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Abstract. Monitoring sediment transport processes in rivers iparticularinterest to engineers and scientists to assess the
stability of rivers and hydraulic structures. Various methods for sediment transport processes description were pr@gposed usin
conventional or surrage measurement techniques. This paper addréssdspic ofthe passive acoustic monitoring of
bedload transport in rivers and especially the estimation of the bedload grain size distribution fgenesaifed noise. It
discusseshe feasibility of lirking theacoustic signal spectrughape to bedloagrain sizes involved in elastic impacts with

the riverbedtreated as a massive slab. Bedload grain size distribution is estimateegoyeaizedalgebraic inversion scheme

fed with the power spectrum gty of river noise estimated from one hydrophone. The inversion methodelag/upora

physical modethatpredicts the acoustic field generated by the collibietween rigid bodieddere it is proposed an analytic

model of the acoustienergyspectum generated by the impacts between a sphere and a slgtropbsednodelcompute

the power spectral densitf bedload noise usings alinear systemof analytic energyspectraweighted bythe grain size
distribution The algebraic system of equatiémthen solved bieast square optimization and solution regularization methods.

The result of inversion leads directly to the estimation of the bedload grain size distribution. The inversion methdéedas app

on real acoustic data from passive acoustigseriments realized on the Isére River, in France. The inversion sifu
measured spectra reveals good estimations of grain size distribution, fairly close to what was estimated by physical samplin
instruments. These results illustrate the potenfigh® hydrophone technique to be used as a standalone method that could

ensures high spatial and temporal resolution measurements for sediment transgog in r

1 Introduction

Sediment transport analysis in river catchments are one of the key actitifidated by the European water framework
directive (European Commision, 20073nd also applied in French environmental policies. Climate changes and
anthropological actions impact the sediment transport in raweais that iproduces changes in the river morphology avay

put at risks ecosystems and hydraulic structues®ntually One of the major concerns of sediment transport in rivers is
determining the total discharge of bedload transf®ray et al. 2010) Bedload transport models are highly sensitive to
incipient motion which is directly related to ver bed grain size distribution (GSD). Bedload GSD is linked to both surface
and substrate GSDn his paper(Parker, 1990ronstruceéd a two sizefraction transport model, assuming thae bedload
GSD is identical to substrate GSD, for stable armored bed ravetishecomes identical to surface GBBereverthe armor

is destroyedThe development durfacebased and mixedize transport modetorcerned mangcientistyHeimann et al.,
2015; Kuhnle, 1993; Parker, 1990; Recking, 2016; Wilcock and Kenworthy, 2002; Wilcock and McArdell, K88&)ng
thebedload GSD solves the problem of initiation of motiod,aherefore, enhansthe accuracy of transport rate prediction.
Therefore, measuring bedlogshdsnot onlyto transport rates but aldo bedload GSD to calibrate modgRarker, 2002;
Wilcock et al., 2009)However, obtaining bedload samples during exceptional hydraulic eneydedifficult by using
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traditional bedload sampling techniques (e.g., presdifierence samplergBunte et al., 2010)To measure a wide range of
dischar@ flows, the scientific community has been interested in developing indirect, or surrogate, methods that achieve
continuous measurements no matter the hydraulic cond{fgnay et al., 2010; Hubbell, 1964)Jhis paper is dedicated to the
monitoring of bedload GSD using the acoustic noise naturallyrgesteby bedload transport in rivess-called the bedload
Self-Generated Noise (SGN)

Acoustics srrogate methods are divided in two categories: active and passive m@haylet al. 2010; Hubbell, 1964)
Examples of active methodeegthe acoustic Doppler current profile, al{Bennie and Millar, 2004pr the acous: mapping
velocity techniqugMuste et al., 2016)Active methods use emissions of weln o wn si gnal s but, act |
knowledge, no active instrument was conceived to estimate bedldadB@Sides, the major problem of the active instruments
is that they do not properly betegturing high flow dischargesThis is why the passive instruments are preferred instead of
the former. These instruments use seismic or acoustic signals generbéetidayl particle impacts. Recorded sigralstain
information on both sediments impact rate and bedload particles sizes. One of the most used technique consist ineecording tl
signal of particle impacts on steel objects like plgRiskenmann et al., 2014; Wyss et al., 201@dpes(Mao et al, 2016;
Mizuyamaet al, 2010)or column pipegPapanicolaou et al., 2009ther passive instruments consist iredtty recording
bedload SeGenerated Noise (SGN) by using passive acoustic monitiiAlyl) (Barton, 2006; Bedeus and lvicsis, 1963;
Geay, 2013; Geay et al., 2017a; Thorne, 19&8aeismic monitoringGimbert et al., 2014; Roth et al., 2016; Tskak,

2012) Measuring bedload GSD with passive methods has been achieved usin(Balatése et al., 2015; Krein et al., 2014;
Rickenmann et al., 2014; Wyss et al., 20016r pipes( De | | 6eha.n261g;eMizuyama et al., 2010; Papanicolaou et al.,
2009) and SelfGenerated Noise (SGNgeay et al., 2017a; Johnson and Muir, 1969; Jonys, 1976; Thorne, 1886is)ng
experimental laws of calibration. Concerning seismithogs, bedload GSD measurements were not yet propssedirect
application

The existence of a link between the GSD and fé#suresof vibrational signals has been demonstrated in several
experiment¢Belleudy et al., 2010; Bogen and Mgen, 2001; Krein et al., 2008; Turowski2051) By couplinggeophones
with steel plate¢Barriére et al., 2015; Wyss et al., 2016a)duced composite power lawy linking both peak amplitude
and peak frequency to the grain size. Using thadese pipgMao et al., 2016proposed an empiricatodelbased on muki
channel recorded amplide ratios to estimate different percentiles of grain diamegs Dso and Dgs). The only metric
exploited inthis kind of measurements is the amplitude of shoclksteristructures. Thus, these passive techniques involving
shocks on steel structureffer high quality signal, or signdb-noise ratios (SNR)The analyzed physics is the saasén the
caseSGNmeasurements by PAM/hich is the rigid body radiation causedhmsrtzian impaa between sedimenis the case
of SGN measurements, unlike teteel structure impacts measuremetits SGN signal amplitudeare not usable for grain
size inversiorbecause of thessuesconcerning thesound propagation throughout treach(the amplitudes depend on the
distance between the shocks and the hydroghdrhis makes the amplitude a futile metric to infer gisize information
from SGN signals.

Several studieis the fieldhighlighted that the frequency content (i.e., spectrum shape) of SGN signals is heavily dominated
by grain sizes. For exampldpnys, 19763howed by laboratory experiments with ceramic spheres that spectral peak frequency
is linked to sphere diameter. The author found a peak frequatputd kHz for 19 mm-diameter particlesat 2.2 kHz for
the 38 mmdiameterand1 kHz for 75 mm-diameter This means that a doubling of grain size is almost equivalent to halving
of peak frequencyExtensive researches on GSD estimatignSGN recordingswere made byThorne, 1986bjvhere he
presented two strategiésr inversion ofacousticspectra to estimate GSD. Results were encouraging aswe&broughly
estimated. These techniques are based on experimental measurements that have been made in a rotating drum with spec
conditions that are different from the conditions found in rivers (e.g. impact velocities, acoustic propagation). Essides,
inversion techniques raise issues because of the broadband nature (shape) of spectrayréfcemfeedimentsThe author

himself assumed that this was the major cause for inaccurate estimations of GSD from composite spectra.
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This paper proposes anversion method that sols¢heissue of spectrum shapadwhich accurately estimates the entire
bedload GSzurve Thisproposednethd is conceived tbe transferable to a large set of operaticoatexs. The procedure
of inversion is based on a physical direct model which is presented in the first part of this paper. In the second part, the
inversion algorithm is presented in the form of a technique for solving least square (LS) preftterasregularizatio
condition about the positivity of GSD curvBimulated acoustic spia and their inversion atesed to test the robustness of
LS methods to measurement uncertainties. In the third part, the LS inversion algorithm is applied on field measurements don
in the large gravebed Isére River, France. GSD estimated with our method are compared to GSD measured with a pressure
difference sampler. Additionally, the cressctional variability of bedload GSiB analyzed using both, acoustic and direct,

measurementsFinally, results are discussed to give a technical overview on the proposed inversion method.

