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Abstract. This research has been conducted to develop thefuassive Acoustic Monitoring (PAM) in riverssarrogate
method for bedload monitoring. PAM consists in mesw the underwater noise naturally generated dgidad particles
when impacting the river bed. Monitored bedload uatic signals depend on bedload characteristiasz @ain size
distribution, fluxes) but are also affected by émvironment in which the acoustic waves are proabd his study focuses
on the determination of propagation effects in nsvéAn experimental approach has been conductsguaral streams to
estimate acoustic propagation laws in field condéi It is found that acoustic waves are diffegeptbpagated according to
their frequency. As reported in other studies, atiouwaves are affected by the existence of a tétefuency in the kHz
region. This cutoff frequency is inversely proponil to the water depth: larger water depth enablestter propagation of
the acoustic waves at low frequency. Above thefttitequency, attenuation coefficients are foundniwrease linearly with
frequency. The power of bedload sounds is moreadted at higher frequencies than at low frequeneigich means that,
above the cutoff frequency, sounds of big partielesbetter propagated than sounds of small pasti€iinally, it is observed
that attenuation coefficients are variable withiarders of magnitude from one river to anothereAttation coefficients are
compared to several characteristics of the rivay. (eed slope, bed rugosity). It is found that atiscuwaves are better
propagated in rivers characterised by smaller bggks. Bed rugosity and the presence of air bubbléee water column are

suspected to constrain the attenuation of acowstie in rivers.

1 Introduction
1.1 Context of this study

Bedload transport monitoring is a challenging isureriver management. Geomorphological changes beayriven by
anthropogenic uses of rivers (e.g. hydroelectrjagdiment dredging, embankment, mining, land hsages) or to changes
in available sediment loads related to extreme wvenclimate changes. Bedload transport is a demtifactor governing
fluvial morphology but monitoring bedload transpisra difficult task. Direct sampling of bedloadXIrequires intensive field
work, is difficult to accomplish during flood cortidins and cannot provide continuous measuremertts i§ why the
development of surrogate (or indirect) methodsbeen studied in recent decades. The report of &ral (2010) gives an

overview of available techniques. One of these padhconcerns the use of bedload Self-GenerateceNSIGN). When
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bedload particles impact the river bed, an acoumtise is created that propagates in the watenuolBedload SGN can be
measured using hydrophones that are deployed nivéire Theoretical and experimental studies shthahthe acoustic power
monitored by hydrophones can be related to bedloads using power laws (Barton et al., 2010; Geiagl., 2017a; Johnson
and Muir, 1969; Jonys, 1976; Marineau et al., 2Rigby et al., 2016a; Thorne, 2014). Some relatamsalso observed
5 Dbetween bedload granulometry and frequential ciariatics of SGN signals (Geay et al., 2017a; ThpRD14).
However, monitored signals are not only dependerttenlioad SGN but also on propagation effects (@eal, 2017b; Rigby
et al., 2016a). When propagating in rivers, bedi®&d suffers from geometrical spreading losses (Med2005), multiple
diffractions on rough boundaries (Wren et al., 20d5rom other attenuation processes, for examgéged to the occurrence
of suspended load (Richards et al., 1996). Thezefwoustic waves are modified by the environmiamigetheir propagation
10 paths, from noise sources to hydrophone measureniehas been shown that the river could be malde$ean acoustic wave
guide where acoustic waves are partially trappevdxn the water surface and the river bed (Geal.e2017b). The
occurrence of a cutoff frequency (related to thiediis waveguide) has been observed in field exparisy(Geay et al., 2017b;
Lugli and Fine, 2007) and reported in a theoretieaiew (Rigby et al., 2016b). A laboratory studgtised on the role of river
bed roughness as a source of attenuation procassn @al., 2015): an increase of 4 dB with angasing bed roughness of
15 20 mm has been observed. There is comparativély literature in the range of frequencies of iagtr(i.e. 0.1 to 100 kHz)
and none of these studies have done specific empats to define acoustic propagation laws in fetgeriments. For this
reason, we designed a new protocol enabling therm@tation of propagation laws in rivers. Theseegipents result in
experimental laws that are useful for building direr inverse models, which is necessary to anabgmioad SGN signals.
For example, it could be used to better understamdneasurement range of a hydrophone in a riviareation which remains
20 unknown.
The next section of the manuscript relates a sitttigeretical framework that is used to analyzelfdta. The second part of
this paper describes the protocol which is baseehoitting a known signal with an active source. @e underwater speaker)
and on measuring this same signal at several dissafiom the source. The third part is relatecht application of this
protocol in a set of rivers that have differentrelteristics (e.g. water depth, slope, flow velesitbed roughness). It is found
25 that attenuation coefficients are frequency dependad variable according to the type of riverisltalso found that

longitudinal river slopes are well correlated tteatiation coefficients.

