Introduction

Bedload transport

In the long term, fluvial systems are in equilibrium and maintained naturally by different processes such as precipitation, water flow, and sediment transport. In rivers, sediments are transported naturally downstream the slope, and the transported quantity is controlled mainly by the size of sediments and the hydraulic properties of the river. This transport process is of high importance for the fluvial system, as it protects the riverbed from erosion, provides

Résumé

Le suivi du transport solide en rivière est essentiel pour l'étude de la morphodynamique fluviale. Cette thèse s'intéresse à la mesure du charriage par la méthode d'acoustique passive.

Le bruit auto-généré (SGN) des particules lorsqu'elles s'entrechoquent entre elles ou avec le lit de la rivière est mesuré avec un hydrophone, puis ce signal est analysé et transformés en flux solide. Bien que la surveillance par hydrophones a été largement étudiée au cours des dernières décennies, de nouveaux développement et des validations étaient nécessaires, ce qui a motivé cette thèse.

Dans un premier temps, le travail a consisté à valider une courbe de calibration mettant en relation les valeurs moyennes de SGN mesurés par la méthode de cartographie acoustique (l'hydrophone monté sur un radeau est utilisé en dérive depuis un pont pour scanner différentes verticales sur la section) et les flux charriés. Pour cela une campagne de terrain a permis de collecter 17 jeux de données comprenant des SGN et les flux de charriage associés, sur 8 rivières différentes. Les résultats des tests ont montré une bonne performance de la courbe de calibration globale. En outre, ces nouvelles données ont contribué à l'amélioration considérable de la courbe d'étalonnage.

Dans un second temps, un modèle physique pour le SGN du charriage a été construit afin de mieux comprendre la relation entre le SGN et le flux de charriage. Le modèle suppose connus le flux transporté et les conditions locales telles que la géométrie, les conditions d'écoulement et l'environnement de propagation acoustique. Les tests du modèle sur différentes configurations ont montré que le SGN ne dépend pas seulement du flux de charriage mais aussi d'autres paramètres, en particulier l'environnement de propagation de la rivière.

Suite aux résultats théoriques et de terrain, une nouvelle approche a été proposée pour améliorer la qualité des SGN, en éliminant l'effet de propagation de la rivière. A l'aide d'un algorithme d'inversion acoustique et d'un modèle de propagation calibré sur le terrain, cette approche calcule le signal source du SGN du lit (signal émis au niveau du lit de la rivière). Les signaux de source SGN inversés ont montré une meilleure corrélation avec le flux de charriage mesuré qu'avec les signaux SGN mesurés. Une nouvelle courbe de calibration globale utilisant le signal source SGN inversé a été proposée.

Enfin, la thèse s'est intéressée au suivi de charriage par acoustique passive continue à l'aide d'hydrophones fixes (en berge). Les deux courbes de calibration globale (inversée et non-inversée) ont été testées sur deux rivières du sud-est de la France. La comparaison avec les volumes transportés estimés à partir de relevés bathymétriques dans les zones de dépôt montrent des résultats cohérents avec la courbe de calibration globale inversée, et une surestimation avec la courbe de calibration non inversée. Les résultats de cette thèse fournissent de nouveaux outils pour améliorer le suivi du charriage avec la méthode acoustique passive, bien que de nouveaux tests de validation soient encore nécessaires.

Abstract

Monitoring bedload flux in rivers is a key factor for studying fluvial morphodynamics. This thesis addresses the topic of passive acoustic monitoring of bedload transport in rivers with hydrophones. Hydrophones deployed in the river can detect the self-generated noise (SGN) of bedload particles as they impact each other or the riverbed. This promising technique offers a relatively low-cost monitoring tool for bedload transport in rivers. Passive acoustic monitoring by hydrophones has been extensively studied and tested in the last decades. Yet, this method still lacks additional developments and improvements, which is the core subject of this thesis.

We first conducted a field campaign of 17 bedload SGN and bedload flux measurements on 8 different rivers. We used the field data to test and validate a recently obtained field calibration curve referred as the global calibration curve. The global calibration curve correlates the average cross-sectional values of SGN and bedload flux measured on different rivers and under different conditions. The testing results showed a good performance of the global calibration curve to reproduce our field data. Besides, our field data contributes to considerable improvement of this calibration curve.

To better understand the relation of SGN with bedload flux, we developed a physical model for bedload SGN. The model assumes known bedload transport and river conditions such as geometry, flow conditions, and acoustic propagation environment. The model then calculates the SGN signal at different locations in the river. Testing the model on different rivers showed that SGN is not only dependent on bedload flux but on other parameters, in particular, the propagation environment of the river.

Following the field and theoretical evidence on the effect of propagation on the bedload SGN, we developed a new signal-processing approach for the measured SGN. The new approach corrects the measured SGN by eliminating the propagation effect of the river. Using an acoustic inversion algorithm and field-calibrated propagation model, this approach calculates the bedload SGN source signal (signal emitted at riverbed level). We applied the acoustic inversion on a dataset of bedload flux and SGN measurements. The inversed SGN source signals showed a better correlation with sampled bedload flux than the measured SGN signals. We consequently proposed an inversed global calibration curve that used the inversed SGN source signal.