2 SGN model
2.1 Analytic model of Hertzian impact between a sphere and a slab

This section deals witbpectraimodeling oftheimpact betweea sphere and slab(Akay and Hodgson, 1978unter, 1957)
becausghe main assumptioof this study ighatthe acousticef gravel is described by impadistween bedloadediments
and theriver. To prove thevalidity of our mode] the study includes some comparative facts with the sysipdrerespectral
modelof (Thorne and Foden, 1988)

As a brief introduction hte collision between bed particles radiates energy, such a rigid body radiation phenomenon is due
to both vibrations and accelerations. These processes are very wedltesgpeith respect with their dominant frequencies,
such that the spherical mode vibrations generates much higher frequencies than the acdeseatisoun¢Barton, 2006;

Thorne and Foden, 1988)he acoustic effect of accelerating rigid bodiephysically modeled by(Kirchhoff, 1883) A
frameworkwas constructed byGoldsmith, 2003; Hertz, 1882; Hunter, 195@) model acceleration profiles from elastic
impacts between two solid rigid bodiee two spheres or a sphere and a diala mathematical senghbe acoustic pressure

field generated from thacceleration of a rigid body is evaluatedhwintegral convolutiorfrom Eq.(1)(Akay and Hodgson,

1978 Koss and Alfredson, 1973; Thorne and Foden, 1988 integral consists of the convolution betwé®K i r ¢ h h o f f ¢
impulse responsp andanacceleration profilé. In the case of elastic (hertzian) impactsdhbeeleratioroccursduring the

impact and saheintegralis evaluated by intervals with respectacontact duratiofc. The contact duratiom. is modeled

byHer t z 6 s Ipatim asamplified form iniEg. (2),for bothspheresphere andphereslab impacimodels

p(t) = ) p, (1) BA(t- t')dt @
T, =JO(z )**au,2? )

where 6 is the ti nméthd nt eirioag @ 8, & B>y vath Uatdélayed time due to sphere

geometryU=t - (r - a)/c, r is the distance between the observation point and the impact, see also thebFajisithe radius

of spherec is the sound celerity andis material density andimp is the impact velocity. The parameté? is a constant,®

= 9.229 for the impact between two spheres of same radii8mrd10.601, for the impact a slab and a sphere. The parameter

6 =3)(/Eepng is a materi al par amet er EgpahdthetPoigsanmatiei ns t he Yol
The general fam of acceleration profile is provided by (Goldsmith, 2003) and it is rewritten imdied form for

both spheresphere and sphegtab impact models, see the Eqg. (3).

e U & tod
J?P ™singy—q 0¢teT
=7 1, Tl : ©

Al) =1 " 5
| 0, t>T,

where the constant? = 1.5708, for sphersphere impact and? = 3.353, for spherslab impact.
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The first important observatidinom the Eq. (3)s the half-period sinusoidaform of the hertzianaccelerationThe two
modeled acceleration laws show close frequencies astistant @ fromT.6 s f dsrnatdrdmaticallydifferent from one
case to another. If the frequency of acceleration of spdprere impact is 1000 Hz, then the frequency of acceleration of
sphereslab impact i909 Hz which is almost only 20 of deviation.The maximumamplitudeof acceleration for the impact
between two spheres of radiass almost two times less than thmpactbetweensphereof radiusa and aslaly considering
the saméJimp andTe.

The integral convolution in Eq. (1) isansformed intamultiplication in the complexFourier space Thus, analytical
magnitudespectrunof the noise frontherigid bodyaccelerationFac, is given in Eq. (4a)

Facd¥) = F(pi(1)) F(A(1) (49)
where
F(p)i istheFourier TransformET)o f Ki r c hh o f f 6 g (Kosspnd Alsedsorn, B E3proasphere of radius
defined in the Eq. (4b),
F(A) Tthe FT ofhertzian acceleration due to elastic impact between two isatiesand same matial sphereglefined in Eq.
(4c),andy i s the angul ar frequency which is a measufifsthef r o

linear frequency, a measure afmber of occurrences per second

3 2 2 H
F(p) = rac. . . 2c”- (na)” - j2uac o (4b)
re ( )[Zcz- (1/1451)2]2+(21/1,ac)2 >
U 4
Fa)=J® —— (" +1 4
“ pz_ (WTC)Z( ) o

ji imaginary unita n ® =+ fforsphers pher e i Mp a &t 20oégphkreskab impact.

The case of spheidab impact is treated belows we know, the nature of hertzian sound is the oscillation of rigid solid
andsothe source has a character of dipole source,shiswnin theFig. 1b. Hence, the amplitude of an oscillating sphere is
dependent on the abserm and the phase of the aciupressure field changes by 180Uat 90°, i.e. the rarefactiowave
changes into a compressisaveor viceversa In the case of the sphestab impacshown in Fig. 1bthe total pressure field
is modeled asheadditionbetween theompressionvaveandthe slabreflectedrarefactionwaveof theacoustiadipole Thus,
the addition becomes a subtraction because the reflemtefhctionwave does not shift in phase 8wre are two waves
(compressiommndrarefaction arriving to the sensor almost imet same timéAkay and Hodgson, 1978 This phenomenois
also model in acoustics hige method of images or mirrom8here it is considered thttere is like a mirror of theimpacting
particle emiting therarefactionwave.

The same subtraction is applied in the case of complex specisain the total spectrufi, Eq.(5). In this formulathe
first term of the right member is attributedtte impacting sphere whereas the second term pertains to the fiiredime
delayTqof soundarrivad ue t o di st ance of me asmakes timt the twoaerndo netpdrfectlye 6 s
cancel oubr do not arrive in the same time at the sens

Fim(¥) = Facd¥)- Facd¥)€l¥ T4 (5)

Introducing Eq. 2), (3) and (4&c) in Eq. (5), one obtains the complex magnitude spectrum of the impact between a sphere
and a slab. Téspectrumcontainscomplexnumbersso one appliesthe multiplicationof the spectrum and its conjugdte
computethe magnitudes oénergyspectrumgg. (6)

[Fim[? = Fim' Fim" (6)

whereFim is the complex conjugate &fm.
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The quantity{Fim|2from Eq. (6)is noted as in the Eqg. (7) by E and its unit of measurem@atsHz L. Thus,the

analytical modebf impactused in this paeris an energy spectral denségd it will be used to inverse acoustic spectra

measured in the field

E(¥)=IFim[ 7)