1.2 Theoretical framework

Acoustic measurements are in part determined batiti¢y of the environment to propagate soundshissection, an acoustic
theory is proposed to model the loss of acoustiegoawith the distance of propagation. At a firgtgst, without attenuation

30 processes, the monitored powBr-(uP4&) of a sound source decreases with distance frenpoint source as the energy is
spreads in space:

P(r) = Paim G(r) ()
2
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Wherer (m) is the distance from the source to the set&ar, (LP& @1m) is the initial power of the sound source rtareid
at 1 meter in a free field ar@ is a function depicting geometrical spreading. Geemetry of the river is simplified as a
rectangular channel with a uniform water depth,odiedh. For underwater acoustic waves propagating imex rthe medium
is bounded by the water surface and the river bee. effect of river banks is not explicitly considé in this study. It is
assumed that banks act as efficient sound absoetise upper and lower interfaces, reflectionfioents are variables,
depending on the geo-acoustic parameters of tee loed (Geay et al., 2017b) and on the roughneg®adhterfaces (Wren
et al., 2015). Two extreme cases can be assuntst].Wien the interfaces are perfectly reverbeemtystic waves are totally
trapped into the water column and acoustic wavegagate in a cylindrical way. For large distancpropagation (i.er. > h):

2 2
G(r)=—
"=
Secondly, when the interfaces are totally transgiaeeoustic waves propagate in a spherical modte @free space:
1 3
G(?") = ") ( )
r

In the following, both propagation laws (spherioakylindrical) will be tested to fit field data.

Acoustic waves not only suffer from geometricalesmting but also from losses from other processasattenuate sounds
like absorption or scattering effects. As statedd@ean studies, it is not really possible to dgiish both effects in field

experiments (Jensen et al., 2011). In this studypmpose to quantify these effects in a singleorgptial term as written is

the following equation:
P(1) = Poim G(r) e7 4

Wherea is a coefficient of attenuation (nepers/a0.
The attenuation of acoustic waves is a processhnisidrequency dependent. That is why it is comnmrexpress the
coefficient of attenuation as a function of wavefgn(Jensen et al., 2011), denoted ker@epers):

a =al= a% (5)

wherel is the wavelength (m), c is the celerity of thewstic waves in water (m/s).
The goal of this study is to experimentally deterenihe values of the attenuation coefficients &mustic waves in rivers, for
frequencies between 1 kHz-100 kHz. This rangeexfdency corresponds to the expected range of fnetreegenerated by
bedload self-generated noise of particles size &m0 and 16 m (Thorne, 2014).
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2 Experimental Setup

An experimental set-up was designed to measuresieof acoustic power with distance of propagaitomatural streams. A
controlled sound source emits a known signal akedfposition on the river bed and this same sighahonitored with a
hydrophone, at several distances from the poietasion. The equipment and the protocol are destiereafter.