Finally, we dealt with continuous passive acoustic monitoring of bedload flux using fixed hydrophones. We tested calibrating the continuous hydrophone measurements using the two global calibration curves (inversed and non-inversed) on two rivers in southeast France. We then compared the transported volumes estimated from hydrophone measurements with bathymetric surveys in the deposition zones. Results showed that we closely estimated the measured volume when using the inversed global calibration curve. On the other hand, we overestimate the measurements when using the non-inversed calibration curve. The results habitation substrate for many aquatic plants and animals, and contributes to the transit of sediments from continents to marine environments.

The equilibrium in sediment transport can be altered naturally by extreme natural events (floods and droughts). For example, major flood events can trigger intense sediment transport and deposition, causing natural hazards for the human population (Figure 0.1). In addition to natural events, human activities also influence sediment transport equilibrium. For example, the last century has been accompanied by an increase in river alterations, such as sediment mining for construction, building dams, and river embankments for flood control, energy production, and navigational purposes. All of these activities have been strongly impacting fluvial ecosystems. For instance, the presence of flow-interrupting structures (e.g., dams and weirs) trigger sediment deposition resulting in an increased riverbed level and flooding risk. On the other hand, sediment deprivation downstream of the dams or sediment extraction for industrial purposes cause riverbed erosion and incision, destabilizing structures and foundations.

In rivers, transported sediments are usually classified into two categories depending on the transport mode: suspended load and bedload (Figure 0.2). The suspended load concerns fine particles such as sand and clay which are entrained and transported with the main flow.

Bedload concerns larger particles, such as gravel and pebbles, transported by sliding, rolling, and saltation in contact with the riverbed. Bedload transport controls the morphology and dynamics of the riverbed. Bedload prediction in alluvial rivers is, therefore, an essential prerequisite for flood mitigation, hydraulic structures protection, and river restoration projects. Sediment transport is mainly controlled by the hydraulics, the river morphological parameters, and grains characteristics (grain size distribution GSD), which all contribute to the dimensionless Shields stress 𝜏 * [START_REF] Shields | Application of similarity principles and turbulence research to bed-load movement (in German)[END_REF]:
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Where 𝑆 is the riverbed slope, ℎ is the water level (m), 𝜌 𝑓 is the density of water and 𝜌 𝑠 is the density of sediments, and D is the grain diameter. In the last century, extensive studies have developed empirical and semi-empirical formulas to calculate sediment flux as a function of the Shields stress 𝜏 * , experimentally [START_REF] Meyer-Peter | Formulas for Bed-Load Transport[END_REF][START_REF] Recking | An experimental investigation of mechanisms involved in bed load sheet production and migration[END_REF][START_REF] Rickenmann | Hyperconcentrated Flow and Sediment Transport at Steep Slopes[END_REF] or theoretically [START_REF] Bagnold | The flow of cohesionless grains in fluids[END_REF][START_REF] Charru | Erosion and deposition of particles on a bed sheared by a viscous flow[END_REF]. Nevertheless, bedload prediction with formulas remains very challenging because, in the first place, of the large uncertainties associated with the data used and the natural variability of the transport processes [START_REF] Recking | Testing bedload transport equations with consideration of time scales[END_REF]. Other methods such bedload transport monitoring or modelling can be used with more reliable results. Even though, the use of such empirical formulas can be advantageous depending on the needs monitoring project as well as the constraints of the studied river.

Bedload monitoring 0.2.1 Direct sampling

Several methods exist to directly measure bedload in rivers. Among the most commonly used are the pressure-difference samplers [START_REF] Childers | Field comparisons of six pressure-difference bedload samplers in highenergy flow[END_REF][START_REF] Emmett | A field calibration of the sediment-trapping characteristics of the Helley-Smith bed-load sampler[END_REF][START_REF] Johnson | Helley-Smith Bed Load Samplers[END_REF] (Figure 0.3a). These samplers consist of calibrated mobile traps with a collecting net deployed into the river with hand-held poles or suspended cables. These samplers are relatively easy to operate during low and moderate flow events. However, they are difficult to use during extreme flood events, first due to their instability and second because of the increased risk to operator safety. Moreover, a measurement with such type of samplers is considered as a single point bedload measurement in the river cross-section over a short period. Then characterizing the spatio-temporal variability of bedload requires very close measurements in space and time, which is considered expensive or even impossible [START_REF] Gomez | Temporal variations in bedload transport rates associated with the migration of bedforms[END_REF]. Finally, the efficiency of these samplers can be impacted by field conditions such as the high roughness of the riverbed and clogging of the collecting bags by fine sediments or organic material [START_REF] Emmett | A field calibration of the sediment-trapping characteristics of the Helley-Smith bed-load sampler[END_REF][START_REF] Johnson | Helley-Smith Bed Load Samplers[END_REF][START_REF] Vericat | Bed load bias: Comparison of measurements obtained using two (76 and 152 mm) Helley-Smith samplers in a gravel bed river[END_REF] In addition to the mobile pressure difference samplers, there are pit samplers, such as the slot sampler [START_REF] Reid | The Continuous Measurement Of Bedload Discharge[END_REF], which are sediment traps installed in the riverbed over the river cross-section for continuous bedload sampling (Figure 0.3b). The transported sediments progressively fall into the container, and the captured weight is measured continuously with pressure sensors. Another example of a pit sampler is the vortex sampler [START_REF] Klingeman | Oak Creek vortex bedload sampler[END_REF] which uses the natural hydraulics properties of a tube installed over the cross-section [START_REF] Poleto | Sedimentology Of Aqueous Systems[END_REF], b) Birkbeck slot sampler [START_REF] Frédéric | Bedload monitoring under conditions of ultra-high suspended sediment Refernces concentrations[END_REF] In conclusion, physical sampling provides the most reliable information on sediment transport. However, using direct measurement tools during strong hydraulic and hydrological conditions is almost impossible, yet it is during a flood that bedload transport is dominant.

