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Abstract Surrogate technologies to monitor bed load discharge have been developed to supplement and
ultimately take over traditional direct methods. Our research deals with passive acoustic monitoring of bed
load flux using a hydrophone continuously deployed near a river bed. This passive acoustic technology
senses any acoustic waves propagated in the river environment and particularly the sound due to
interparticle collisions emitted during bed load movement. A data set has been acquired in the large Alpine
gravel-bedded Drau River. Analysis of the short-term frequency response of acoustic signals allows us to
determine the origin of recorded noises and to consider their frequency variations. Results are compared
with ancillary field data of water depth and bed load transport inferred from the signals of a geophone array.
Hydrophone and geophone signals are well correlated. Thanks to the large network of deployed geophones,
analysis of the spatial resolution of hydrophone measurements shows that the sensor is sensitive to bed
load motion not only locally but over distances of 5-10 m (10-20% of river width). Our results are
promising in terms of the potential use of hydrophones for monitoring bed load transport in large gravel
bed rivers: acoustic signals represent a large river bed area, rather than being local; hydrophones can be
installed in large floods; they can be deployed at a low cost and provide continuous monitoring at high
temporal resolution.

1. Bed Load Monitoring

1.1. Introduction

Bed load transport is a fundamental process in alluvial rivers, with implications for channel morphology, sedi-
ment budgets, contaminant transport, aquatic habitat, and human infrastructure along river corridors.
Pressure-difference bed load samplers are widely used to determine bed load flux. One such device is the
Helley-Smith sampler [Helley and Smith, 1971; Emmett, 1980], with modern derivates such as the Toutle
River bed load sampler [Childers, 1999]. However, problems related to spatial and temporal variability of
bed load measurements using such samplers have been documented [Gomez et al., 1989; Vericat et al.,
2006]. Additionally, physical sampling is time consuming, expensive, at times dangerous, and often inap-
propriate for large gravel bed rivers [Camenen et al., 2012], especially during large floods.

Hence, the scientific community became interested in surrogate bed load technologies predominantly
using active and passive acoustics. Miihlhofer [1933] was the first to propose a system using passive acous-
tics to monitor bed load motion. Despite large advances in the use of bed load-surrogate technologies,
none of them are currently accepted for operational use [Gray et al., 2010]. Our study investigates the
potential of passive acoustics to monitor bed load transport in a gravel-bedded river. In the following
subsections, we address the use of surrogate methods for measuring bed load discharge in
such environments.

1.2. Surrogate Monitoring of Bed Load Discharge in Large Gravel Bed Rivers

Several surrogate techniques have been developed for monitoring bed load discharge. The largest number
of deployed sensors and most published are those based on the acoustic monitoring of gravel impacts on
steel plates [Rickenmann and McArdell, 2007; Krein et al., 2008; Tsakiris et al., 2014; Barriére et al., 2015a;
Hilldale et al., 2015; Wyss et al., 2016] or pipes [Mizuyama et al., 2010] fixed onto the river bed. This type
of monitoring technique has almost exclusively been deployed in mountain streams [Rickenmann et al.,

GEAY ET AL.

ACOUSTIC MONITORING OF BED LOAD TRANSPORT 528


http://orcid.org/0000-0002-3340-4517
http://orcid.org/0000-0002-3626-082X
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9011
http://dx.doi.org/10.1002/2016JF004112
http://dx.doi.org/10.1002/2016JF004112
http://dx.doi.org/10.1002/2016JF004112
http://dx.doi.org/10.1002/2016JF004112
http://dx.doi.org/10.1002/2016JF004112
mailto:th.geay@gmail.com

@AG U Journal of Geophysical Research: Earth Surface 10.1002/2016JF004112

2012, 2014]. They function well in small, shallow stable river reaches such as on check dams or Sabo dams
as termed in Japan. The system has the advantage of requiring little maintenance. Successful calibrations
have been undertaken for several orders of magnitude of bed load flux [Rickenmann et al., 2012], and
the method has been shown to be robust [Rickenmann et al.,, 2014]. The main disadvantages of this tech-
nique are the requirement for a stable section and the relatively expensive cost of civil engineering works
for installation and maintenance.

Acoustic Doppler current profilers (ADCPs) are nowadays operationally used to measure flow velocities and
to determine water discharge; they have also been employed to monitor suspended sediment concentration
[Topping et al., 2007; Thorne et al., 2011; Moore et al., 2012]. Recently, ADCPs have been successfully used to
monitor bed load transport in large gravel bed rivers [Rennie et al., 2002; Rennie and Church, 2010; Lorang
and Tonolla, 2014]. An ADCP may be used as a continuous monitoring device at a given location, but it is,
therefore, local, does not represent the entire cross section, and commonly does not remain on site. The
use of an ADCP requires presence at the site and is difficult to use in floods, where floating wood debris
and surface waves may endanger the instrument. Indeed, ADCPs are commonly not deployed under severe
flow conditions. Another indirect acoustic method has recently been proposed [Muste et al., 2016] using a
multibeam technology to map the bathymetry. It allows calculation of bed load discharge in large rivers
but is very labor intensive and requires movement of bed forms (bars). As with ADCPs, the above approach
is not easily used during floods.

New monitoring techniques are required for large gravel bed rivers to enable operation under a variety of
normal and extreme hydrologic and hydraulic conditions, especially during flood events as well as for
continuous-automatic data acquisition. Regarding these operational aspects, sensors that are easy to deploy
are of primary interest for the development of sediment observatories. The use of seismic arrays may be a
satisfying alternative for monitoring bed load transport in steep channels [Hsu et al., 2011; Burtin et al.,
2011; Tsai et al., 2012; Schmandt et al.,, 2013; Burtin et al., 2014; Diaz et al., 2014; Gimbert et al., 2014; Roth
et al, 2014, 2016]. They have the advantage of being noninvasive as the sensor is located outside of the river.
The application of seismic methods is constrained by the occurrence of other seismic noises—physical pro-
cesses such as turbulence [Gimbert et al., 2014], rain events [Roth et al., 2016], and anthropogenic noise such
as road traffic [Barriére et al., 2015b]. A recent study has shown that seismic methods could also be applicable
to low-gradient gravel bed rivers [Barriére et al., 2015b].