5 2.1 Sound source

The sound source is generated by an underwatespeatter (Lubell Labs, LL 916H) controlled by ancélenic device
designed by the RTSys Company. The generated ssutalermined by a theoretical signal (i.e. a wiile¢ and reproduced
with a bias linked to the transfer function of fbedspeaker. The theoretical signal, chosen far shudy, is a logarithmic
chirp varying from 0.2 kHz to 50 kHz in 1 seconthiIsignal is continuously emitted by the loudsgeak an endless loop.
10 Ina preliminary study, several tests have beedected in Lake Bourget (France) to characterizeelponse of the system.
To measure the generated sound at different afrglesthe speaker, 4 hydrophones (HTI 96) were plade fixed distance
of 0.7 m from the sound source (Figure 1a). Theesystem was deployed in a lake with an alumirstimacture to ensure
the relative position of the sensors (Figure 1lm).ninimize the effect of this structure, all thensers were attached to the
structure with free ropes of 10 cm length. Severaasurements of the emitted sounds were made pingahe depth of the
15 system from 0.5 to 3.5 m and by changing the aaion of the loudspeaker (horizontal or verticdihe Power Spectral
Density (PSD) of each emitted chirp monitored by 4hhydrophones have been computed and plotteédgather Error!
Reference source not found. It can be observed that the generated sounds &apectral power between*aand 16*
uP&/Hz but do not have a flat frequency response duke transfer function of the system. Overall, aiserved that the
monitored PSD was variable between the differeststéhat were conducted. The monitored power vdrétdeen +/- 3 dB
20 between the quartiles 25 and 75, and between +HdBL.@etween the minimum and the maximum. The mogtortant
parameter influencing the emitted sounds was trexiivity of the loudspeaker (horizontal or vertipasitions). The emitted
signals also did not vary when repeating the ssigmeal in a fixed configuration of emission.
This preliminary study indicated that we would betable to precisely predict the power emittedheysound source during
our experiments. The loudspeaker is deployed witvesghted rope from a bridge so that its orientai® uncertain when
25 deployed on the river-bed. We therefore have aeiaitity concerning the initial power of the sowmdirce Paim) defined

in the equation 1. This parameter will thereforeebmated for each experiment.

2.2 Hydrophone measurements at varying distances

Acoustic measurements were performed with HTI-98rbghones plugged to a EA-SDA14 recorder (RTSyspaoy).
Acoustic signals were stored in wav files at a dargdrequency of 156 kHz. The system is shared IBarlson river board,
30 drifting during the measurements (Figure 3). Lagran measurements were preferred to fix-positiorasueements to

optimize the signal to noise ratio. The hydrophaas located under the river board at a constarthdepm the water surface.
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The underwater loudspeaker is deployed at a fixaitipn on the river bed and emits a logarithmicgkith an infinite loop
of 1 second. During this time, several drift tragetes were made with the river board along thesmgection. As a first step,
acoustic measurements were positioned using a symieed GPS. This GPS equipment was damaged dtivenfirst field
experiments requiring another way to position tharphone during the drifts. The cross-sectionstiadice of the hydrophone

5 was monitored at start positions and considered@astant during the drift (i.e. drifts are conseteparallel to the river banks).
Secondly, longitudinal positions of the hydrophdueing the drift were computed knowing the stagifion and by assuming
a constant velocity of the river board:

x(t) = xq (6)
y(@) = Yo + Varise t

Wherex andy are respectively the cross-sectional and longiidbositions of the hydrophone (mp; andyo are the initial

positions of the hydrophone monitored at the bagmof the drift;varitt is the mean velocity of the river board during dinit
10 (mfs), computed as the travelled distance dividethb duration of the drift. The assumptions ofgllat drifts at a constant

velocity was supported by the fact that our figtdssare straight reaches.

Finally, the position of the hydrophone is knowrepthe time. The next section describes how aregssed the hydrophone

signals.

2.3 Signal Processing of the monitored acoustic wes

15 The use of a matched filter was chosen to detectliirps in the hydrophone signals. When a chigetected, the position
of the measurement is computed by matching the ¢ihgetection with the position of the hydrophor@nally, knowing the
position of the loudspeaker, the distancbetween the sound source and the measuremeninjsuted.

For each located chirp, a short-term spectrogracomsputed using Hamming windows df doints with 50% overlapping
(Figure 4). Based on this spectrogram, sev8BIs are computed. First, the PSD of the studied dmiopedPSDr) is computed

20 by using the signal contained inside the blackslinéhe black lines correspond to the upper andrddwets of the octave
band centered around the instantaneous frequenbg chirp. Secondly, the 95 percentile of the rwyed power is computed
(Merchant et al., 2013) in each frequency bands P8D is used to represent the power of the ambasé PSDss). In this
example (Figure 4), one can particularly obsereehidrmonics generated by the loudspeaker whendegirg the theoretical
logarithmic chirp. The ambient noise depends orsthends that are naturally generated in the rivgy. pedload impacts). To

25 ensure that the chirp is not affected by ambiergeave decided to keep only the chirps that aleaast twice more powerful
than the ambient noise (i/2SDr > 2 PSDgs).