An example of analyticalhodelcomputedn time by (Akay and Hodgson, 19F7&ndreformulatedin the Appendix A2js
presented in thEig. 2a. The impacting sphere ha@ mm in diameter, the material is granite andithpactingvelocity is1
ms?. The shape of waveform is approximately one and a half peringad. It is observed the subtractifrihe two pressure
fields,the rarefaction and the reflectedmpressionwave fields |t is also important tmotice that the first arrival to the sensor
is thecompressiorwave Thereaftey the aher partof the acoustic dipole (tharefactionwave), arrive with thedelayTq to
the sensorThe power spectrum density modeladEq. (7)is shown inFig. 2b. Here, the spectrum hagéncipal lobe and
numerous side lobes. The principal lobe has the peak at the frequency of approximitvely)land the side lobes are
approximatively associated with thermcog¥ T¢), alsoobserved byThorne and Foden, 1988)

In Fig. 2c it isshownthat the frequency peaks spectra from both types of impact modetdecreasingvith the spher@é s
diametes (from 1 mm to 150 mmps experimentally observed(ifihorne, 1986h)Frequencypeakas function ofliameteD,
in the case of sphestab impactf,eafD)=aDP", is givenin the case ofthree impact velocitiedJ)imp = {0.01; 0.1; 1} ms-. The
exponents of the regression laws proveseitaetinverse proportionality betwedpacandD. Besidesthe power peakand
peak frequencies increader a certain diametewhen the impact velocity increases. There is only a doublifigsefvhen
Uimp changes bynorder of magnitudeThis is also proved by the formula of Eg. (2)lefalmost the recipreal offpeay) Where
the parametedim is raised to a weak exponent-0f2.

The foeakin the case of spheiphere impact, modeled for impact velodityy, = 1 ms?, is higher than in the case of the
sphereslab impact. Herghe analytical model of sphesphere spectrum waemputed using thEq. (4a) and(5), with the
two pressure fields auditioned instead subtracted.gites the same results as the spectral model from the @@dmene and
Foden, 1988)To give an idea, 450 mm-diameter particles in sphesphere impact has spectrignx= 1700Hz, see detail
of Fig. (2¢), whereas sphestab impact hakeak= 1500Hz, so the200Hz represents circa 15% of variatifsam one scenario
to another.

It is worth to mention thdtlimp greatly influences the power pedkthe former is changed byne order of magnitud©n
the other hand, the power peak of the spispteere impact is slightly weaker than the spistab In this paper, we choose

to use a slab model to model bedload SGN as it simplifies the inverse problem. Indeed, the task of determining the dimension

of impacted particles is skipped. Therefore, we consider that the riverbed could be modeled as & $igpothlesis could

be supported when the riverbedaisnouredor paved, but may be false when the river bed is totally mobile and when the

impacts between particles differentdiametes arevery common.

2.2 PSD model of the SGN generated by a mixture of sidents

In the previous sectiothe analyticenergy spectral density 8P) was defined fotheimpactbetweena sphere and a slaln

this section, we model thower spectratlensity PSD of a sedimentmixture using these analytiESD and the impactte

of each class of diametesr the number of impacts per secoAdsuming that particle collisions are random and independent

noise sources, theodel ofthe PSDof a mixture noted byP, can be expressed as a linear summation céldraentaryESD,
noted byE; (Johnson and Muir, 1969; Jonys, 1976; Thorne, 20biyhted by the impact rate Theacoustic bedloathodel
under discussion is defined time scalar formin Eq. @) andthe matrix formin Eq. (9a).

Pzé E, O, ®)

i=1
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where @ is the dictionary of elementary ESD of i mpac

diameter class or, basically, a histogrdrhe class takes integer values, from the lowest limit, 1 mm, to the highestkone,
mm, whereK is the largest diameter considered in modelling. Here, the studies corsielgusl to 150 mmThe parameter
NFFT is the number of values contained in the spectrumeandimber of Fourier Transform points on which the spectrum is
modelled.

The histogram can be transformetht he probabi lity mass function oTheby
cumul ative f or m o fThus, omeiofltHe maiassumpton i this thdsis ik thal the Eq) @an be written
in terms of probabilities, as in the Eq.9b):

P=DW (9b)
w h e rrepresents the probability teave a number aimpacs of particles per secorfidr thesize class.

Therefore, lhe random variabléere isl a n d 2 probability of Bnpacts and sothe quantitya(l = I;) a discrete
probability, given thatve operate o size classes ofthm diameterThis probabilityis computed from histogram of numbe
of impacts per second so one needs to transforms it into a histognaasof sedimentsl, to be compatible with the
measured GSD by physical samplihgconsequencey I(= |;) will be scaled by, asintheEgi0 i n ordeM t o
=m). Finally, thegrain size distribution (GSD), or tleimulative distribution forno f m, vall be im(M O ), erpressinghe

probabilityof sediments finer thab;, asdefined in the Eq. (1L
g.M=m)=k@( =1)D?, i=1.K (10)

G, (Mem)=8 g, (M=m), |=1..K a1
whereD; is the diarl1:|1(ater in(marml i s a constant whvolanme formulacbelidgentmauding the f  t
material density.
This section gavea formal definition to the PSD of a bedload size mixture defined by its GSIhe proportions are
considered to be a probability mass function (PMF) of#lbe of impactsThe size classes concerned in this study are integer

numbers, from 1 t&, with a resolutiorof 1 mmper size class

2.3 Global Sensitivity Analysis of the spectrin generated by a mixture of sediments

This analysis was done to determineithportance ofnput parameteren theshape of the PSBhodeled with Eq. (8). The
parameters are defined in TableGlobal Sensitivity Analysis (GSA) is made to assess the itrgfdanput parameters on the
model output which in our case is the peak frequemgy« of spectra modeled by Eq.(98)e use thé~ourier Amplitude
Sensitivity Test (FASTJCukier et al., 19730 computes the first ordeiindices ofsensitivityS for each input parameterhe
coded version of FAS@algorithmis presented ifCannavd, 2012)

The flowchart of the GSA is presented in theig. 3. The FAST analysis uses the typical range of parametaind in
rivers,definedin the second column of Table 1. Tihputlog-normal distributions (GSD)avemediandiametewalues in the
rangefrom 1 to 150 nm and standard deviatioiisirom 0.01 to 10All other input parameters needddr the model inEq.
(9b) aregivenin Table 1 As theoutput model analyzed is the peak frequefpey of thesimulated PSD curves, tlamalysis
does not claim to completely describe the méelt per ti nent i deas could be drawn

The results in tersiof first order indices angresented in Table Zhe standard deviatiol of log-normal GSDhas the

gredest influence on the PSD shafis isbecausel affects the values of all percentilesthe GSD curve The mediarDso
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is almosttwo timeslessimportantthantl. The thirdgreatesparameter agdegreeof influenceon outputis surprisingly the
Youngos modul awryWwidetrange bf vaduebdrabgn, =L é 7-10'°P3 i.e. from quartz to granite materipls
Such variation is ngpossible at the reach scale, where the sediments are of same materiahp@ct velocityJimp cOMeSs
shortly after Youn g &enclusionbitHprewouslatal analysis, thélw hassca.i0bo ef importarce
in the output Another reléively influent parameterarethe P o i s satoraiddsdensity of sedimentashich means that the
type ofmaterial also plays a role dine dynamic®f thefyeak The distance of measuremenglsoplays also arole inthe fpeax
variation The angle of the point of observation with respect to the imgdaahd the propagation medium propertjeandc,
are considered of | ifeek |l € i npuence on the values of