Another alternative technique was introduced by Bedeus and Ivicsics [1964]. It is based on recording bed load
self-generated noise. A hydrophone is used to sense acoustic waves resulting from intercollisions of sedimen-
tary particles moving on the bed. The deployment of a hydrophone is as simple as the deployment of
turbidity meters or water level sensors, widely used in fluvial monitoring. Like seismic methods, hydrophones
may record a variety of noises, particularly those originating from hydrodynamic processes, making it
challenging to isolate acoustic signals arising from bed load transport. Our study deals with the calibration
of passive acoustic measurement to estimate bed load flux and grain-size distribution. An overview of the
existing literature on passive-acoustic studies is presented below.

1.3. Self-Generated Noise in Laboratory Experiments

While standing near a river actively transporting bed load, one can hear particle collisions. It appears that the
human ear is able to sense acoustic waves in a maximum range of 20-20,000 Hz [Rossing et al., 2001] and,
therefore, to recognize the sound generated by interparticle collisions in this frequency band. However, an
objective analysis using signal processing methods is more complex. Several laboratory experiments have
demonstrated that the root-mean-square value of the acoustic pressure (p,ms, Pa) is correlated with bed load
flux. prms has been related to the mass of bed load transport (M) with power laws [Johnson and Muir, 1969;
Thorne, 1985, 1986; Rouse, 1994; Voulgaris et al., 1995]:

Prms =M, (M

where £ and y are empirical parameters dependent on the monitoring system and on sediment characteris-
tics. The parameter y is dependent on the grain-size distribution of the moving bed load mixture [Thorne,
1986]. The acoustic frequency spectrum is mainly altered by sediment characteristics including size, shape,
and mineralogy [Thorne and Foden, 1988; Thorne, 2014]. These studies show that particle velocity affects
the generated amplitudes but much less so the frequency content of the signal. The central frequency of
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the signal decreases as particle size increases, just as in string instruments the tone frequency decreases from
a narrow string to a broader string. Similar observations have been made using impact plate systems [Mgen
et al., 2010; Barriére et al., 2015a]. Empirical laws have been proposed to link frequency parameters to bed
load particle sizes [Thorne, 1985, 1986, 2014]. For uniform grain-size distributions,

224
fpeak = W (2)
209
fc= Rk 3)

where D is the grain diameter (m), foeak is the frequency corresponding to the maximum of the power spectral
density (PSD), and fc is the central frequency of the PSD, which satisfies the following equality [Thorne, 1986]

fmax

fc
[...PSD(F)df =[,.  PSD(f)df, @)

fmin

where the significant region [fiinfmaxl is given by PSD(f) > 0.1PSD 55 ().

1.4. Field Experiments With Hydrophones

Passive acoustic monitoring cannot be understood without considering soundscapes [Pijanowski et al.,
2011]. A soundscape comprises a variety of sounds originating from geophysical activity (rain, wind, rock
falls, and snow avalanches), wild life (birds, marine mammals, and fish), or human activities (traffic and
engines). Pressure fluctuations sensed by a hydrophone contain a mix of these sounds that propagate in
the monitored environment. River soundscapes have been shown to be correlated to hydrogeomorpholo-
gical characteristics [Tonolla et al., 2009, 2010, 2011; Wysocki et al., 2007]. For example, hydrodynamic noises
are generated by surface waves or pressure fluctuations induced by turbulence [Tonolla et al.,, 2009]. In
large rivers, human activities such as boat traffic are also suspected of impacting the acoustic signals
[Vracar and Miji¢, 2011].

Pressure fluctuations induced by turbulence originate from the inherent turbulent character of natural flows
and overall from the presence of an object (the hydrophone) in the flow [Wenz, 1962; Strasberg, 1979;
McEachern and Lauchle, 1995; Lauchle et al, 2002]. Considered as a pseudonoise (because it does not
propagate), these pressure fluctuations create noise in the low-frequency range (<100 Hz) and the power
spectral slope of turbulent noise has been observed to decrease by 1 to 3 orders of magnitude per decade
[Wenz, 1962; Strasberg, 1979; Lauchle et al., 2002, Barclay and Buckingham, 2013].

Noise of surface waves dominates in the midfrequency range of 500-2000 Hz [Lugli and Fine, 2003; Tonolla
et al., 2009, 2010]. It can mask part of the noise generated by moving pebbles (D ~ 10 cm). This sound is gen-
erated by the breaking of surface waves, producing noisy bubble plumes, which can be compared to surf
noise in marine environments [Wenz, 1962; Loewen and Melville, 1991; Deane, 1997, 20001. In rivers, the inten-
sity of breaking waves is related to the ratio between water depth and river bed roughness [Tonolla et al.,
2009]. This is the reason that we consider that the use of a hydrophone is more relevant to large gravel
bed rivers where water depth is sufficiently large so that the intensity of breaking waves is low.

Hydrophones have been deployed for bed load monitoring in natural streams [Johnson and Muir, 1969; Jonys,
1976; Barton et al., 2010; Lorang and Tonolla, 2014; Marineau et al., 2015]. Some experiments have been con-
strained by the occurrence of other sources of noise in the river [Johnson and Muir, 1969; Jonys, 1976].
Because of the difficulty in measuring different processes that produce noise in a river, such as sediment
transport or flowing water (i.e., turbulence or surface waves), observations in prior studies were generally lim-
ited to comparing time variations of acoustic energy and water discharge. Hysteresis effects have been
observed between root-mean-square acoustic pressure and water discharge [Barton et al.,, 2010]. Similar
observations were made in some of the seismic studies [Hsu et al,, 2011; Tsai et al.,, 2012; Schmandt et al.,
2013; Diaz et al., 2014; Roth et al., 2014]. These observations suggest that the recorded sound was not gener-
ated by a variable dependent on discharge alone, such as entrained-bubble collapse or turbulence. This issue
is important because some hysteretic responses have been argued to include not merely bed load transport
but also flow-induced turbulent noise [Gimbert et al., 2014]. Finally, none of the prior studies were able to set
up in field experiments a robust relationship between acoustic signals of the river soundscape and bed
load flux.
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1.5. Objectives