At this point, we can propose a protocol to monit@PSD of an emitted chirp at varying distances fronpitint of emission.
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2.4 Field sites

The protocol presented in the previous sectionapgdied in 7 field sites located in the French Alpkeir characteristics are
presented in the Table 1. The mean bed-slope attitted reaches varies from 0.05 to 1 %, and tdthwf the cross-section
from 8 to 60 m. The roughness (or the surface g@ersize distribution) of the river bed is a ditfic parameter to measure,

5 particularly in rivers that are not wadable. Thépect of bed roughness was approached by doing svoineasurements on
the closest emerged bars. The surfaggobemerged bars varies from 20 to 150 mm. Hydcapdirameters (discharge, surface
velocity and mean water depth) were obtained byguseveral methods (acoustic Doppler current @ofBVR Radar Gun
or existing gauging station) depending on the fatds. Finally, the measurement of suspended sedilonad was achieved
with a turbidimeter (Visoturb, WTW).

10
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3 Results
3.1 The Leysse River

As an example, data from the Leysse River are pteden the Figure 5. It represents the acoustiggpaeceived by the
hydrophone at different distances from the undesmatudspeaker. The plotted acoustic power isrtegiral ofPSDr in the
third-octave band centered on 1 kHz. This datéhastbeen obtained with 27 drifts of the river bodide effect of source
location has been tested by varying the sourcéditotan the river cross-section. It has been fotivad the result was insensitive
to source location in this river. Spherical andrajfical models of propagation losses have beéedfitvith a least square
procedure on the logarithmic values of the acoysiizer. Two parameters are obtained, the initialgroof the sound source
(Pewm) and an attenuation coefficiernt)( This procedure is repeated on each third-odbawvel to obtain the variation of these
parameters with frequency.

Results of the fits are shown in the Figure 6 for Leysse river experiment. Logically, attenuatomefficients that are
estimated with cylindrical spreading loss exhibgher values than coefficients estimated with siglaérspreading loss.
However, they behave similarly with frequency viioias. At low frequency, approximatively below318z, attenuation
coefficient is higher. This result was expectedduse of the existence of a cutoff frequency (Geay.£2017b). Considering
a mean water depth of 0.95 m and a compressioeaidspf the acoustic waves of 1600 m/s in the setitager, we can
estimate a cutoff frequency around 1.2 H, which is consistent with our results. Above B2, attenuation coefficient
increases with frequency: acoustic waves are mbeawated at higher frequencies. Considering tlimason of the sound
source power, it is observed that the cylindricaldel best reproduces the power monitored in therxgnt made in the
Bourget lake (the median value is representeddrFigure 6b). Using a spherical model, we overestnthe power of the
sound source by approximatively one order of magieit However, as we will see for other experimethis best estimation
of the sound source power is sometimes obtainduspiberical spreading loss model.

In the Figure 6c¢, the residuals of the regressepmasent the dispersion of the data around thi ffias been computed as the
mean square difference between data and fits.drL#ysse river, we observed that the power of deeption fluctuates
between 2 and 3 dB around the fits.

Finally, considering the correlation coefficienfstee fitted laws (Figure 6d), we cannot make diniésion between spherical

or cylindrical spreading loss models.

3.2 Propagation laws in several rivers

Propagation properties of several rivers were itigated. For some of the rivers, experiments wesaedat different

hydrodynamic conditions (Table 1). As we did notie® any representative differences in the redoitshe discharges
investigated, we decided to gather data to propasgque result for each river.

A first result concerns the estimated power ofsbend sourceRaim) emitted during the experiments (Figure 7). Coragar

with the measurements made in the Bourget lakeart be observed that the estimation of the soundcsopower is

7
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overestimated when using a spherical model andrastimated when using a cylindrical model of thergetric spreading
loss. Considering the correlation coefficientsta tata to the fits, we did not observe a significdifference between the
models. Based on these observations, we are nettaldrgue that geometric spreading is cylindrazaspherical in these
rivers. In the following, all the results are pnetsel by assuming a cylindrical, spreading-loss rhode
5 The attenuation coefficients obtained for eachrrare presented as a function of frequency (Figlr&rom the Isere to the

Arve river, we can observe that the attenuatiorfimient varies in more than one order of magnit(Eigure 8b). Looking at
the linear representation (Figure 8a), we seethiwvariation of the attenuation coefficient witbduency is different from
case to case. It increases faster for rivers hatheglargest attenuation coefficients. Note thatimal and maximum
frequencies of the observations are variable framriver to another. At low frequency, observatiares limited by the cutoff