In conclusion, théirst orderglobal sensitivityanalysis on thpeak frequengshowsa comprehensive view on its dynamics
with input parameter variation. It is found that gfeak frequencis the mainhaffected bytwo parameters he di st r i b u
standard deviatioandthe median diametetogethemrmaking outcca.65% of outputvariation, whereathe materialproperties
(i .e., density, Poimegamdstccar28% atiwe impatielacityt)in, mescdau 10%. B fonclusion,
the acoustic model is quite complex and care must be taken regarding the redotftgngoover spectra on the field, as their
shape heavily aff# the estimation of GSDAIso, the impact velocity is regarded as a minor factor of uncertainty and because
it is almost impossible to be measured for each grain size clas§%hentertaintyon peak frequency is almost unavoidable
The material properties should not be a problem with the condition that the sediments are the same. For a comilete GSA, t
computation of high order sensiti vi ({Sdol 2001 buttsstypeohamalyie ma
is beyond the scope of this article

2.4 Hypothesis on the proposed PSD model of mixed impacts

Modeling of single impastrequiresdefinition of parametergypical for river environmentin Table 1.Using theglobal
sensitivity model, it has been shown that PSD shapes are esseinfilancedby four parametersthe shape of GSD curve,
the mediardiameers of the colliding particles, thmpact velocitiesand the materialGrain sizes are estimatéderusingthe
inversion algorithnpresented in theext section$ecton 3). Concerning the other model parameters, as they are not affecting
the PSD shape, they will be fixed for the inversion process, using realistic values. These parameters arthésted in
column of Table 1 The main hypothesis &GN spectrunmodel are the following:
. The geometry of t channel and of the materiahetriver bed is considered as a massive slab and moving
particles are considered as spherical.
Il. Sediment transpbassumptionsnipact velocities are assumed to be invariant with grain size. This assumption
is supported by the relative size effects on bedload tran@pimtein, 1950Recking, 2016; Wilcock and
McArdell, 1993)referringto mobility of finer and coarser particles.
. Acoustic propagation:
I asthe bedload GSD is assumed to be homogeneous everywhere in the space, the propagation effects lik
the attenuation with distan¢geometrical spreading models) will not impact the spectrum shape;
1 the attenuation due to diffraction from bed and water surface roughness or from the suspended sediments
is not consideredThe issue of the nelinear propagation will be detailed in thesdiission part of this

paper.

3 Inverse model to estimate GSD of bedload particle

The inversion usekeast SquareLS) optimization methods to compute the inverse of dictiomaformally K < Neer, SO

is a nonsquare matrixMoreover, the matrixpis possiby rank deficientbecause thepectra generated by impactscofrser
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show very similar shapes, that is, the coarser the particle, the more similar is the producediswaiso shown in the
Fig.(2c), where one could observe that the high diamietpact spectra are highly similar both in shape and amplitide
this situation the pseudeinverse algorithnis used to solve the algebraic systenthefEq. (9b). The optimization problens
defined asn the Eq. (L2). The leastsquare solutioto this problemis the PMF ofr at e o f . Theregtimated #MPois
further transformed into the final GS& mass of sedimentcording tdeq. (10}(11).

gl =1)=mi ni miPia( @ (12)
whereD" = (D CID)1 @ is the pseuddnverse,gd means the transpose mhtrix gp

TheEq. (19 conveyshe idea of minimizinghe error between the model and the measureréig minimization

operation is realized in the sense of the least square optimization.

3.1 Numerical test ofthe LS method

A simulation case is proposed here to test the robustness of the LS imattssd. The simulated PMFor grain size
distribution,om is uniformy distribuied between 10nmand 50 mm. The uniform distribution means that 1 kB ef 10 mm
hasthe same probability of producing impact noise as 1 kg sf11 mm, and so oi.o obtaino, the simulatedPMF oy, is
converted backo impact ratedy dividing byD?, D in m. Using animpact velocityof 1 ms* andtherest ofinput parameters
defined inTable 1,the simulatedPSDP is shown in Figda. Here, he dictionarygpcontainsspectrafrom 1 mm to 50 mm
and the grain size distribution has 1 mm resolutipplying the Eq. (2) on the simulatedpectrumand considering exactly
the same parameters in modelleagdi n si mul ati on it i si sf oeuxnadc ttlhyatt hteh es,aenset ia
as it is expectedee the Fig. 4b.

However, if the impact velocity used in modelling the dictionanets¢s a valueWimp = 0.1 ms') which is different than
the one used in simulatiobli,, =1 ms?), then hgh instabilities are observemln t h e e,sdeiFig14chés dexplained
by the fact that there is lsigh similarity between theslementary gectra E especially for the largesize classes. Thughe
matrix gis ill-conditionedand theproblemssill -posed. Illconditioning islinked tothe high condition number of the normal
matrix ). It is defined as the ratio between the largest and smallest eigenvalues of a matrixcénditibnedalgebraic
systenrequires that the normal matrix should have a condition number as close as possiBieaiogl 2009)In these tests,
gps condition number r eac Hd@ Irmcongesuence, thenelas spectrdrom the matrikgal e 1 0
producehigh instabilityin solution

To avoidthe instability in the LS solutiothe NonrNegativeLeast Squares (NNLS) algorithfbawson, 1995)s proposed
to solve the LS problenThisoptimization algorithm, Eq.1@3), casts nomegative constraints on solutionThe nornegative
factorizdion is widely used, for example, in various domains like image processing or chemometrics. ‘Effesids# using
this algorithm is the sbng regularization of solutiorThe regularization aims to keep the sum of componerigamstant.
The solutionof the NNLS algorithmsee theFig. 4c, shovs that the instabilitiesare completely removed ofBesides, itis

important to note thdhe estimated diameteese inside the simulated intervaldibmeters
1 =1)=mi ni miPi 8),(&bh0 13
3.2 Robustness of the NNLS algorithm to PSD noise

The signal processing tools in this paper refers to using the Power Spectral Density (PSD) as the method of spectra
representation of bedload signal. The use of PSibithwhile because the type of bedload signal is a stationary random one.
Random stationary signals are signals varying in time but whose average and standard deviation of amplitude values over son
fixed periods are constant.

A particular concern for thgignal processing of random processes is the minimization of the variance on thEhRSirk
makesuseof the periodogramlgorithm for thePSD estimation, which means the Fourier transisrapplied onocal portions

(windows) of random signal, witlin overlap of 50%gndthenthe local results are averagadarrow bandwidth@Oppenheim
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and Verghese, 2010)heaveraging is useful because it mitigates the variance on the PSD. In this work, the quality of spectra
is vital for accuracy of estimations. The uncertainty principle tells us that the smaller the temporal windgneatbghe
uncertainty in locating two very close frequencies on the spectrum, so a trade must be made between the PSD variance and
spectral resolutin. If the bedload signal is too short, the quality of spectra toward the low frequency bands is worsened because
in one single bandwidth of the Fourier Transform there are spectral information of impacts from multiples grain sizgs. Finall
the longer thesignal the better the spectral resolution and the lesser the variance on the PSD curve.