The main focus of this study is to determine the extent to which bed load sounds recorded in a large gravel
bed river are related to bed load flux and texture (i.e., size of transported material). A recurrent deficiency in
prior experiments with hydrophones is the accuracy of the direct, comparative techniques used to monitor
bed load flux. Pressure-difference bed load samplers have generally been used although their reliability is
questionable in gravel bed rivers [Vericat et al., 2006]. Observations were also limited by the use of fairly
simple processing methods, restricting interpretation of the acoustic signals. Signals have hitherto been
processed by simply computing their root-mean-square pressure in specific frequency bands [Johnson and
Muir, 1969; Jonys, 1976; Barton et al., 2010; Lorang and Tonolla, 2014; Marineau et al., 2015]. Our study is, there-
fore, structured around two main points: (1) the use of signal processing tools to examine the structure of the
short-term frequency response of a hydrophone. Origins of recorded noises are discussed, and estimation of
typical characteristics of bed load self-generated noise is computed; and (2) the hydrophone response is then
analyzed based on data derived during several weeks of continuous monitoring. The evolution of the fre-
quency content is discussed using bed load slot sampler measurements at this study site. Root-mean-square
acoustic pressures are compared to high-quality bed load measurements made by a large network of
geophones [Habersack et al., 2016]. This network is distributed across the entire cross section and enables
the investigation of spatial properties of hydrophone measurements.

2. Methods
2.1. Study Area

The Drau River, a Danube River tributary, is a large gravel bed river governed by a nivo-glacial flow regime.
The monitoring section is located at Dellach/Drau in Carinthia (Austria), draining a basin of 2112km?.
Respective minimum and maximum water discharges of 13.7 and 325m>s™" have been observed since
2004, with a mean annual discharge of 69.2m3s™". The studied area is a straight river reach with a
0.19% longitudinal bed slope, having a slightly asymmetric 50 m wide cross section, a measured subsurface
median diameter D5y of 38.7 mm and a measured surface median diameter of about 65 mm. With respect
to sediment transport, the Drau River is one of the most instrumented European rivers. Water level is
monitored with an Ott Kempten Inc. (Nimbus) pressure sensor. Bed load monitoring is achieved not merely
by Helley-Smith sampling [Habersack and Laronne, 2002; Habersack et al., 2008], but the section also
includes direct and surrogate bed load monitoring methods with three automatic slot samplers and 40
geophones [Habersack et al., 2010] (Figure 1). The monitored water level is the water depth above geo-
phones G#9 to G#40.

2.2. Geophone Monitoring

Indirect bed load sensors were installed in 2006 to increase the spatial and temporal resolution of bed load
monitoring. This surrogate bed load monitoring technology comprises geophone sensors mounted on steel
plates embedded in the river. Plate vibrations are recorded when moving gravel particles impact a geophone
sensor. These are processed to obtain the number of detected pulses (IMP) and the square integral of the sig-
nal (IQA), both of which have been shown to be correlated with bed load discharge in Swiss and Austrian
mountain streams [Rickenmann and McArdell, 2007; Rickenmann and Fritschi, 2010; Turowski et al.,, 2011;
Habersack et al., 2012; Rickenmann et al., 2014]. For the first time in a large gravel bed river, the Drau has been
instrumented with a large number of geophones to continuously monitor its cross sectional and total bed
load discharge [Habersack et al., 2010]. The number of impulses recorded by a geophone has been shown
to be linearly correlated to the bed load mass (M) of larger (approximately D > 20 mm) sedimentary particles
[Rickenmann et al., 2012, 2014]:

IMP = kyM, (5)

where k, is a site-specific empirical coefficient. Similarly, the square integral of geophone signals has been
shown to be correlated with bed load mass using power law relationships [Mgen et al., 2010; Rickenmann
et al, 2014]:

IQA = kMm?, (6)

where k and a are empirical coefficients. As with hydrophones, the geophone calibration parameters k,, k,
and « of equations (5) and (6) are influenced by particle size [Rickenmann et al., 2014].
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Figure 1. Schematic plan view of the monitoring station at Dellach im Drautal (Austria). The reach is 50 m wide; 40
geophone plates are distributed along the entire cross section. Geophones G#1 and G#40 are located near the left and
right banks, respectively. Three slot samplers are located downstream of the geophone section, the liftable right-bank
sampler immediately downstream of geophone G#32, upstream of which we located the hydrophone.

In this study, we use both the square integrals of the signal (IQA) and impulse counts (IMP). Using the square
integral provides better resolution than counts of discrete impulses because IQA is a continuous measure of
energy. However, care has to be taken in using the square integral of the signal, because it may be affected
and even dominated by electronic and seismic noises. An increasing contribution of ambient noise is
expected for decreasing (small) values of bed load flux. In such cases, additional analyses are needed for
proper interpretation of the IQA data (e.g., by using spectral characteristics of the signal or comparative
bed load measurements to separate the bed load transport signal from ambient noise). As raw signals of
the geophones are not recorded, we cannot properly interpret IQA values to separate bed load noise from
ambient noise. Our study will therefore mainly focus on the impulse count (IMP).

For our analysis, each geophone is considered to be representative of the average cross-sectional length
between neighboring geophones /;;

Xiv1 — Xi—
li: I+12 117 (7)

where X; is the cross-sectional location of the center of a given geophone plate, with geophones nonuni-
formly distributed over the cross section. The total river bed load activity is considered using a weighted
mean of each geophone response over a specified period of time:

130

IMP = 7Z/,.H\AP,- ®)
i=1

1 &

IQA = _IrQA;, )
i=1

where i refers to each geophone, IMP; is the number of impulses normalized by the width of the geophone
plate and the recording period (impm™" min™"), IQA; is the square integral of the signal normalized by the
width of the geophone plate and the recording period (V> m ™" min™"), and / is the entire width of the river.