Surrogate monitoring

The increased interest in monitoring bedload transport, and the limitations of classical methods, have induced the development of indirect surrogate methods. In particular, the improvement in technologies now permits to propose of techniques that can provide highresolution data [START_REF] Gray | Bedload-Surrogate Monitoring Technologies Scientific Investigations Report 2010 -5091[END_REF] [START_REF] Rickenmann | Bedload transport measurements with impact plate geophones: comparison of sensor calibration in different gravel-bed streams[END_REF]. Indirect measurement techniques can be categorized into passive and active methods.

Active methods

These methods use a transmitter to send a known signal in the river, which is reflected by the riverbed. The reflected signal is then analyzed to estimate the bedload flux. For example
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Chapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone the Acoustic Doppler current profiler (aDcp) estimates bedload flux by measuring the average velocity of the mobile riverbed surface [START_REF] Rennie | Measurement of Bed Load Velocity using an Acoustic Doppler Current Profiler[END_REF]. However, the efficiency of the latest method is highly dependent on the suspended load particles concentration in the water column. Another example of an active method is ground penetrating radar (GPR) which transmits electromagnetic waves up to 1 GHz into the water column scattered by the transported particle [START_REF] Shrestha | River Bedload Monitoring Using a Radar System[END_REF]. The reflected signal intensity and delay time are then correlated with the bedload flux. However, this method has been tested only in flume experiments on sand particles.

One of the most common active methods uses sonars to acquire bathymetric data [START_REF] Holmes | Measurement of Bedload Transport in Sand-Bed Rivers: A Look at Two Indirect Sampling Methods[END_REF]. Using sequential bathymetric data, the transported bedload volume is estimated by calculated differences between temporally distinct surveys. This method has good reliability for both sand and gravel bed systems; however, it doesn't allow high-resolution temporal monitoring of bedload flux. Also, it is considered relatively expensive when compared to other methods [START_REF] Gray | Bedload-Surrogate Monitoring Technologies Scientific Investigations Report 2010 -5091[END_REF].

Passive methods

The passive method relies on measuring directly the sound or vibration signals triggered by the bedload transport process (saltation, rolling, or sliding). These methods are considered less affected by the flow condition than active methods and allow high-resolution monitoring of bedload flux [START_REF] Gray | Bedload-Surrogate Monitoring Technologies Scientific Investigations Report 2010 -5091[END_REF]. We can differentiate between two types of passive methods.

First, passive sensors instrumented with an impacted object, such as geophones installed underneath steel plates which are fixed next to each other on the river cross-section [START_REF] Habersack | Integrated Automatic Bedload Transport Monitoring[END_REF][START_REF] Rickenmann | Bedload transport measurements at the Erlenbach stream with geophones and automated basket samplers[END_REF][START_REF] Turowski | Start and end of bedload transport in gravelbed streams[END_REF] or hydrophones installed at the end of a steel pipe crossing the river section [START_REF] Mao | Flume and field-based calibration of surrogate sensors for monitoring bedload transport[END_REF][START_REF] Mizuyama | Measurement of bed load with the use of hydrophones in mountain torrents[END_REF], or underneath steel plates [START_REF] Krein | Investigating the transport dynamics and the properties of bedload material with a hydro-acoustic measuring system[END_REF]. For these methods, a transported bedload particle impacting the metallic object creates an impulse signal transmitted to the sensor. By analyzing the impact rate on each object, it is possible to estimate the bedload flux using different empirical formulas calibrated to the measuring site [START_REF] Rickenmann | Bedload transport measurements with impact plate geophones: comparison of sensor calibration in different gravel-bed streams[END_REF][START_REF] Roth | Bed load transport and boundary roughness changes as competing causes of hysteresis in the relationship between river discharge and seismic amplitude Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces recorded near a steep mountain stream[END_REF]. These devices are robust in monitoring bedload transport in torrents. In addition to the bedload transport rate, it is also possible from the measured signal to determine the bedload particle diameters [START_REF] Wyss | Measuring Bed Load Transport Rates by Grain-Size Fraction Using the Swiss Plate Geophone Signal at the Erlenbach[END_REF]. These devices must be installed on a stable section in the river, such as an artificial slab or structure, and the particles should be large enough to generate a strong shock detectable by the sensors, which limits their use to the monitoring of coarse particles (a lower limit of few centimeters)