The NNLS algorithm will be tested on three simulated spectra which have different degrees of variance. The simulated
used is identicaas inthe Section 3.1The sinulated signal is obtained lponvolvinga realization of a white noissith a
transfer functiorbeingthemodeled spectrushown in theFig. 4a Thesimulated noised PSD is shown in Hg. The results
of the inversionusing the NNLS algorithm show thatyen for theworst scenario of variance on spectrum, the inversion
method correctly reconstructs the simulated GSi2 the Fig. 4e

Finally, it is concludedthat the NNLS algorithm is robust with respect to PSD noisefiggitb this kind of inversion

problem. The inversion procedure will now be testednositu measurements

4  Application to real data
4.1 Isére River and experimental setup

The Isére River is a piedmont gralasd river located in theoutteasern France, and it is one of the main tributaries of the
Rhéne River, which reaches the Mediterranean Sea. The monitoring section is located upstream the city of(@&®&noble
116519,58&4d 6 06 E)4eemMyB5. In this reach, the mean slope is about @d)8he area of the watershed is 550 km
and the average flow rate is 18G:3h. At the time ofexperiments, the 290 June 2016, the monitored discharge was on
average 300 fs®. The measurement section has aift®! morphology with ripragprotectecembankments. Two different
types of instrument were used: SGN measurements using hydrophone and direct sampling using-differesigeesampler,
shown inFig. 5b. All these measurements were carried out from a suspension Ibfiigldes;.

4.1.1 SGN measuremets

SGN measurements were made using a HTI99 hydrophone (High Techttméwww.hightechincusa.comivith a
sensibility of-160 dB re 1 V uPa+3 dB from 10 Hz to 125 kHz. The hydrophone was connected to an autonamtaunproof
autonomous recorder SDA (RTSYSOhttp://wwwrtsys.el. The gain of the recorder was set to 15 dB. Signals were sampled
at a 312 kHz frequencwith a resolution of 24 bits and savasl wav files. The scope tfesefield experiment was to trace
maps of the SGN on the local réacThe hydrophone and the recorder were attachedfri@edloating riverboard. The
hydrophone position was about 1 m below the water sugiadd.5 m in average above the bed rifére SGN map consists

in launching 12rift measurements from the bridgdich arelocateddueto a GPS device connected to the acoustic recorder.
Each drift consists of recording$ about30 to 40 second®r in terms of distance, between 50 and 100’ he river board
positions during the drifts are shown king. 6a. The recorded signals were processed to compute acoustic spectra. The 12
acoustic spectra recordadross the rivefFig. 6b) are inversed to estimate the bedloHge river crossection is of about 60

m. Also, the 12 drift measurements are synchronizitl GPS data to compute the SGN map in terms of sound pressure level
(SPL), as it is showhig. 6¢c. The variability of SGN noise from left to right bank can be observed from both specB®kand

map

4.1.2 Definition of SGN spectrum

SGN signals are measurengeof bedload transport noise propagating in the river environment. Several representations of the

acoustic signal are presented hereby, computed on the signal recorded in the middle of the river=ISdren]: (a) the
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temporal waveform, ifrig. 7a; (b)the spectrogram, iRig. 7b, as thescaledsquared magnitude of shditne Fourier transform,
in P&Hz?; and (c) the PSD, also expressed iAHP&L, computed by either averaging or medianizing the PSD spectrogram,
in Fig. 7c.Two main sources of noisertae distinguished in the recordings: below and abova#0@ig. 7). Bedload impacts
can clearly be heard in the higher frequency band, it sounds like the crackling of the flames. Sounds occurring bizlow 400
are not propagating sounds as they are iibedlbelow the cutoff frequency of the river wavegui@eay et al., 2017b; Rigby
et al., 2016) They are related to turbulence induced noise around the sensor and to mechanical movements of the structur
sharing the hydrophonén the Isére River experimerihe SGN signal measured by drifts is almost free of hydrodynamic
noise, wiich is proved by the typical median spectrum present&ibirvc. In this study the inversiomill be applied orsuch
high signatto-noise ratio PSD curves

The median procedure is used to provide better smoothing as it better filters the unwasiteduency noise@Geay et
al., 2017a) As in theFig. 7c, it can be noticed the suppressiminower frequencies spikes, attributedtib@ hydrodynamic

noise, when median PSD is used instead of the average one

4.1.3 Pressuredifference sampling

A Toutle River (TR) sampler, depicted kig. 5b, has ben used to sample bedload particles (entrance width ofr30Hy

152 mm).There werewo mesh sizes usddr sampling 0.2 mm and 1.3 mm. Sample durations were between 4 and 8 minutes.
Finally, each bedload sample was dried, weighted and sieved in thattalpo The sampledediments were classified into

six size classeK = {< 0.5; 0.52; 2-8; 816; 1632; 3264} mm. TheTR sampler has been deployed in three csmsional
positions (aiX = 27 m,X = 35 m andX = 44 m, marked on the bridge from leftright river banks). The number of repetition

for each crossectional position is indicated in the Table 3. Bedload flux!{g') have been averaged for each position of

the sampler. GSDs have been computed for each position and for each mesh size used

4.2 Results
4.2.1 Direct measurements of bedload

Results of TR sampler measurements are shown iRi¢h&(a)-(b). A maximum of bedload flux was found in the middle of
the crosssection K =35 m),Fig. 8a. A value of 100 g''m™ has been measured. On side positions, the flux was found to be 5
times smaller, around 20sg'm*. Concerning grain size distributions, most of the measurements indidgiéetween 7 and
20 mm. Notice that measurements made with the 0.2 mm medioweels the left bank{= 27 m) indicate a GSD toward
much finer sediment$§, of about 0.3 mm)kig. 8b. Bedload samples closest to the left bank were indeed constituted of huge
amount of fine sediment mixed with vegetable debris (about 60% of thenasalsampled). In the central and right positions,
neither vegetable debris nor silts were sampled. TR sampler measurements showed grain size sorting along the river cros
section, varying from silts, near the left bank, to gravel, near the right bank.

In the following, the GSD measured in the central positr @5 m) will be considered. Its flux was indeed the largest

measured and it is considered to be the principal source of bedload noise throughout the river.

4.2.2 SGN spectra inversion

All the median PSf SGN signals recorded across the Isére River have been presenteélinig. 7" drift will be studied,
the one positioned in the centre of the cresstion aX = 34 m, which is the closest to the middle positof TR sampling
measurements$n this position, it can be observed that a maximhedload acoustic energy has been recarddditionally,

a maximum flux of sediments was sampled in this posifitie results of spectrum inversion, using a modeled dicticapary
with size classes from 1 mm kb= 100 mm (100 size classes), are shown in the Figaurd he results are compared to the

GSD measured by the TR sampler in posi¥on35 m. Four different values of the impact velotity, are tested (from 0.01
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to 5 ms?) and it is noticed that the impact veloclthm, between 0.01 and D.ms? leads to a very good match between
estimation and TR sampling measuremenxisept the very small size classftem 1 to 5 mmThevalue of impact velocity
Uimp = 0.1 ms will be used in the inversion of all other spectra measured across the Isére River.

Secondly, the GSD variationsepresented by the percentiles, DsoandDss, are estimated by the inversioh12 drift
measurementsken across the Isere Riv&@he model usetheimpact velocity 0f0.1 ms? andthe rest of parameters defined
in the Table 1. The stimatedpercentilesare compared to equivalent diametBegcomputedby regression law$ound by
(Thorne, 1985, 1986ignd relefined belown Eq. (14) andEqg. (5). Theequivalent diametdDeqis ameasure of particle size
and it isthe diameterof the circle with thecentreas the centroid mas3.he Deqis computedusingthe fpeakand, respectively,

the centroid frequendyen. They are also compared to the TR sampler measurements, in thpdhiteons across Isere River.