Bed load transport is physically sampled by three large Reid-type slot samplers [Reid et al, 1980]. The
slot samplers are located downstream of the geophone plates in order to calibrate and to study the geo-
phone system [Habersack et al, 2010]. No hydrophone sampler calibration was undertaken during the
deployment of the hydrophone in the Drau. A direct comparison between hydrophone and slot sampler
measurements is, therefore, unavailable. However, geophone measurements were obtained during the
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Figure 2. (a) Photo of the bed area showing the lining up of the hydrophone, geophone G#32, and the liftable Reid type slot sampler. (b) Scheme of the deployed
hydrophone. It is mounted on a 32 mm stainless steel tube, and it is reinforced by foot plates. The base of the structure is located below the river bed level, under
approximately 10 cm of gravel. The structure is fixed to a concrete base made in the river bed.

hydrophone deployment and are used to estimate bed load transport rates. Several hours of continuous
monitoring of bed load flux in one Reid slot sampler and synchronous monitoring by nearby plate
geophones [Habersack et al, 2016] show high correlations between geophone data (IMP; 1QA) and
specific bed load transport rates (for D > 22.4 mm):

IMP; = 3.54.q;  (r* = 0.99) (10)
IQA; = 0.0004-g5%  (r* = 0.96), amn

si

where q,; is the specific bed load discharge in kgm ™" min™". IMP, IQA, and g, are mean values per hour. We
relate hydrophone measurements to recorded IMP and IQA values, from which bed load transport rates are
inferred, as discussed in section 3.2.

2.3. Acoustic Monitoring

Sound was acquired using a Bruél and Kjaer-type 8103 calibrated hydrophone with a sensitivity of —219.7 dB
re 1V/uPa (i.e. in reference to 1V/uPa) and a flat frequency response in the range 0.1-100 kHz (+3 dB). The
hydrophone was connected to a conditioning preamplifier (45.6dB gain and 100 kHz cutoff frequency
Chebyshev filter) via a 70 m cable. Data were digitized using National Instrument devices (CRio-9014 with a
9201 module). Acoustic data were sampled at a rate of 500 kHz with 12 bit resolution and stored on an exter-
nal hard disk. The acoustic monitoring system was slaved to the water level monitoring system. For water
depths lower than 1 m, sound was recorded for a duration of 1 min every 30 min and every 10 min when
water depth exceeded 1 m. The hydrophone was installed upstream and in line with geophone G#32 and
with the liftable Reid-type slot sampler (Figure 2a). The hydrophone was located about 20 cm above the river
bed, facing downstream to avoid direct impacts on the sensor (Figure 2b). It was mounted on a stainless steel
structure fixed on a concrete foundation in the river bed. Hydrophone signals are expressed in terms of pres-
sure fluctuations (see supporting information Text S1).

2.4. Processing of the Acoustic Data Set

The aim of this part is to analyze the short-term response of the hydrophone signals (at a minute time scale).
Time-frequency representations of the acoustic signals are shown and discussed to describe the different
origins of the recorded noise. Estimation of the power spectral density (PSD) is then discussed, and an
algorithm is proposed to process the acoustic data set.

2.4.1. Short-Term Response of the Hydrophone

A time-frequency analysis, coupled with careful listening, has been used to interpret the hydrophone signals.
A short-term Fourier transform algorithm has been applied for each recording of 1 min duration. Two
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Figure 3. Temporal waveforms, semilogarithmic spectrograms, and linear spectrograms of acoustic signals in the Drau River: (a) on 18 March 2012 at low flow and (b)

on 1 August 2012 at intermediate flow.

spectrograms of characteristic recordings are shown in Figure 3. Signals have also been analyzed by their
spectral probability density (SPD) using the Merchant et al. [2013] algorithm (Figure 4). The SPD presents
the full range of power spectral density (PSD) observed during a certain period of time. In Figure 4, we
present statistical spectra (or percentiles) resulting from the SPD. In this study, 1 min signals have been
segmented using Hanning windows of 0.05 s and a recovery rate of 66%.

The first signal was recorded on 18 March 2012 at low flow conditions (Figures 3a and 4a). At this stage no
bed load movement was expected. Below 1000 Hz the noise sounds like the sensation of wind around ears.
Its power randomly fluctuates in a band of 2 orders of magnitude and its spectral slope decreases about 2
orders of magnitude (Figure 4a). These spectral characteristics are typical of turbulence around the hydro-
phone (see section 1.4). Above 1000 Hz, the signal is composed of residual electronic noises, showing the lim-
itation of our monitoring system. The acoustic signal recorded on 18 March 2012 is fully dominated by
turbulence-induced noise and electronic noises. The second signal was recorded on 1 August 2012 during
the snow melt season. On this date bed load activity was recorded by the geophone array. As observed in
Figure 3a, the effect of turbulence around the hydrophone is still present at low frequency, below 300 Hz
(Figure 4b). The main difference between Figures 3a and 3b is observed above 300 Hz. Some short impulses
can be clearly heard. They sound like the crackling of flames. They are well represented by vertical lines in the

(@) (b)

107 107
10 106
S 10 '*E 10°
-9
g 10° °E" 10*
s ~
% 10° 9; 10°
A~ -
10° 102
IOI 1 2 3 4 5 ]0‘ 9 3 2 5
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frequency (Hz) frequency (Hz)

Figure 4. Power spectral density (PSD) estimates computed using the Welch [1967] and statistical methods [Merchant et al.,
2013]: (a) on 18 March 2012 at low flow and (b) on 1 August 2012 at intermediate flow.
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linear spectrogram (Figure 3b). These impulses generate wideband signals dominating the signal above
300 Hz (Figure 4b). The power maximum of these impulses is located around 4000 Hz. Equation (2) predicts
a particle diameter of 41 mm, close to the subsurface median diameter Dsq of 38.7 mm at the study site.
Due to their observed temporal waveform, the impulse durations are on the order of a millisecond, close
to the duration predicted by Thorne’s [1988] model. According to these characteristics, we can assume that
these impulses are the result of bed load self-generated noise, made by impacts between bed load particles.
Statistical spectra indicate that the content of the signal is stable over the recorded minute; the 5th percentile
exhibits the same shape as the 95th percentile (Figure 4b). The signal power fluctuates in a band of 2 orders
of magnitude, but the shapes of spectra do not change between percentiles. The signal is, indeed, made of a
continuum of impulses. The closest impacts generate detectable impulses in the signal, while numerous
distant impulses generate a background colored noise, where individual impulses are not clearly detectable.
2.4.2. Acoustic Parameters