A second passive method consists in measuring directly the signal emitted by the bedload process when the moving particles collide with the riverbed. For instance, geophones
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Chapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone measure the seismic vibrations in the ground [START_REF] Bakker | Field Application and Validation of a Seismic Bedload Transport Model[END_REF][START_REF] Gimbert | Particle transport mechanics and induced seismic noise in steep flume experiments with accelerometer-embedded tracers[END_REF][START_REF] Tsai | A physical model for seismic noise generation from sediment transport in rivers[END_REF], and hydrophones measure the bedload acoustic noise transmitted in the water column [START_REF] Barton | Passive Acoustic Monitoring of Coarse Bedload in Mountain Streams[END_REF][START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF][START_REF] Marineau | Surrogate Bedload Monitoring Using Hydrophones in the Gravel-Bedded Cedar River, Washington[END_REF]. This thesis considers this later technique. The noise generated by bedload particles is referred to in this document as bedload self-generated noise, noted SGN.

Listening the river

The passive acoustic method consists of recording the noise generated inside the water column. The recorded sound for passive acoustic monitoring results from three main processes: generation, propagation, and reception.

Noise generation

Rivers are characterized by ambient noises, where several sound sources can be detected (Figure 0.4). The water flow is a continuous source of hydraulic noise with variable intensity depending on the flow conditions. The hydraulic noise is generated mainly by water turbulence and agitation of the water surface. Besides, bedload SGN is due to sound generated by the impacts of moving particles on the riverbed or with other particles. The noise generated by the particle impact is controlled mainly by the bedload intensity and the transported particle diameters. In our study, hydraulics and bedload are the main sources to be considered when analyzing the measured acoustic signal in rivers. However, other noise sources can occasionally be detected, such as the noise of navigation boats.

Figure 0.4 Scheme of generated noise in the river in blue is the SGN and in red is the hydraulic noise. All of the noise in the river are propagated from the source position to the hydrophone position [START_REF] Geay | Mesure acoustique passive du transport par charriage dans les rivières [Passive Acoustic measurement of bedload transport in rivers[END_REF].
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Sound propagation

The river can be considered a complex environment for the propagation of acoustic waves, with many influencing factors. An acoustic wave propagating in the river becomes distorted and weakened with distance due to multiple effects; this is what is called acoustic wave attenuation. To characterize this process, we can define a transmission loss function TL which is the ratio between the measured acoustic power (section 0.2. 3.3) and the power close to the source (1m). The TL function can be considered as the contribution of loss due to geometrical spreading of the acoustic wave, and loss due wave absorption and interferences in the water. The geometrical loss is simply the decrease in acoustic power as it spreads far away from the source. The river can be considered as a shallow water environment where the interactions of the acoustic waves with the riverbed and the river water surface are important.

We can differentiate two simplified modes of geometrical spreading, spherical and cylindrical, depending on the assumption made on the interfaces (Figure 0.5). If the interfaces act as acoustic wave absorbers, then the waves spread in a spherical propagation model. On the contrary, the interfaces act as reflectors, the acoustic waves spread in a cylindrical propagation model. Moreover, one of the acoustic characteristics of the river is that the shallow water doesn't allow the propagation of low-frequency signals due to the wave-guide effect [START_REF] Thomas | Spectral variations of underwater river sounds[END_REF][START_REF] Rigby | Passive Acoustic Monitoring of Bed Load for Fluvial Applications[END_REF]. This effect is defined by the cut-off frequency below which sound waves do not propagate for far distances.

In addition to the geometry effect of the river, the acoustic power is partly absorbed by water or scattered by different kinds of inhomogeneities (e.g., air bubbles or suspended sediments), which contributes to sound attenuation in the river. Section 1.3.3 presents how we characterize acoustic attenuation in rivers. 

Noise reception

In rivers, we measure the sound with a hydrophone, which is a sensor similar to a microphone, but adapted to listening underwater. Most hydrophones use a piezoelectric transducer (mainly ceramic) that generates electric potential difference (in Volts) for very small pressure variations. The hydrophone can be fixed on the river bank [START_REF] Barton | Monitoring coarse bedload transport with passive acoustic instrumentation: A field study[END_REF][START_REF] Marineau | Surrogate Bedload Monitoring Using Hydrophones in the Gravel-Bedded Cedar River, Washington[END_REF], mounted on a boat (Le [START_REF] Guern | Relevance of acoustic methods to quantify bedload transport and bedform dynamics in a large sandy-gravel-bed river[END_REF], or operated from a bridge with a small floating raft [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF][START_REF] Petrut | Passive acoustic measurement of bedload grain size distribution using self-generated noise[END_REF] 

The acoustic signal

The physical quantities

Physically speaking, the sound wave corresponds to the disturbance in the pressure that propagates in the medium. The outcome of the recorded noise is the variation of acoustic pressure amplitude 𝑝(𝑡) (in micro Pascal µPa=10 -6 Pa) with time (instantaneous sound pressure). But other acoustic quantities are also used.