10 frequency which is inversely proportional to thetevadepth (Geay et al., 2017b). At high frequenciesasurements are
limited by too strong attenuation of the emittedustic waves.
The Table 2 contains, for each river, a summarhefresults obtained by fitting a cylindrical prgption model to the data.
All the parameters indicated in this table are merage of the values obtained over the monitoreduencies. It can be
observed that the correlation coefficients varyrfr6.4 to 0.8. We observed that the lowest cormiatioefficients were

15 obtained for the largest rivers (Isere and Romanalezs with section width of 60 and 33 m, respedti) and may be
representative of cross-sectional variations tlaaehot been considered in this study. The residuely from 2 to 6 dB.
Rivers having largest attenuation coefficients sé@mave larger residuals: the dispersion of theitoced acoustic power is
larger when the attenuation is larger. Finally, treximum distance of the monitored chirps represtm maximum distance
from the hydrophone to the underwater speaker wivererere able to record the chirps with a suffitggnal to noise ratio.

20 The smaller the attenuation coefficient, the lathermaximum distance of the observation. Note tthimaximum distance
is also dependent on operational issues.

4 Discussion
4.1 Attenuation processes in rivers

During our field campaign, it has been found th&trauation coefficients were variable from one rit@ another. In this
25 section, we wonder how propagation properties elegad to typical characteristics of the riverg(slope, water depth). As

shown in Figure 8 the dependency of the attenuatefficient to frequency do not follow a simplevla

At low frequency, acoustic wave propagation shdaddaffected by wave guide properties. The riveldtye considered as

an acoustic wave guide where sounds are partlpédpetween the water surface and the river bedy(@eal., 2017b): this

problem is known as the Pekeris waveguide. Themigti in a perfect medium without attenuationcé@n be shown that
30 acoustic waves having frequencies lower than theffciiequency are exponentially decaying with orital distance (Jensen

et al., 2011). The cutoff frequenéyiors (Hz) is dependent on the wave guide charactesistiater depth and sediment layer

acoustic properties, as shown in the following ¢igua
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Whereh is the water depth (mjs andcw are sound celerity (m/s) in the sediment layer iandater, respectively. Cutoff
frequencies have been estimated in each riversgynaing a fixed sound speed of 1600 m/s in thevsadtilayer and using
the mean water depth monitored (Figure 8b). Esgthatitoff frequencies are approximatively locatesliad the minimum
of the observed attenuation coefficient. Our apii@ precisely determine a cutoff frequency is tedi First, the acoustical
properties of river beds are unknown, dependingtbalogy, sizes, porosity and heterogeneity of theterials constituting
the river bed. Secondly, the water depth is nostaoTt over the investigated sections but vary fileenbanks to the middle of
the river. For those reasons, cutoff frequenciesranghly estimated and do not perfectly corresponithe observed local
minimum of attenuation coefficient.

The variation of attenuation coefficients at higlfiequencies is here discussed. As attenuationeptiep are frequency
dependent, it is common to characterize the att@muian mediums by giving a value of the attenuat@oefficient per
wavelength (eq. 5). Attenuation coefficients pawvelength (nepers) are presented in the Figure feefiguencies higher than
the local minimum o& (nepers/m). Except for the Isére river, we careolisthaiz is almost constant with frequency, which
in turns means that (nepers/m) varies almost linearly with frequerféipally, each river is characterized by the averzajee
of ax and is compared to river characteristics (Tabl&igure 10). Looking at the relationship betweerand the slope
measured at the local reach (i.e. 100 meters dogsamstand upstream from the bridge where experinveets undertaken),
we can observe that there is good correlation:édrigiitenuation coefficients were obtained for steejvers. As for slope,
surficial granulometry of the emerged bdbg4j are also well corelated to: larger roughness (i.e. largess) induces larger
attenuation of the acoustic waves. Surface velamitwater depth seems to be less robust explanatoigbles ofz.. The
value of typical nondimensional numbers has alsmltested. The ratio of the water depth oveBthend the Froude number
were used by Tonolla et al. (Tonolla et al., 200®10). They found that they were the main hydrogapimological variables
explaining the differences in passive acousticalgm field experiments. Small ratio of the relatsubmergence (i.e. small
h/Dss) of bed roughness induce breaking waves or wétegng directly in the water column, entrainingobies in the water
column. These hydraulic mechanisms are source®isé rgenerated by oscillating air bubble in theewablumn as it is
observed for breaking waves in marine environmBeiafe, 1997; Norton and Novarini, 2001). In oudgfientrained air
bubbles could explain the increase of attenuatémificient in rivers having rough beds. It is indderown that the presence
of air bubbles increases the attenuation of acoustives (Deane, 1997; Norton and Novarini, 200lgahse of the
heterogeneity of the medium constituted of watet @nwhich have very different acoustic impedanééso, as observed in
flume experiment (Wren et al., 2015), the bed roegs itself is a source of attenuation, larger moegs involving higher
attenuation. Finally, both processes, rough bouesand entrained air bubbles could explain ouenlsions by causing
concomitantly higher attenuation of the acoustiveva he river bed roughness should be the besacteaistic enabling the
prediction of acoustic wave propagation propeiitiesver. However, this parameter is not easy t@suee. It is sometimes
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difficult to access to the riverbed and surfacergsize distributions are known to be variablepase. The local slope of the
reaches is easier to measure and, even if lessmgéainshould be a more robust parameter to ipfepagation properties of