To summarize the information contained in the monitored acoustic waves, each signal has been represented
by its median power spectral density (PSD). The method is based on segmenting signals of 1 min duration in
short segments of 0.05s. The median power was computed in each frequency bin of the spectrogram (see
supporting information Text S2). In this study, Hanning windows of 0.05 s with 50% overlap were used. The
“median PSD” was preferred to the Welch method, as this enabled filtering of extreme events such as direct
impingement of gravel on the hydrophone structure. For simplicity, the median PSD is noted PSD in the fol-
lowing. The acoustic signal is also considered by its root-mean-square pressure (p,ms), representing the
power of the signal in a given frequency band:

fmax

Prms = 2 I PSD(f)dfa (12)
fmin
where fin and fi,,ax are the limits of a chosen frequency band. As justified hereafter in section 3.1, root-mean-
square acoustic pressures have been computed in two frequency bands: p,ns computed (1) over the
1000-60,000 Hz frequency band is denoted by p,nss (b for bed load generated noise) and (2) over the
10-100 Hz frequency band is denoted by pyms (t for turbulence-induced noise).

3. Results

The database covers a variety of hydrologic conditions for water depth in the range 70 to 190 cm, corre-
sponding to typical water conditions at this time of year. The temporal variation of PSD, water depth, and
weighted mean impulse rate (IMP) are presented in Figure 5. The data set is presented in two periods during
spring (period A) and summer floods (period B) followed by a period of 10 days without floods (period C).
Overall, they represent about 76 h of raw acoustic data. Periods A and B contain several floods, reaching a
maximum of water depth and impulse counts on 5 August 2012. Period C is representative of sunny summer
days with daily variation of water discharge resulting from glacier melt.

3.1. Frequency Variations and Estimation of Mobile Grain Size

The acoustic data set has been classified into groups related to six levels of water depth (Figure 6a). The med-
ian of the PSD was computed for each group. Each PSD contains a local minimum located in the 100-1000 Hz
frequency band. Below the frequency of the local minimum, the power decreases with increase in frequency
at a rate of 2 orders of magnitude per decade. As described in section 1.4, this spectral slope is typical of tur-
bulent processes. Above the frequency of the local minimum, the signal is fully dominated by bed load noise
as suggested in section 2.4.1. Three frequency bands are identified: (1) the 10-100 Hz band, representative of
turbulent processes; (2) the 1000-60,000 Hz band, representative of bed load noise; and (3) the middle
frequency band 100-1000 Hz, dominant physical processes are turbulence at low flow and bed load noise
at highest flow. The signature of bed load transport above 1000 Hz is always present during the study period.
The dynamic range of this frequency band is much higher than the dynamic range of the lower frequency
band (2 orders of magnitude compared to less than 1 order of magnitude). As water level increases, the
central frequency of bed load PSD is observed to shift toward lower frequencies (Figure 6a). This observation
can be explained by changes in bed load grain-size distribution: as shear stress increases larger pebbles are
set in motion.
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Figure 5. (a) Annual hydrograph and temporal variation of (b) power spectral density in mPa?/Hz, (c) water depth in centimeters and (d) impulse rate recorded by the
geophone array.

A characteristic grain size can be computed from the measured sound (Figure 6b) using the empirical equa-
tions (2) and (3). The effect of impact velocities on generated frequencies is here neglected. Diameters esti-
mated with fyeax and equation (2) increase from 30 mm to 90 mm. Diameters computed with f. and equation
(3) are smaller, estimated between 10 mm to 25 mm. f. was computed using equation (4) and excluding
turbulence-induced noise (~10-100 Hz band). Typical diameters measured from the bed load slot sampler
are also reported in Figure 6b. The Dsq of Drau River bed load varies between 18 and 23 mm; this is similar
to the bed load diameters estimated with the central frequency of the acoustic signals (f,). The Dgg was found
to vary between 46 and 105 mm; this is close to the diameter estimated with the frequency peak (fpeax)-

3.2. Does Hydrophone Output Represent Bed Load Flux?

The question addressed in this section deals with the use of root-mean-square pressure (p,ms) to estimate
mean bed load flux. Hydrophone parameters (p,ms), geophone parameters (IMP, IQA), and water depth have
been hourly averaged to deal with the difference in temporal resolution of measurements: geophone
response is continuous, whereas hydrophone response is discrete. Combining equations (1), (5), and (6),

the relationship between hydrophone (p,ms) and geophone parameters (IMP, IQA) has the following form:

(a) (b)
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Figure 6. (a) Median power spectral density (PSD) for different water depths during all periods and (b) comparison of bed
load grain sizes captured by the slot sampler with those predicted from equations (2) and (3) as a function of flow depth.
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Table 1. Spearman Correlation Coefficient (%) for IMP > 1

Prms,b (1-60 kHz) Prms,¢ (10-100 Hz) IMP QA Water Depth
Prms,b (1-60 kHz) = 0.39 0.85 0.81 0.64
Prms,¢ (10-100 Hz) - - 0.42 0.42 0.38
IMP - - - 094 0.86
1QA - - - - 0.88
Water depth - = - - -
—_p
Prrne = AIMP (13)
=5
Pims = A'lQA s (14)

where A, B, A, and B’ are empirical parameters. Table 1 shows Spearman correlation coefficients between
hydrophone (p;ms 6 Prms2): geophones (IQA, IMP), and water depth. Subscripts b and t refer to bed load trans-
port and turbulence-induced acoustic pressures, respectively. pyms  is well correlated with IMP (#=0.85) and
QA (” =0.81) which, in turn, suggests that Prms,b is Well correlated with bed load flux. From equations (8) and
(10), IMP is indeed shown to be linearly dependent on the total bed load flux transported in the Drau River.