The sound energy 𝐸 (in µ𝑃𝑎 2 . 𝑠), is the integral of the square of the sound pressure over a time interval (∆𝑡 = 𝑡 2 -𝑡 1 ):

𝐸 = ∫ 𝑝 2 (𝑡)𝑑𝑡 𝑡 2 𝑡 1 0.2
The sound energy is expressed in µ𝑃𝑎 2 . 𝑠. It usually corresponds to the acoustic pulse (e.g., single particle impact) of an impact of duration ∆𝑡, which of an order of milliseconds [START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF]. When dividing the acoustic energy 𝐸 with the time ∆𝑡 we get the acoustic power 𝑃 expressed in µ𝑃𝑎 2 . In other words, the acoustic power is the rate of acoustic energy radiated by the source.

𝑃 = 𝐸 𝑡 2 -𝑡 1 0.3
From the acoustic power 𝑃 we can define the acoustic intensity 𝐼 (µ𝑃𝑎 2 /𝑚 2 ) as follow:

𝐼 = 𝑃 𝐴 0.4
where 𝐴 (in m 2 ) is the surface area of the propagated signal (spherical or cylindrical).

The root mean square (rms) sound pressure which is the square root of the acoustic power:

𝑃 𝑟𝑚𝑠 = √𝑃 0.5
In this study, we use the acoustic power 𝑃 (in µ𝑃𝑎 2 ) to characterize the acoustic signals in rivers.
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Temporal presentaiton

Bedload SGN are detected as a succession of instantaneous peaks (shock) on the time scale representation (Figure 0.7). In other words, the temporal signal treats the SGN signal as discontinuous impacts. However, this method is limited when dealing with high transport events where the high number of bedload impacts can't be separated. In addition, in presence of turbulent flow, the bedload particle impacts can be masked by significant hydraulic noise in the signal. This is why spectral analysis is usually preferred over temporal analysis.

Spectral presentation

The frequency representation of certain quantities, such as energy spectral density (ESD, in µ𝑃𝑎 2 . 𝑠/𝐻𝑧) or the power spectral density (PSD, in µ𝑃𝑎 2 /𝐻𝑧), makes it possible to distinguish the distribution of the selected quantity of the signal according to the frequency.

The spectra of the measured signal can be calculated by applying Fast Fourier Transport (FFT, which is the Fourier Transform adapted for digital signals). Knowing the frequency range of each noise source in the river, it is possible to select the range of interest for bedload SGN.

The frequency ranges of noise sources in rivers have been well studied in the literature, such as for flow surface agitation [START_REF] Deane | Model calculations of the underwater noise of breaking waves and comparison with experiment[END_REF][START_REF] Loewen | A model of the sound generated by breaking waves[END_REF][START_REF] Wysocki | Diversity in ambient noise in European freshwater habitats: Noise levels, spectral profiles, and impact on fishes[END_REF], flow turbulence [START_REF] Deane | Long time-base observations of surf noise[END_REF][START_REF] Wenz | Acoustic Ambient Noise in the Ocean: Spectra and Sources[END_REF], and bedload SGN (Belleudy et al., 2010;[START_REF] Gomez | Temporal variations in bedload transport rates associated with the migration of bedforms[END_REF][START_REF] Petrut | Passive acoustic measurement of bedload grain size distribution using self-generated noise[END_REF][START_REF] Thorne | The measurement of acoustic noise generated by moving artificial Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces sediments[END_REF][START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF]. The different noises and their corresponding frequency measured during bedload passive acoustic monitoring have been summarized by [START_REF] Geay | Mesure acoustique passive du transport par charriage dans les rivières [Passive Acoustic measurement of bedload transport in rivers[END_REF] in Figure 0.6.

Bedload SGN frequency has been inversely correlated to particle diameter in experimental studies (Belleudy et al., 2010;[START_REF] Thorne | Laboratory and marine measurements on the acoustic detection of sediment transport[END_REF][START_REF] Thorne | The measurement of acoustic noise generated by moving artificial Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces sediments[END_REF], or in theoretical studies [START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF]. For particle diameter between 1-100 mm the frequency of SGN is distributed between 100 Hz and 100 kHz (Figure 0.6,in red).

The hydraulic noise can be separated into two main components, the surface agitation and the flow turbulence, each acting on a different frequency range. The noise due to surface agitation is generated at a large frequency band between 100-Hz and 20 kHz (Figure 0.6, in blue). On the other hand, the noise generated by flow turbulence is characterized by a frequency band of less than 100 Hz.