a river.

4.2 Recommendation for monitoring bedload with hydophones

This study was done to improve our ability to betise the measurements of bedload self-generaisd morivers. This
section aims at giving an example on the use ehattion coefficients in a simple case. Let us iciemsan infinite river bed
with a homogeneous repartition of sound sources theeriver bed. Bedload impacts generate a constaficial spectral
power notedPSDs (LP&Hz/n?). If sound sources are random and independene rsmigrces (Thorne, 2014), the acoustic
power measured by a hydrophone can be writtersasneof the power of all sound sources:

“2PSDs(H) (8)

PSDy(f) = f — ~2aN2mrdr
d

WherePSDr is the spectral power monitored by a hydrophone fixed position (uP#Hz), h is the water depth (m}l the
distance of the hydrophone above the river bedafdy the horizontal distance from the hydrophone (mynfFequation (8),
it follows:

21PSDy(f)

e-2a(f)d ©)
ha(f)

PSDp(f) =

Considering that 0g<<1, it follows thatPSDn is inversely proportional to the attenuation cim&ht. This has several impacts
on the use of bedload monitoring using passive stemu First, as the attenuation coefficient cdaédsariable from one reach
to another, the acoustic power of bedload SGN cbeldariable from one reach to another even ifdeatifluxes are similar.

Secondly, as observed in Figure 8, attenuationfictefts are variable with frequency. It means thatfrequency content of
bedload SGN spectra is modified by propagatiorcédfavhich in turns means that the shape of magdtspectra are not only
related to grain size distributions (Petrut et2018; Thorne, 2014) but also to propagation prigeerTherefore, in order to

estimate grain size distribution, measured spesttoaild be corrected by propagation effects befoyeimversion procedure.

For example, a better estimate of the sound gestttt bedload transport could be done by multigjytre monitored sound

pressure levels by the attenuation coefficiert Q):

PSDs(f) ~ a(f)PSD,(f) (10)

10
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This simple operation enables us to get an unbismsaburement of the sound generated by bedloadim@and therefore a

more robust proxy for bedload transport monitoiimgvers.

5 Conclusion

A simple model for acoustic wave propagation irersrhas been investigated in this study. It comsitieat the power of
acoustic waves decreases with distance by spreagffiegts (cylindrical or spherical models) and wih additional
exponential term including other propagation eBd@t.g. volume attenuation, scatter by rough bouesla The model was
used to interpret the attenuation properties abretrolled sound source in several rivers havinediint hydrogeomorphic
characteristics. Our tests were not able to diatslgwhether spherical or cylindrical models shamédused, both models
being valid. The exponential attenuation coeffiti@nin nepers/m) has been found to vary with frequearay with the type
of river considered. Two types of attenuation reggnhave been observed. Below the cutoff frequenbich is inversely
proportional to the average water deptldecreases with increasing frequency until a logalmum is reached. Reaches with
large water depth should therefore be selecteddorg passive acoustic measurements. Above thé maicamum (i.e. the
cutoff frequency), attenuation coefficients inceea@most linearly with frequency. The higher freeye regime has been
characterized by a constant attenuation coeffiggentvavelengthe; in nepers). It has been found thatvas well correlated
to the slope of the river-bed reaches, wheres higher for higher bed slopes of the river. Aghhfrequencies, attenuation
properties seem dominated by processes relatduetavier-bed roughness, including the entrainmérgiobubbles in the
water column and scattering effects on rough boteslaAs shown in the discussion, the acoustic pawnenitored by a
hydrophone, in a fixed position, is almost inveysptoportional to the attenuation coefficient agigen frequency. As
consequences, the spectra of bedload SGN thateargumed in rivers are modified by the variationatténuation coefficients
with frequency. As attenuation is higher at higkgfrencies, acoustic signals that are monitoredtydeophone are shifted
to lower frequencies compared to the sound realyegated by bedload impacts. As shown for an igledlcase with an
infinite riverbed and homogeneous bedload sounctssy the real sounds generated by bedload castibeated by correcting
the hydrophone signal by the propagation laws ofiatic waves in rivers.
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Tables