Figure 7a shows the relationship between p,ns, and IMP. Two trends are considered: lower and higher bed
load fluxes, the boundary between them set to IMP =1, which corresponds to a mean response of one
impulse per minute per geophone. A change in the relationship between IMP and IQA is also observed at
IMP ~ 1 (Figure 7d). At low bed load fluxes, the number of observed impulses is lower than the count of
impulses predicted by the fit for IMP >1 (Figures 7a and 7d). An impulse count occurs when a geophone
signal reaches a threshold amplitude [Rickenmann et al., 2014], i.e., when the particle impact is sufficiently
“loud”. Below this threshold, signals generated by bed load impacts can be sensed by the geophone in terms

10° 10°
(b) o IMP21
IMP<1
===fit for IMP21
~~ ~
[+ [+
SR SR
2 10 = 10'}
::.E ::.E e
P
10\] . ) 10\1 -
10 10" 10° 10" 10
IMP (imp m min’!) IQA (V*m 'min)
10
~ (@
£
_E
IE 0
2 10° |
E P
A /
7
=
10[1 : ; 107; ‘,_1 -2
50 100 150 200 10 10

water depth (cm) IaA (V2m'1min'l)

Figure 7. (3) pyms,p versus IMP; (b) pyms,» versus IQA; (€) pyms,» Versus water depth; and (d) IMP versus I1QA.
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of IQA values but are insufficiently powerful to reach the amplitude triggering the impulse count (IMP =0).
This observation is discussed later (see section 4.2) and is interpreted as a limitation of the impulse
count method to detect bed load motion for D<20mm. IQA reached a minimum value below
10°*VZm ™" min~" for p,ms, ranging from 3 to 7 Pa (Figure 7b). Unlike IMP, IQA can detect small bed load
impacts, but the signal energy has to be larger than the ambient noise (e.g., electronic and seismic noise gen-
erated by stresses on the bed) [Gimbert et al., 2014]. Hence, the ambient noise sets the minimum value of IQA
that can be detected. The relationship between p,ns, and water depth (Figure 7¢c) does not exhibit such
changes at low flow. As explained in the previous section, the acoustic signal is fully dominated by impulses
in the 1000-60,000 Hz frequency band. The hydrophone is, therefore, still representative of bed load motion
for the lowest observed water discharge. Using the calibration curve of the geophone (10) and the fit for IMP
> 1 (Figure 7) leads to the following relationship between p,ms and Qs:

Prmsp = 150?437> (15)

where pyms,p is the root-mean-square of the acoustic pressure (Pa) in the 1000-60,000 Hz band and Qs is the
total bed load flux (kg/min).

3.3. Spatial Resolution of Hydrophone Measurements

Geophone signals were often more variable than concomitant hydrophone signals. These fluctuations in
response result from the spatiotemporal variation in bed load flux [Habersack et al., 2001, 2008]. In fact, the
sensitive (i.e., acoustically relevant) area of a geophone is limited by the size of the steel plate (0.36 m by
0.5 m), whereas the sensitive area of a hydrophone remains unknown. An approach using partial correlation
is hereby proposed to determine the magnitude of the monitoring area of a hydrophone.

The sum of specific impulses (IMP;) at a given geophone during each period is denoted SumIMP and is used
below. Basic information is contained in the correlation coefficients between measurements of the hydro-
phone and each individual geophone (Figure 8). Correlation coefficients were high between hydrophone
response and those geophones showing significant activity (Figure 8). However, near the banks and where
bed load activity was generally weak, correlation coefficients were low. During periods A and B, the correla-
tion profile was slightly asymmetric with a maximum correlation located at 5 and 6 m from the hydrophone,
while the maximum recorded geophone activity was observed in the middle of the Drau channel, at 9 m from
the hydrophone location. We therefore conclude that during these high flow periods, the hydrophone sig-
nals were better represented by the closest geophones rather than by geophones recording the strongest
bed load activity. In contrast, during low flow period C, the hydrophone response was better correlated with
the geophones located in the middle of the channel, where bed load activity was strongest.

Even though correlation coefficients supply information on the spatial dependence of the hydrophone (p,ns,
p), it is difficult to conclude which parts of the river are “heard” by the hydrophone. When geophone signals
showed strong activity, they were, indeed, altogether strongly correlated. This means that if the hydrophone
is well correlated to one geophone, it is therefore correlated to all of the geophones during such events.
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Figure 9. Correlation coefficients and partial correlation coefficients
between hydrophone pyms p value (1-60 kHz) and each particular

geophone (SumIMP) during period B. The arrows indicate the maximum

correlation observed and, therefore, the geophones added to the
explanatory variables. Geophones are represented by their distance to the
hydrophone (Xp, ).

Nevertheless, the entire variance of
the acoustic measurements cannot be
explained by an individual geophone.
Accordingly, we used multiple correla-
tions to explain a maximum of the
variance. Particular geophones were
selected in turn using a partial
correlation-based approach (see sup-
porting information Text S3). An exam-
ple is presented for period B, in which
the four geophones with the best expla-
natory power are successively selected
from correlation analysis (Figure 9). In
step one, regression between p,msp
and SumIMP; identifies the geophone
that is best correlated with the hydro-
phone (Figure 9, first panel). Partial
correlations coefficients were then com-
puted for the residuals of this regression
to identify the geophone with the sec-
ond best explanatory power (Figure 9,
second panel) and so on until four geo-
phones were selected (Figure 9, third
and fourth panel). Further details of the
approach are given in the supporting
information.

By using one to four geophones, values
of multiple correlation coefficients
increased from five to seven points
during the three periods (Figure 10).
After the third iteration (>2 selected

geophones) additional information was redundant or irrelevant. As stated earlier, during high flow periods
(A and B), hydrophone response was better explained by the closest geophones. Considering the second-
order partial correlation coefficient, the second geophone that best explained hydrophone variance was
located near the right bank (G#35 located at X,=3.1m from the hydrophone for periods A and B,
Figures 10a and 10b). We explain this maximum by the fact that this geophone recorded different variations
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Figure 10. Multiple correlation coefficients between hydrophone p,ns 4 (Pa) and SumIMP (imp m™ min ) of the selected
geophones (G#). Abscissas relate to the chosen geophone according to the method described in Figure 9: (a) period A,
(b) period B, and (c) period C. Geophones G#1 and G#40 are located near the left and right banks, respectively. The
hydrophone is in line with geophone G#32.
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from the mean recordings for the entire cross section. In particular, this geophone recorded phases of activity
and inactivity, whereas a majority of the geophones were fully active during the floods. As this geophone is
relatively close to the hydrophone, it suggests that the hydrophone is partially affected by local bed load
transport processes. During period C the hydrophone was better correlated with the geophones located in
the middle of the river than with the closest geophones. This may be explained either by the lack of activity
of bed load transport near the hydrophone or by the lack of ability of the geophone system to sense low bed
load fluxes. As bed load fluxes were weaker during this period, we wonder whether they were sufficiently
strong to generate an acceptable signal-to-noise ratio by the geophones located near the hydrophone.