Time-frequency presentation

The time-frequency analysis is based on applying a short-time Fourier transform (STFT) on the measured non-stationary signal. To simplify the concept of STFT, we can suppose an acoustic recording of SGN over 15 seconds (Figure 0.7a). During the recording period, we can see that the signal was disturbed by intense hydraulic noise introduced over two short periods, From these calculated PSDs we can calculate the average PSD [START_REF] Welch | The use of fast Fourier transform for the estimation of power spectra: A method based on time averaging over short, modified periodograms[END_REF] or the median PSD [START_REF] Merchant | Spectral probability density as a tool for marine ambient noise analysis[END_REF] for each frequency band. In the case of SGN monitoring, the use of median instead of mean PSD is recommended as it reduces the effect extreme values due to random noises and represents more ambient noise in the river [START_REF] Geay | Mesure acoustique passive du transport par charriage dans les rivières [Passive Acoustic measurement of bedload transport in rivers[END_REF]. [START_REF] Geay | Mesure acoustique passive du transport par charriage dans les rivières [Passive Acoustic measurement of bedload transport in rivers[END_REF]. In blue is the surface aggitation PSD signal, In red is bedload SGN PSD signal for different particles diamters. The grey areas correspond to water turebulance noise under different diployments of the hydrophone.
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Chapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone The first reported attempt to measure bedload flux using an acoustic method was carried out by Mühlhofer in 1933 on the Inn river in Austria. He installed on the riverbed a waterproof steel box equipped with a microphone. The microphone was connected to an amplifier and a headphone to listen directly to the noise generated by bedload particles impacting the steel box. Several attempts using similar devices has been carried out later [START_REF] Braudeau | Quelques Techniques Pour L'étude et la Mesure du Débit Solide[END_REF]Juniet, 1953) Meanwhile, acoustic methods without an instrumented impact object appeared later in 1964 with Bedeus and Iviscics, who installed a microphone in a streamlined steel housing to reduce the effect of hydraulic noise and water turbulence. The author deployed the measuring system in the Danube River on different cross-sectional positions and depths from the riverbed.

The measured acoustic noise was quantified using an ammeter connected to the microphone.

It was also reported that the measuring depth between 1 to 5 m above the riverbed didn't' contribute to any significant variation in the measured acoustic noise. The first important finding was that the measured acoustic noise in the river exhibited temporal and spatial variability, [START_REF] Johnson | Acoustic Detection Of Sediment Movement[END_REF] showing the streamlined casing of the hydrophone.

On the Vedder River in British Columbia, Tywoniuk and Warbnock (1973) deployed a hydrophone installed inside a hydrodynamic streaming steel case. They treated the data in nine frequency bands and compared it to the measured bedload transport rate. However, as for [START_REF] Johnson | Acoustic Detection Of Sediment Movement[END_REF], the measured signal was contaminated with hydraulic noises due to high turbulent flow. Consequently, they failed to correlate the bedload flux to the measured acoustic signal.

A simplified version of [START_REF] Johnson | Acoustic Detection Of Sediment Movement[END_REF] measuring system has been developed

by Anderson (1976), who tested the hydrophone on a sand-bed river. He observed that the acoustic noise generated by transported sand is dominant at high frequencies up to 40 kHz.

Richards and Milne (1979) used the simplified system of Anderson (1976) [START_REF] Richards | Problems in the calibration of an acoustic device for the observation of bedload transport[END_REF] on two different rivers.

In his experiments, [START_REF] Thorne | The measurement of acoustic noise generated by moving artificial Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces sediments[END_REF] used glass spheres (ballotini) inside an underwater drum that rotates on the horizontal axis (Figure 0.11a). The drum was lined with a polystyrene layer to limit the generated sound only to particle-particle collisions. Under this experimental setup, the hydraulic noise due to flow turbulence is significantly eliminated. The runs consist of different drum rotation speeds and spheres number corresponding to different transport rates. The author first demonstrated theoretically that the relation between the total integrated root mean square power and the sphere's mass is of exponent 0.5 (then linear with the acoustic power Eq. 0.5). Then he sought to test it experimentally. For this experiment, different spheres' diameters have been tested with different combinations (uniform or mixed). The first observation was that the total rms power varies with the speed of the drum and the total mass and diameters of the spheres. It was found that for the same mass, the total rms varies by two orders of magnitude when using different diameters (between 0.36-30 mm). In addition, when using small particles (< 6 mm), the exponent for the relation was 0.67, which it relatively close to the theoretical relation of 0.5 exponents (Figure 0.11b). In contrast, the exponents were higher (0.9-1) when using larger spheres (>6 mm). The difference between the theoretical and measured exponent for large particles was explained by the decrease in the tumbling activity of large particles due to their alignment on the drum surface. This problem has been considered in the work of [START_REF] Thorne | Laboratory and marine measurements on the acoustic detection of sediment transport[END_REF] 
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In addition, [START_REF] Thorne | The measurement of acoustic noise generated by moving artificial Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces sediments[END_REF] observed that the acoustic measurement frequency response distribution is slightly dependent on the rotation speed and the total mass of particles.