224
fpeaszo_qg (14
fo- 209 (15)

centr — Do_as
eq

foenlr

f2
FPdf = ppdf (16
fi

f

centr

whereP is the PSDand €,f2) is the frequency band defined by a valud@fdB below thepower peakt is observed that the
estimatedDso by NNLS algorithm is10-14 mm which is in theupper limit of theDso measured byhe TR sampler (circ&
mm), in the middle of the riveK = 35 m. On the other hanthe percentilds almostmatcheghe equivalent diametdd.q
estimated by Th denDe)dE]. W5)ewhichéssnsaierage 50%abalow the measuiggh by TR sampler.
On the other hand, the percentilgsis close to theequivalent diametdDeq estimated by using the peak frequency regression
law fpead Deq), EQ. (14), overestimatig the measurements of TR sampler

5 Discussion on real data results

This work deals with development of a novel estimation strategy of bedload GSD from acoustic PSD. The spectrum inversion

used the model based on sphelab impact, where the impacting sphere diameters rangekfrodfhmm toK = 100 mm. The
inversion of field experiments on the Isére River have shown in Figarénteresting results in conformity with the assumed
hypothesis enounced in Sec#.2.

The inversion considered 4 values of impact velodity = {0.01; 0.1; 1; 5} ms®. The best fit to the measured GSD by
the TRsampler, is when the impact velocltym, is between 0.01 and.1 ms* which could be possible for a large gravel
bedded river like Iserelo verfy this, the apparent velocity of the bed mate(sde(Rennie and Millar, 2004fpr definition)
was measured by an aDapthe moment of hydrophone experimentsis estimated valuaas at maximum around 0.01
0.02ms?! which canbe in accordanceith theimpactvelocity modellingthe besNNLS estimates

The crosssectional variation of the estimateds["Dso and k2 by the NNLS algorithm follows the same trend of increasing
values from left to right banks as the bedloagrBeasured by the TR sampler, Fig. 9bwidwer, the crossectional variability
of sampled diameters is higher than the estimated Tms is explained by the fact that the hydrophone trasspatial
integrative charactestic (Geay et al., 2017bYhe phenmenon of signal integration is typical for rivers like the Isére River,
where high fluxes of bedload transport is concentrated only in a small portion across the section, i.e. in its cemirasén thi
the assumption of homogeneous spatial admitted atid®e2.4 is no longer valid. However, the powerful acoustic source
makes noise all over the cressction so it is like the sound sources are ubiquitbhis. may be the reason that the inversion
of acoustic PSD measured in the cenfe 34 m), forUimp = 0.1 ms?, still shows a good match to the sampling measurements

in that position, only because of the high powerful acoustic source localized in this position.
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Despitethe consistentvariation of the GSD across the river batkasured byhe sampler, th acoustic spectrum shape
shown in Fig. (6barerelatively stablein the interval 30* and 510 PaHz2. This suggests that measurementbygrophone
installed fromone of the bankare not dramaticallgifferent from measurements by free floatihgdrophones along the
watercourse

The propagation of sound throughout the local reach also s@sesconcerns about the quality of measuredustic
spectraThe proposed model Eq.i{Phas been elaborated by assuming a simple geometrical spreatietjof the acoustic
waves in the riverBedload SGN spectra monitored by a hydrophone are not only dependent on bedload sizes but also affectec
by propagation effects. For example, an alpine river has been modelled as a Pekeris wd@sayidet al., 2017b)
Consequently, it has been shown that the monitored spectra were slightly dependent on the hydrophone position in the lowe
frequency bandAnother propagation effect concerns the frequency cutoff phenomena, due tdcapoaghgation in
waveguidegGeay, 2013; Geay et al. 2017b; Jensen et al., 2011; Rigby et al., POty experimental fields, the Isére
River such adepth,i.e. 2.5 m, that the cutoff phenomen@nlocated below 1000 Hwhich cannot affect the frequencies
associated tthe SGN. The pebblsized particles that are up to 64 mm give SGN of dominating frequencies well above 1000
Hz, whereas the channel 6s depth of 2.5 m perfect eigid bottbre c u't
Therefore, the spectra in the bedload bandwidth will not be exposed to frequency cutoff so this does not present any risk t
inversion. Yet, SGN monitoring and inversion technique for GSD determination is particularly adapted tovéasye
Generally, propagation effects are frequency dependent and higher frequency ranges are more affected by attenuation
scattering effects. A solution to the Rpbn ne ar effects of acoustic propagatior
function by active acoustic experimerRigby et al., 2016and to construdaws of attenuation that will compensate the loss
(Wren et al., 2015)

At first sight, our comparison witfiThorne, 1985, 19868)s r egr essi on | aws woul d be v
theories: we considered the sphsi&b impact whereas the regression laws are from sgpéere impact phenomena.
Therefore, the inversion is put into discussion when the bed river is na lrmgeured and sthe model oimpactbetween
sphere and slab is debatalitere, the target are the large gravel rivdise dictionariegpfor both impact modelsses an
impact velocityUimp = 1 ms?, the material is granitenda simulatedGSDis used. The GSD is modelledingthe (Recking,

2013 s p r ofar ehich Ds.e= 2Dsg, It is noticedthe shapgof simulatedPSD, in Fig. 10a, i.e. the twofrequencypeaks
freakand the spectra slopesge found to be quite similar. . Thég. 10b shows thatthe two solutions show noajordisparities.
This proves thasphereslab frameworkmodellingthe collision betwen sediments and the bed rieeuld work not onlyfor

stableconditionsbut also forhydraulic events

Another strong hypothesis used in modelling PSD model of mixed impacts is that the particles are of spherical shapes. |
is intuitively reasoned thahé particle sphericity, shape factor and roundness also affect the acoustics of impacts. There are
multiple possible ways of reckoning the equivalent diameter ofsnprh e r i ¢ a | p a r tadiwsrag be camipuged p a r t
with respect the curvature tife region of contact, se€hadwick et al., 2012; Goldsmith, 2003) wi t h r espect t O
mass centroigThorne, 1986h)which is in fact tha-axis of particlepr with respect to thb-axis of the particléWyss et al.,
2016b) Laboratory tests were conducted at GIPSA laboratory, duringhwihio pebbles of size in the range 32 mm were
impacted in a water pool along the three ellipsoid aib, c. The methodology of measuring the ellipsoid axis is found in
(Bunte and Abt, 2001)t was found that the measured centroid frequencies takes values from 3000 to 8000 Hz. If regression
law Eq. (L4) is used, then the estimated diamegpan the ranggom 23 mm to 73 mm whicis therepartition of all possible
radii of curvature of the resptive zones of contadf the mode of sediment transport by sliding is the most frequent, then the
particle c-axis could be used to infer an equivalent diameter. If the rolling mode is more frequent theaxithevould be
more appropriate to work with. Finally, if the saltation is concerned, which makes the point of this work, trearaeare

equally probable to be taken into account in modelling impacts.
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6 Conclusion

A new strategy has been presenteddata processing on hydrophone measurements for monitoring the bedload GSD in a
gravelbed river. This strategy defines a forward model and a spectrum inversion approach. Firstly, the forward model
combines generated spectra from collisions between aesphdra slab. Secondly, the inversion procedure treats the forward
model as a linear system of equations and uses algebraic methods of solving least square problems to obtain the GSD.