4, Discussion
4.1. The Drau Soundscape

Root-mean-square acoustic pressures (pyms,) recorded in the Drau River during spring and summer periods
varied from 3 to 60 Pa (1-60 kHz), which are fairly large; prior studies of riverine environments report values in
the range of 0.005 to 30Pa [Tonolla et al., 2010, 2011; Wysocki et al., 2007; Bassett et al., 2013; Lorang and
Tonolla, 2014]. The soundscape of the Drau River is, therefore, a powerful acoustic environment. Origins of
ambient noise can be attributed to a variety of processes occurring in a river. In particular, flowing water
can generate high acoustic pressure in turbulent environments [Tonolla et al., 2009; Vracar and Miji¢, 2011;
Lorang and Tonolla, 2014]. Human activities, such as boat traffic or nearby road traffic, are also suspected of
generating high acoustic pressure above 1000Hz [Vracar and Miji¢, 2011]. In our study, we propose that
low-frequency noise (<100 Hz) is generated by turbulence in the absence of bed load transport, while bed
load-generated noise is characterized by a continuous field of impulses at high frequencies (>1000Hz).
Turbulent-induced noise contributed to about 5-20% of the total acoustic energy, varying with hydrologic
conditions. It exhibited high spectral power but in a limited frequency range (10-100 Hz). The signal was domi-
nated by bed load self-generated noise over a wideband of frequencies (1000-100,000 Hz). The contribution of
bed load transport increased faster than turbulence-induced noise with increasing hydrodynamic conditions.

Theoretical and laboratory-based studies have shown that p,s is proportional to QJ’, with y varying between
0.5 and 1 [Johnson and Muir, 1969; Thorne, 1985, 1986, 2014]. We find a somewhat lower exponent 0.37 (see
equation (15)) that may be explained by the mode of particle transport. If particles move as a traction carpet
at our study site, the sound generated from this transport may not be as loud as saltating grains, which likely
impact the river bed at higher velocities. In addition, uncertainties related to the total bed load flux estimate
have to be considered, as the geophone array has been calibrated for diameters larger than 21 mm.

For the first time in a natural stream, a relationship between acoustic pressure and total bed load flux has
been established (Figure 7). Obtaining several weeks of continuous data enabled us to observe high correla-
tion between acoustic pressure (p,ms) above 1kHz and the total bed load activity monitored by a geophone
array (Table 1). This result proves that passive acoustic measurements are well suited for monitoring bed load
flux in large gravel bed rivers.

4.2. Geophone Versus Hydrophone

Changes in the relationship between hydrophone (pyms ) and geophones (IMP) at low flow need to be
addressed. Although geophone and hydrophone signals are well correlated during high flows, when bed
load transport produces high impulse counts (Figure 7, IMP > 1), the relationship breaks down at lower flows
with fewer impulses (Figure 7, IMP < 1). Using equations (2) and (3), we calculate from the hydrophone that
bed load grain sizes were in the range of 10-40 mm during low flows (depths less than 120 cm, Figure 6).
Because geophones have limited ability to detect movement of grains of diameter smaller than 20-30 mm
[Rickenmann et al., 2012], we therefore suspect that the loss of impulse count during low flows can be attrib-
uted to fine bed load sizes, rather than to cessation of motion. The higher sensitivity of the hydrophone in
comparison to the geophones is explained by two factors. The first concerns the range of monitored frequen-
cies. The hydrophone signals recorded acoustic waves as high as 100 kHz, thereby enabling the detection of
sound generated by small particles. According to equation (3), a frequency peak of 100 kHz corresponds to a
diameter of 1 mm. Geophone signals are sampled at a frequency of 10 kHz and, therefore, provide informa-
tion up to 5 kHz. Applying equation (3) to the impact plates system, a frequency peak of 5 kHz is equivalent to
a diameter of 30 mm. The use of sensors having a larger range of monitored frequencies increases the lower
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limit of the impact plate systems as recently demonstrated [Barriére et al., 2015al. The second argument is
linked to the signal processing methods. Impulse counts are widely used to characterize geophone signals
and have been shown to be linearly dependent on bed load mass, which has the advantage of filtering noise
that is not impulsive (i.e., turbulence-induced noises). However, it is possible that some transport modes
(rolling and sliding particles) [Krein et al., 2008; Tsakiris et al., 2014] or numerous impacts of small gravels
do not generate detectable impulses but instead produce “colored” noise. For this reason, and as done
for the hydrophone signals, the use of signal energy in useful and relevant frequency bands should
provide more representative monitoring of bed load transport, particularly for the initiation and cessation
of bed load motion.

4.3. Spectra of Acoustic Signals and Grain Size

Spectra of acoustic signals have been shown to vary with flow depth, and this has been interpreted as a
change of bed load grain-size distribution with flow depth. Grain size is related to acoustic signals for uniform
sediments [Thorne, 1985, 1986; Thorne and Foden, 1988; Belleudy et al., 2010], but interpreting the acoustic
signal of a sediment mixture is more complex and has not yet been undertaken for bed load self-generated
noise. Comparison of bed load grain sizes captured by the slot sampler with those predicted from equations
(2) and (3) indicates that (1) the frequency of the maximum of PSD (fe,k) leads to the estimation of the largest
diameters set in motion (Dg) and (2) the central frequency leads to the estimation of Dsq (Figure 6b). The
observed discrepancy is attributed to the nonuniform bed load size distribution, whereas the equations were
developed for uniform grain size. For geophone devices, the use of central frequency to estimate median dia-
meters has been demonstrated in the recent study of Barriere et al.[2015a]. To confirm the findings of Barriére
et al. [2015a] for passive acoustic monitoring systems, contemporaneous measurements of grain-size distri-
bution are needed. Despite a lack of such data for the contemporaneous monitoring of the hydrophone
and geophones in the Drau River, these findings are of considerable interest as our technique is capable of
estimating typical bed load diameters using parameters of spectra shape. By using additional parameters
of spectra shape (such as statistical moments and the width of the spectrum at half maximum), it may be pos-
sible to estimate the bed load grain-size distribution. Indeed, concomitant monitoring of the current hydro-
phone and the Reid slot sampler at the Drau is planned and may provide the requisite database.
Nevertheless, the frequency content of received acoustic signals is affected not merely by bed load grain size
but also by propagation effects. Acoustic signals vary according to the medium in which the acoustic waves
propagate, that is, the water column. Acoustic waves interact with the river bed, the water surface, and
suspended particles. These interactions are often frequency dependent [Medwin, 2005]. For the range of
frequencies of interest (<100 kHz), knowledge of acoustic propagation is not well documented in rivers,
warranting future investigation.