Instead, the frequency response showed a good correlation with the diameter of the used glass spheres. The spectral peak frequency and the diameter of the sphere were linked as follows:

𝑓 𝑝 = 224 𝐷 0.9 0.7

When testing the frequency response of natural sediments, [START_REF] Thorne | Laboratory and marine measurements on the acoustic detection of sediment transport[END_REF] found that the central frequency (the frequency which defines equal energy on both sides of the spectrum) is also correlated with the sediment diameter as follows:

𝑓 𝑐 = 209 𝐷 0.88 0.8
Eq.0.7 and Eq.0.8 are supported by the theoretical Hertzian contact model of [START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF] for noise generated by two colliding glass spheres underwater (section 2.8.1). 
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Chapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone 0.3.2 Recent developments [START_REF] Barton | Passive Acoustic Monitoring of Coarse Bedload in Mountain Streams[END_REF] investigated in his doctoral dissertation the use of commercial hydrophones to monitor bedload transport in rivers. The author first modeled SGN by combining the impact model of [START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF] with the bedload particle saltation model of [START_REF] Sklar | A mechanistic model for river incision into bedrock by saltating bed load[END_REF]. The model results showed a linear relation between SGN and bedload flux. Furthermore, the results showed that measuring with a hydrophone is extremely sensitive to the bedload flux spatial distribution in the river. Based on that, the author highlighted the difficulties of using a single hydrophone system to monitor bedload flux in morphologically unstable sections.

Next to the theoretical model, a flume experiment with particles of diameter 3-36 mm has been conducted with acoustic measurements at low frequency (125-1600 Hz). The experiment results showed that, at low transport rates, the total acoustic power (expressed here as an electric response in square Volts V 2 ) is linear with the number of moving particles raised by a power 3/2 (Figure 0.12a). However, this experiment showed that the uncertainty in Until now, the analysis of bedload SGN signal has been based on the amplitude or total integrated power values of the measured signal. The time-frequency analysis of SGN signal appeared in the work of Belleudy et al. (2010). The latest authors used SGN recording to determine the initiation of motion conditions for bedload transport in the Isère River (in France).

The hydrophone was attached at the end of a rod and was deployed manually from the river bank. The use of a temporal acoustic intensity signal (in Volts) didn't help to detect the bedload impacts due to the high hydraulic noise. However, the detection of bedload SGN shocks was improved with the time-frequency analysis. This time-frequency analysis has been developed

further by [START_REF] Geay | Mesure acoustique passive du transport par charriage dans les rivières [Passive Acoustic measurement of bedload transport in rivers[END_REF] and can now be considered a standardized method for passive acoustic monitoring of bedload in rivers.

More recently [START_REF] Marineau | Calibration of sediment-generated noise measured using hydrophones to bedload transport in the Trinity River[END_REF] used two low-cost hydrophone monitoring stations to record the SGN in the Trinity River. To stimulate bedload transport, sediments have been artificially injected upstream of the stations, and bedload flux has been measured with TR-2 sampler. Bedload transport for fine particles (<16mm) or coarse particles (>16mm) has been correlated with the acoustic power integrated in several frequency bands. The results showed that bedload flux values for coarse particles are more correlated with the acoustic power integrated at low frequencies (1-10 kHz). On the other hand, the acoustic power at higher frequencies was not well correlated with any of the bedload particle sizes, even for the finer ones. This observation contradicts previous results (Belleudy et al., 2010;[START_REF] Thorne | Laboratory and marine measurements on the acoustic detection of sediment transport[END_REF][START_REF] Thorne | The measurement of acoustic noise generated by moving artificial Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces sediments[END_REF][START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF]. The author claimed that the SGN of fine particles had been masked by the SGN signal of coarse particles, which are dominant in the bedload GSD.

Later, [START_REF] Geay | Mesure acoustique passive du transport par charriage dans les rivières [Passive Acoustic measurement of bedload transport in rivers[END_REF] and [START_REF] Geay | Passive acoustic monitoring of bed load discharge in a large gravel bed river[END_REF] measured bedload SGN on the Drau river in Austria. The hydrophone was installed in the river cross-section, already equipped with a large network of geophones and 3 slot samplers (Figure 0.13). The acoustic signal measured by the hydrophone was well correlated with the geophone signal for different hydraulic conditions.

The listening distance of hydrophone to bedload SGN has been estimated to be between 5-10 meters. This study has highlighted the importance of localizing bedload SGN sources in rivers.

Following these previous results showing that bedload diameter can be correlated with the spectral content of bedload SGN, a first attempt to estimate the entire bedload grain-size distribution (GSD) from SGN signal has been conducted by [START_REF] Petrut | Passive acoustic measurement of bedload grain size distribution using self-generated noise[END_REF]. The latest considered that the noise generated by multiple sources in the river has an additive effect.

Under this assumption, they proposed an analytical model for bedload SGN due to a mixture of sediments using a linear system that weights the energy spectrum of a single particle of a certain diameter with the bedload GSD. They also proposed an inversion model to estimate Figure 0.14 Comparison of estimated GSD using SGN and the measured GSD on the Isere River [START_REF] Petrut | Passive acoustic measurement of bedload grain size distribution using self-generated noise[END_REF]. 2018) model on different rivers (Geay et al., 2018b).