The forward model is based on a weighted suanafyticalenergy specal densitiesnodelling the physics impact between
a sphere and a slabhe weighting coefficients of the modepresents probability mass function which gives in the end the
grain size ditribution of bedload particle¥ he global sensitivity analysisy the PSD model of mixed impacts determined that
the shape of GSD has the biggest influemmeethe shape adicoustic spectrum computed by Egb)(9Another important
parameters are the median diameter and the impact velocity. However, the influenoes arixéd interactions of parameters
and it is very hard, if not impossible to obtain a complete analysis on the sensitivity of analgtiehlofEq. (%).

The PSD model of mixed impacts is working under the following strong assumptions: (1) the G&iDrilsited
everywhere in space and in the same way, (2) the acoustic propagation is not fretppemzent and, so, the spectrum shape
is not affected by propagation in river, (3) the impact velocity is invariant with the grain size, (4) the impatidhesEae
of spherical shapeThe in situ experimentations showed that the integrative sound from all over the reach could render the
first assumption verified (or true). In the case of the Isére River, the concentration of high transport rateglolidhe the
crosssection permits reliable measurements of bedload GSD by hydrophone from river banks.

The inversion method is a Nétegative Least Squawrdgorithmand it eliminates the negative solutions caused by ill
conditioned matrices. Concernirftetleast square approach for inversion, it is robust to noise.

The inversion of spectra from field trials threlsére River proved that the method is highly reliable with no consideration
of a priori information on bedform morphology of hydrological ctinds. Surrogate methods for sediment transport in rivers
were conceived in the idea of having access to information across all over the reach and real time. Contrary to geophones ar

Japanese pipe, the hydrophonechnique does not require speciabgfto be installed in the watercourse.
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Appendix Al

Table Al: Notations

a,bc length ofsediment €llipseg axis mm
A hertzianacceleration ms?
c sound celerity in water ms?
® modeled dictionary of individuanergyspectra
Ei Energy spectral density of the impact of the size dlasqg. (7)
Eix energyof collision in anarrowfrequency bangidth x Pa&sHz?!
Eiong elastic modulu¢ Youngdéds modul us) of rigid Pa
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Di
Dtr
D16,Ds50Dsa
f
feentr

fpeak
FAST

FT
Fs
F
Fimp
[Fimpl?
GSA
GSD

NFer
NNLS

PMF
PSD

ls

SGN

Co

Ta

Energy Spectral Density P&sHz?!
generic notation for the grain diameter mm

equivalent diametgwith respecttothg r ai nés )mass cent mm

grain sizefor i from 1 toK mm
grain size clasmeasured by Toutle River TR sampler mm
the 14", 50" and84™ percentiles of the grain size distribution mm
linear frequency Hz
centroid frequency Hz
peak frequency Hz

Fourier Amplitude Sensitivity Test

FourierTransform

Sampling frequency Hz
Fourier Transform operator

linearcomplex magnitude spectrum of the elastic impact, Eq. (5) Pas
energy spectral density the elastic impact, Eq. (6) Pa&sHz?!
Global Sensitivity Analysis

Grain Size Distribution

solution oftheinversionwritten asa probability mass function

solution oftheinversionwritten as a probability mass function, computed fr
masshistogram of sediments (Eg. )10

solution of inversion in theumulative form

solution of inversion in theumulative form, computed froomn (Eqg. 11)
Histogram of rate of impacts

Rate of impact of the size claiss

imaginary unit

number of grain sizes classes

least square problem

Poi ssondéds ratio of rigid body

numberof points for FT computation

Non-Negativel eastSquare
Angular frequency rads?
Power spectrum density of the noise from an elastic impact,9adp) ( P&HZz?!

Probability MassFunction
Power Spectial Density P&HZz?!

referencaneasuremerdistance betweethe sensoand the center of the impa m
(seeFig. 1a-b)

density of sediment kgm3
density of water kgm3
Self-GeneratedNoise (noise generated tye transportedediments in collisior)
sensitivity indices from the first order global sensitivity analysis

the standard deviation of a normal distribution (used in sensitivity analysis

phase shift between tlsggnalsfrom the two objects in collision s

time ]
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delayedtime s

time variable used in the convolution Eq. (1) s
angle of directivity acous sources sensor °
duration of hertzian contact S
delayed time (delayed propagation due to the geometry of particle S
impactvelocity ms?
position on the crossection of the Isére River (marked on the bridge from m

to right bank)
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Appendix A2

The acoustic pressure field generated by the hertzian impact between sphere and slab is used to model elementa
spectra contained in the dictionagyThe analytical temporal solutions, obtained from the integral convolotign. (1)and
5 using the geomsc setup ofFig. 1b, are rewritten below frofAkay & Hodgson, 1978s paperThus, theequations 640 and
7 from the paper ofAkay & Hodgson, 197Bare reformulated here in Eq. (A2-(A2.2) and, respectively, (A2.3)his
analytical solutions model is a twWiyanch function, depending on the duration confactThereafter, the total acoustic
pressure field, during and after the impact, is obtainesubtracting the individual pressure fiel@sich resultingvaveform
wasshown in the Fig. 2andwas modeled using the Eq. (A2.3). It is important to note that another way to compute the energy

10 spectral density of the impact is to numerically computd-theier transform on this equation.

A0¢reT,
a ap 1o ap 1o o)
& C,sin _z‘g_ C;co _tg 0
e cle+ cle+ (0]
o & act ¢ act o8 - = 5
= &Cs sinee_-0- C cose_qe * 5
00y =LA tposg @ © T ¢ 6 (A2.1)
2r G, 23 ae. A d&p @ O
& @- —§C.singg—§- C,singg—8§1 0
®ec¢c i cle = clest O
:; %— Eggg o 84 singé:iagp_catg
¢ r%’ ¢a+  caw 9
At>T,
ae. _a(t-T)e ec(t - T.)gh - o)
e iCSSIn'—C\+C5CO —~ t/lre @ 0
ei & a H ' 6
o 8. _ &ct g act oo -~ 0
2 éC:65|naea—(_)- C, coge - a g
15 0P () = rcaog—l(?zosq e © N(; + ( ¢ )-u Ty [0 (A2.2)
2r G, 24 a®. ect-T)o &c(t - T,)al -2 6
2 - "G Cocog - Cosing c %e " 6
e¢ 4 0
e 2 A o ~ o ~ ct (0]
a e — >
2 da- Egéc cos;e£8+C s.n%é’iw a 0
& 6 Qe 0
¢ ¢C I =6 ¢ca-+ ca= hd
p(t) = pP*@ () - p*O(t - T,) (A2.3)

wherei = 1 (the impacting sphere) or 2 (the mirrored sphé}) have the same radiaist =t - 2-D is thedelayed time

2c
Dispher e 6 scithe elociytofespeed,i reference distancd,angle between source and sensor (see Figure 1b) and

20 the constant€i ¢ eaare
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Table A2.1 : Coefficients G ¢ eused in the analytical model of impact of (Akay and Hodgson, 1978)

C1 C Cs Cs Cs Cs
o ~2 o 2 o A o 3 o 2 o 3 o ~2 o ~3 ° 2
ap® apQ aco aco apQ c aco apQ c ap 0 acqd
a,&-8 &g tde0 4deo+t2 8- 4e0-2858- 2§ 4£a&q
¢le® ¢lc+ cas ca+ ¢l.ra ¢a+ ¢l.+a L T.ca=
2
Z,tz [} - n?
Wheream:elS'UU'mp( 2 l)mzl;l , L, = 1 nlz
\/a u ldEIong2
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Table 1: Parameters used to model analytical spectra of sediment size mixturesEq. (9b), and the typical values adapted for
underwater environment. The typical singular values are used in inversion further in this paper. The ranges of values are used in
the global sensitivity analysisK is the number of size classes uséalinverse acoustic spectra