4.4. Listening Distance

A particular property of hydrophone monitoring is its integrative measurement over an area of the river bed.
The hydrophone signal is complex, composed of noise sources derived from different locations at varying
distances. An advantage of the integrative measurement is that it is not local and provides information on
bed load flux over a larger area of the bed. A disadvantage is that the measurement depends on the location
of the acoustic sources. For identical bed load fluxes, the received acoustic energy depends on the distance
between the hydrophone and bed load impacts. A process of localizing sound sources appears to be neces-
sary for the quantification bed load flux. We observed that the hydrophone was strongly affected by closest
or strongest bed load fluxes. High correlations observed for different periods can be interpreted as the max-
imum distances to which bed load transport had a relevant effect on hydrophone signals. These distances are
estimated to be in the range 5-10 m (Figures 8 and 9), varying according to flow depth. To our knowledge,
this is the first attempt to characterize the listening distance of a hydrophone in a river.

Masking effects [Medwin, 2005] should constrain the ability of a hydrophone to receive acoustic signals from
far-field sources. Considering equation (1), a maximum of bed load noise is generated at the location of max-
imum bed load transport in the channel cross section. Bed load noise generated farther away is less powerful
because of weaker bed load fluxes and due to geometric spreading (higher transmission losses with increas-
ing distance of sound sources toward the hydrophone). An acoustic “barrier” should, therefore, exist and be
located near the maximum of bed load transport in the channel cross section, masking bed load noise that is
generated farther away. Hydrophone signals should be less integrative when located close to the maximum
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of bed load transport. This concept of an acoustic barrier can explain the results of the multiple correlations.
Geophones selected to explain a maximum of the hydrophone variance were all located in the right part of
the channel, between the maximum of observed bed load flux and the right bank. For a straight, planar reach,
we suggest placing hydrophones in the left and right halves of the channel (on either side of the high-energy
center line, which may be an acoustic barrier) to provide representative measurements of the total bed
load discharge.

5. Conclusions

Our analysis shows that hydrophones can be used to passively monitor the occurrence of bed load transport
in a large gravel bed river and to determine the size of the material in transport. By dividing acoustic signals
into frequency bands, we were able to distinguish turbulence and other ambient noises from bed load trans-
port, which dominates the signal above 1000 Hz. In addition to detecting the occurrence of bed load trans-
port, the wide range of frequencies that were monitored allowed prediction of the size of bed load
material in transport. Spectral parameters, combined with equations developed by Thorne [1985, 1986,
2014], enabled us to predict two characteristic sizes of bed load material, which approximate the D5y and
Dy sizes measured in a nearby slot sampler. The ability to passively monitor these particular grain sizes is
important, as they are widely used in bed load transport formulae. Comparing measurements across flow
depths ranging from 70 to 190 cm revealed similar patterns of acoustic signals and consistent information
on bed load transport. Root-mean-square acoustic pressures were highly correlated to mean bed load fluxes
monitored by a geophone array. Our study is the first attempt to characterize the listening distance of a
hydrophone in a natural gravel bed river, and we find that the hydrophone measurements are representative
of a fairly large area of the river bed (5-10 m from the hydrophone). These field observations confirm that
passive acoustic monitoring may help to better understand bed load dynamics. The passive acoustic method
is relatively cheap and easy to deploy, providing integrative, continuous monitoring. In terms of future
research, additional knowledge is needed to fully interpret the acoustic signals, particularly in terms of sound
source localization and propagation effects, and, as with any surrogate monitoring technology, the calibra-
tion issue is a challenge.

Notation

o Empirical coefficient as defined in equation (6).
A Empirical coefficient as defined in equation (13).
A" Empirical coefficient as defined in equation (14).
S Empirical coefficient as defined in equation (1).
B Empirical coefficient as defined in equation (13).
B Empirical coefficient as defined in equation (14).
D  Particle diameter (m).
D,y Diameter of which 10% of the sediment is finer (m).
Dsy  Median particle diameter (m).
Doy  Diameter of which 90% of the sediment is finer (m).
f.  Central frequency (Hz).
fmin  Lowest frequency used in the PSD integral (Hz).
fmax  Highest frequency used in the PSD integral (Hz).
foeak  Frequency corresponding to the maximum of the power spectral density (Hz).
y  empirical parameter as defined in the equation (1).
h  water depth (m).
| total width of the river (m).
I representative width of geophone i (m).
k  empirical coefficient as defined in equation (6).
ky,  empirical coefficient as defined in equation (5).
M bed load transported mass (kg).
IMP  number of detected impulses normalized by the width of the geophone plate and the recording
period (impm ™' min~").
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IMP  weighted mean of IMP values defined in equation (8) (impm™' min™").
IQA  sum of squared amplitudes normalized by the width of the geophone plate and the recording
period (V> m™ " min™").
IQA  weighted mean of IQA values defined in equation (9) (V> m™ ' min™").
Prms  FOOt-mean-square acoustic pressure (Pa).
Prmsp  FOOt-mean-square acoustic pressure in the 1000-60,000 Hz band (Pa).
Prmst  root-mean-square acoustic pressure in the 10-100 Hz band (Pa).
PSD  power spectral density (Pa/Hz).
PSDyax  Maximum of PSD (Pa®/Hz).
gs specific bed load discharge (kgm™" min™").
Qs bed load discharge (kg/min).
SPD  spectral probability density (Pa%/Hz).
SumIMP  sum of IMP values during a certain period of time (impm™' min™").
X; absolute distances along the cross section from left bank (m).
Xpn,; cross-sectional distance between geophone i and hydrophone (m).
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