurements
Bedload Self-Generated Noise (SGN) were monitored with HTI-96 hydrophone connected
to a EA-SDA14 recorder (RTSys company). Raw acoustic signals were stored in .wav files
at a sampling frequency of 156 or 312 kHz. The system was mounted on Carlson river
board, drifting during the measurements (Fig. 3). The hydrophone was fixed under the river
board at a depth, varying between 0.3 and 0.8 m from the water surface according to the
mean water depth. Lagrangian (Drift) measurements were choosen instead of fix-position
measurements to maximize the signal to noise ratio of bedload signal. Six to twelve drifts
were done along each cross-section, at equally spaced positions. Each cross-sectional
position was repeated at least 3 times. Drift duration varied from 10 to 60 seconds
according to field hydraulic constraints. The median Power Spectral Density (PSD) of each
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drift has been computed using local windows of approximately 20 milliseconds and
overlapping rate of 50 %.
(a)

(b)

Fig. 3. (a) Drifting board on which the hydrophone and the acoustic recorder were mounted; (b)
Drift trajectories of the board during the measurements.

Fig. 4. Power Spectral Densities (PSD in µPa2/Hz) monitored for each stream: logarithmic scales. The
black thick line PSD corresponds to the averaged response of the hydrophone along the cross-section.
Dashed lines indicate the lowest frequency for which bedload transport is considered to dominate the
acoustic signal. Black and red vertical arrows indicate the peak and, respectively, the central
frequencies of bedload PSD. Horizontal arrows in red correspond to the bandwidth whose power is at
least 10% of PSD maximum.

Monitored PSDs are plotted in the Fig. 4. Ambient sounds vary in each field site. In all
sites, bedload SGN can be clearly heard. Hereby, the bedload dominates the signal in the
higher range of frequency. The water agitation noise can also be heard in the Arve, GrandBuëch and Séveraisse rivers. With a visual estimation on the short-term spectrograms, it has
been found that the contribution of water flowing noise was located around 1 kHz, as
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stated in other studies [11, 12]. Water agitation noise creates a bi-modal distribution of the
power along frequency and masks bedload SGN at lower frequencies. In the Arve, GrandBuëch and Séveraisse rivers, the power contained below 1 kHz represents 10 to 35 % of the
total power: acoustic parameters, such as the central frequency, are affected by this water
flowing noise and may not be representative of bedload SGN spectrum. To avoid the
contribution of flowing water in the measured PSDs, PSDs have been truncated at the
frequency corresponding to the local minimum existing around 1000 Hz (Fig. 4 and 6,
dashed lines). Central and peak frequencies are then computed in the part of the PSD
dominated by bedload SGN (i.e. in the higher frequency range).

Fig. 5. Linear representations of the averaged Power Spectral Densities of SGN
measurements. Symbols are defined in the caption of Fig. 4.

3. Results
Based on average PSD and on Thorne’s law (eq. 2 and 3), equivalent diameters have been
estimated and are compared with sampled diameters (Fig. 6). It was found that equivalent
diameters are much larger than the sampled diameters. Similar results are obtained using
the algorithm of Petrut et al. [10]. Estimated grain-size distributions are much larger than
the sampled GSDs, no matter the values of parameters used in the inversion model (e.g.
impact velocities). Both methods failed to approximate the grain size distributions that have
been measured with the pressure difference samplers.
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Fig. 6. Black curves: estimated cumulative GSD using the algorithm of Petrut et al. [10]. Red curves:
sampled GSD. An impact velocity of 0.1 m/s has been assumed for modeling the bedload impacts.

4. Discussion
Regardless the method used to inverse SGN spectrum, empirical Thorne’s laws or Petrut et
al.’s procedure, it has been found that estimated diameters are much larger than sampled
diameters. It means that the acoustic signals have not enough power in the higher frequency
bands that describe the bedload transport of fine materials. Concerning the ability of fine
sediments to generate SGN, we should mention that Thorne’s experiments (and calibration
laws) were made with materials having diameters even finer than 1 mm. However, it is still
possible that sand particles do not generate sounds in our field sites because they are rather
transported in quasi-suspension, without impacting the river bed.
Our results can also be interpreted in the light of the attenuation processes occurring when
acoustic waves propagate in the water column. Laboratory experiments showed that the
river-bed roughness affects the attenuation coefficient [13]: larger roughness involve larger
attenuation for gravel to cobbles river-bed due to scattering by diffraction processes. In a
field experiment, Rigby et al. [14] observed that the attenuation is frequency dependent:
attenuation was larger for higher frequencies, i.e. 5, 10 and 20 kHz. In the case of our field
sites, the roughness of the river-bed can be approximated by the largest diameters sampled
on the gravel bars nearby the measurements (Table 1). We found that the spectral
parameters of bedload SGN (fc and fpeak) are correlated with the sampled D84 of the bars
(Fig. 7). The larger the diameters of the river bed is, the lower the frequency characterizing
the power spectral densities of bedload SGN is. Larger roughness involves larger
attenuation and as this effect is frequency dependent, monitored PSDs are less powerful in
the higher frequency range with an increasing river-bed roughness.
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Fig. 7. fc and fpeak (Hz) variations in function of surfacic D84 of emerged bars (mm).

5. Conclusion
Bedload sampling and SGN measurements have been performed in five gravel-bed rivers.
Based on the power spectral densities of acoustic signals, grains size distributions and
equivalent diameters have been estimated by using Thorne’s laws and the algorithm of
Petrut et al. [10]. Regardless the method used, estimated diameters failed to approximate
the sampled grain size distributions. It has been observed that characteristic frequencies of
bedload SGN were not related to sampled diameters but rather to the largest diameters
sampled from the nearby gravel bars. As it has been observed that river-bed roughness is a
source of attenuation of acoustic wave, so we conclude that the frequency content of
bedload SGN is more representative for the propagation effects than for the bedload grain
size distribution. Before any estimation of bedload parameters with passive acoustic, a
better understanding of acoustic propagation laws in rivers is required to deconvolute the
monitored signals from propagation effects.
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