Typical range of  Typical values
Parametey valuesin used in Units Remarks
underwater mediur inversion

Dsois used in the global sensitivity
analysis (GSA)

Used in the GSAthe relation
Standard deviatiorij 0.0:-10 2Ds50=Dsgy mm  2Ds=Dg is typically used
(Recking, 2013)

Thesame for all the grain size

Particle diameter) 0-150 {1, 2153 é mm

H A . . . 1
Impact velocity U) 0.001¢é 5 {0.01;0.1;1;5} ms classes
. It acts on the delay timg found
Distanceof measuremerr) 0.01 e 1 M in the model of Eq)./ @)
In theory, ifd = 90° then the wave
Angle of directivity (dl) 0°¢é 90° 0° deg amplitude is zerpit alsodefines
the Ty
Sound celerity in waterc) 14031507 1483 mst Dependenbn temperature, water
salinity, etc.
Water density)() 960-1025 999 kgrm® Depgndent on temperature, watel
salinity, etc.
Modulus of elasticity ) 10-70 55 GPa Materials like imestone, quartz,
. ~ : . i granite. The typical valware for
Poi s s o mfongacting bodiexs) 0.150.2 0.2 granite. The density s s used to
Densityof sphere} s) 1800-2750 2700 kgm?® compute the contact duration
5
10

15 Table 2: First order sensitivity indices S computed by the FAST methodassumingthe peak frequencyasthe output of the model,
foeak 0% means no influence, @0% means total influence orthe model output

Input parameters First order sensitivity indiceS %
G 35.5
Dso 19.98

E 13.52
Uimp 10.65
r 7.45
3 6.42
Js 4.24
d 0.62
c 0.91
J 0.71
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Table 3: Number of repetition for each measurement

Positionon cross

Mesh size of

Mesh size of

sectionX (m) 0.2mm 1.3mm
27 3 3
35 2 2
44 1 2
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@)

Impactee  Impactor

(b) (c)

s Impactor (source)

Hard reflector

Impactee (image)

Figure 1: (a) Setup for the impact between two spheres, here of same radiaisthe acousticdipole source is illustratively depicted
by the gray patch; (b) Setup for the impact between a sphere of radiug and an semiinfinite rigid plane; to be notedthe boundary
condition of hard bottom (reflector) assumedin the framework of theé me t h o d o thus, theimpactisg&phere ismirrored
in the slabsothe acousticfields are subtracted the acousticdipole source is illustratively depictedby the gray patch; ) the
elementary acoustic process of bedload noise in the river: the particle of equivalent diamef@r2-a impacts the armored bed river
(a massive slab) which generates a transient measured by hydrophone;
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Figure 2 : a) Analytical waveform of sound from impact between a granitesphereof diameter D = 20 mm and agranite slab,
where the impact velocity Uimp = 1 ms?, the directivity angle d = 0° and thesensor is atr = 1 m from the impact; the arrow
indicates the contact durationTg; b) The analytical spectrum modeled with Eq. (7)using the same parameters as in figure (ajhe
spectrum is an energy spectral densitgnd it is measured in PasHz%; (c) Analytical spectra of sphereslab impactsmodeledby
Eq. (7)as function of diameter D = {1, 10, in®Aactvel&ily&mpt br@s}, thendirectivity angled= 0° and the
sensor is arr = 1 m from the impact (d) peak frequencyfpeakand power peakvariations, from spectra modeled by Eq. (7)with

di ameter and s ptheainneters aretodedrng colers The power law fyeak= aDP is given where thesphereslab
impact testsconsiderthree impact velocities Uimp = {0.01, 0.1, 1} m3) and the law of spheresphere impad is underlined by dotted
line; the material is granite.From bottom to top, the regression lavs of sphereslab impactvary from Uimp = 0.01(bottom) to Uimp =
1 (top) ms*. The spheresphereimpact tests are made usindimp = 1ms* and the same other parameters as spheigab impacts

(e) Detail where thetwo vertical dotted lines locate thefpeakOf impact spectrum from 150mm i diameter particlesfor both impact
models
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5

Log-normal GSD INPUT MODELED OUPUT
Dso & std. dev. e @ PARAMETERS g g SPECTRUM PARAMETERS Indices
(Fpeak)

Figure 3: GSA flowchart to compute the first order sensitivity indices byFAST method; the spectrumis simulated with Eq.(7) and
Eq.(9b), with a lognormal distribution generated usinga diameter in the range 1 to 150 mmand standard deviationt in the range
0.01 to 10 The rest of input parametersare definedin Table 1. From the simulated spectra, thépeakare computed andfinally the

first order sensitivity indicesS are calculatedusing theFAST. The results are shown in Table 2.
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Figure 4: (a) Simulated PSDfrom the uniform PMF om of sediments 10 kg perl mm-size classfrom 10 to 50 mm, where the
impact velocity isUimp = 1 ms?; the other input parameters are defined in Table 1({b) the PMF solution obtained by the classical
LS inversion, Eq. (12) The parameters used to simulate the PSD (grains size and impact velocity) from figure (a) are exactly the

5 sameasthoseusedinmodeli ng t he d(¢) the PME soltiorys obtpined from the inversion of spectrum shown in figure
(a) using the two algebraic methods: the classical LS and the NNLS algorithm. The impact velocity usadnodelingis Uimp = 0.1
ms?! whereas thein simulation it is Ump = 1 ms? (the otherinput parameters remain the same as in simulatioft he s odiut i on ¢
postprocessed by smoothingvith a Gaussian moving window of 5 mm(d) the simulated PSDfrom figure (a) with addedvariance
(see textfor noise simulation procedure); (€) the cumulative GSDobtained from the inversion ofthe noisedspectrum by the

10 NNNLS algorithm. The estimateds o | u tisiused to ceonstruct the spectrum, shown in green sold line ifigure (d).
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Figure 5: Experimental setup: (a) Isére River basin geographical location (http://histgeo.a&ix- marseille.fr) and Goggle Earth©
picture showing the river morphology near the bridge where measurements were take(@) Instruments used during the trials;
from left to right: Toutle TR sampler and the floating river -board with hydrophone; (c) the bridge from where acoustidrifts and
sedimentphysical samplings were realized.
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Figure 6: (a) Positions of the floating board during drift experiments with essential positions marked on the bridgeX = {14, 35,
58} m across the river; (b) thePSDestimated from the 12 drifts, in units of P&Hz%; to be noted the change in peak frequencies:
the leftmost position (Drift #12) has the highest frequency, meaning that the finer size fractions are transported, and tharicles
are getting coarser up to the right bank; (c) the measure@PL map from the 12 drifts, in in units of dB re 1 pPa; the maximum
5 values are seen to be in-sdactoe mi ddl e of | s re Riverds cross
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(@)
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(b)

Figure 7: Signal representations of theSGN recorded during hydrophone experiments on the Isére River (France): (a) temporal
signal in units of Pa; (b) timefrequency representation (spectrogram), with the color code normalizedith respect topower
values, in P&Hz?; the specific frequency bandvidth of the bedloadacoustic effects andf the hydrodynamic noise agitation
(extraneoussources are indicated; (c) the PSDcurve, also in P&Hz?, estimated using either the average or the median power

5 values, in time, from the spectrogram in (b).
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