Table 1 : Field site caracteristics

Earth Surface
Dynamics

Discussions

River Local Width of GSD of Date of field Water mean mean suspended
slope the cross- emerged  experiments discharge water surface sediment
(%) section (m) bars (m3¥s) depth velocity concentratio
[Dso-De4] (m) (m/s) n (g/L)
(mm)
Arve 0.75 14 [70-120] 2017/06/27 38 1.25 2.3 0.35
2017/06/29 29 1.1 1.95 -
Grand- 0.7 13 [30-66] 2017/04/12 5.5 0.35 1.5 <0.05
Buéch 2017/05/15 125 0.55 1.85 <0.05
Isére 0.05 60 [23.5-36.5] 2017/03/08 171 24 - 0.1
2017/03/28 150 2.3 - 0.06
2017/06/06 237 2.8 1.85 0.6
Leysse 0.1 18 [39-68] 2017/03/09 17 0.95 1.2 <0.05
Romanche 0.13 33 [20-39] 2017/06/14 55 1.2 1.85 0.14
Sarenne 0.13 8 [4-8] 2017/04/05 13 0.3 0.7 <0.05
Séveraisse 1.0 125 [32-75] 2017/04/25 5 0.4 1.8 0.0x

Table 2 : Average results over frequency of the paraeters of the fit using cylindrical geometrical speading

River o Corr. coeff. of the fit Residuals Maximum distance of
(nepers/m) (r? (dB) the monitored chirps
(m)
Arve 0.27 0.6 6 12
Grand-Buéch 0.15 0.7 4 25
Isére 0.009 0.4 3 77
Leysse 0.036 0.8 2 39
Romanche 0.022 0.5 4 55
Sarenne 0.082 0.8 5 57
Séveraisse 0.28 0.7 5 19
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Figure 1: (a) schematic design of the test charagteing the system of emission; (b) photography ofte immerged system in the lake
5 of the Bourget (France).
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Figure 2: Power Spectral Densities (LP#Hz) of the logarithmic chirps emitted by the loudpeaker.
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Figure 3: (a) Drifting board sharing the hydrophoneand the acoustic recorder; (b) Drift trajectoriesof the recorder during the
measurements.

17



Earth Surf. Dynam. Discuss., https://doi.org/10.5194/esurf-2018-80 Earth Surface
Manuscript under review for journal Earth Surf. Dynam. Dynamios
Discussion started: 12 December 2018

(© Author(s) 2018. CC BY 4.0 License.

Discussions

PSD
(dB re 1uPa?/Hz)
150
~N 100
L
b
%]
c
@
&k
g ] 50
I ! ]
10°L | / ]
i Ul i
0 0.2 04 06 08 1
time (s)

Figure 4: Short-term spectrogram of a chirp monitored by a hydrophone in the Leysse River. The black lgs indicate the octave
band centered around the instantaneous frequency difie theoretical logarithmic chirp.
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Figure 5: Measured acoustic power (P in function of the distance between the hydrophamand the active source. Results obtained
in the third-Octave band centered on 1 kHz. Spheril and cylindrical fits are in thick lines.
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Figure 7: Power spectral density of the source powdP@im in pP&/Hz) estimated with spherical and cylindrical modes for all
experiments made in rivers and measured in the Boget lake.
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Figure 10: representation of the attenuation coeféient per wavelength . in nepers) in function of river characteristics: @) local
slope (%); (b) average water depth (m); (c) surfaci Dsa (mm) of the closest emerged bars; (d) average sade velocity (m/s); (e)
ratio of water depth (m) over surfacic B (m); (f) Froude number.
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