Development of a Passive Acoustic Method for Bedload Monitoring in Rivers

As it appears in most of the previous studies, the quality of acoustic measurements in rivers was restrained by the hydraulic noise as well as the listening distance of the hydrophone.

To overcome these problems, a new measuring approach has been developed, which consists in drifting the hydrophone with a floating riverboard on several positions on the river crosssection (acoustic mapping). When deriving at the same velocity of the flow, the hydrophone offers no resistance to the surface waves, which minimizes the hydraulics noise. Second, measuring on the vertical just above the transport process at several locations shortens the distance with SGN sources and reduces the effect of acoustic wave propagation. Several studies have conducted acoustic measurements following this new approach [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF]T. Geay et al., 2018;[START_REF] Guern | Relevance of acoustic methods to quantify bedload transport and bedform dynamics in a large sandy-gravel-bed river[END_REF][START_REF] Petrut | Passive acoustic measurement of bedload grain size distribution using self-generated noise[END_REF].

More recently, [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF] conducted an intensive field campaign of SGN measurement using drifted hydrophones on 12 different rivers, mainly in the French Alps.

Simultaneously, bedload flux has been measured on the river cross-section using pressure difference samplers (Helley-smith, Elwha, TR-2). The results of this field campaign showed that average cross-sectional values of acoustic power and bedload flux can be correlated with 

Characterizing the propagation environment of the river

Among recent works, special attention was paid to the characterization of the rivers' acoustic properties. As mentioned above, the propagation in rivers is due to the contribution to multiple processes: geometrical spreading, water absorption, reflections, and scattering. A number of the above attenuation factors depend on the frequency of the acoustic signal, which can be modeled with a complex frequency-dependent model. These acoustic models are wellstudied in deep water applications (oceans). Theoretical and experimental studies have failed to provide a quantitative understanding and accurate prediction of propagation in shallow water [START_REF] Jensen | Fundamentals of Ocean Acoustics[END_REF]. Under the complexity of the river environment (mainly spatial heterogeneity), the models describing the propagation of an acoustic signal are often difficult to apply under real field conditions [START_REF] Robinson | Good Practice Guide for Underwater Noise Measurement[END_REF]. 

Thesis objectives

The passive acoustic method for monitoring bedload in rivers has passed several phases of development in the last decades. In particular, the new technologies introduced important improvements to the hydrophone devices, which are now commercially available and adjusted to measure acoustic noise with high resolution and wide frequency bands. In addition, the new acoustic signal processing tools, such as time-frequency analysis, allow efficient separation of SGN noise from other ambient or accidental noises in the river (such as hydraulic noise). However, the previous studies showed that any calibration between measured SGN and bedload flux remains site-specific and can't be used on any other river.

Meanwhile, the latest development of [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF] introduced the idea of the global calibration curve, which resuscitates using passive acoustic method to monitor bedload flux without any physical sampling calibration procedures. However, this calibration curve has not
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Chapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone been widely tested and fitted using a dataset with considerable variability. Moreover, theoretical and field studies highlighted the high dependency of measured SGN on the propagation environment of the river, and any analysis of measured SGN without considering the propagation environment can be misleading. Based on these above considerations, the work in this manuscript focus on four main questions:

1. What is the robustness and validity of the bedload-acoustic calibration curve?

2. What physics support such a calibration curve?

3.

From what tells this physics, can we improve the SGN characterization for bedload monitoring?

The thesis aims at answering these questions in the next four chapters. In the first chapter, we test, validate and improve the global calibration curve. For that, we perform a field This chapter presents a field validation of the global calibration curve of [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF]. The first part of this chapter is an article that has been published in the journal of Hydraulic Engineering (JHE) and can be found on DOI:10.1061/JHEND8/HYENG-13438. Then the findings presented in this article are supported by the additional analysis in the Appendix of this chapter in section 1.9. Detailed results of field measurements are presented in Supplementary Materials 1 at the end of the manuscript.

Authors: Mohamad Nasr, Adele Johannot, Thomas Geay, Sebastien Zanker, Jules Le Guern, Alain Recking

Abstract

Recent studies have shown that bedload can be monitored with passive acoustic techniques, which consist in measuring the noise generated by the particles impacting the riverbed and converting this measured noise into a sediment flux. The technic still faces the difficulty that each environment has its own acoustic properties and that calibration is thus needed when operating from a river bank. However, recent work with an extensive field campaign and in a large variety of rivers has shown that when measuring as close as possible to the noise sources by attaching the hydrophone to a river board, the relation between acoustic power and local bedload flux can be described by a unique inter-site power function.

In this paper, we present the measurement protocol and a validation based on a new field campaign comprising 17 measurements on eight rivers. The validation results show that the acoustic method successfully predicts bedload flux within a factor of 3 for more than 70% of the measurements.

Introduction

Bedload transport plays a significant role in controlling the river's morphodynamics. It can impact human populations directly by causing casualties and economic losses or indirectly by changing the cross-section flow capacity. Moreover, erosion and deposition processes due to bedload transport can threaten the stability of hydraulic structures within and nearby the river. Depending on the transported bedload flux, the reservoir's lifetime and capacity can be reduced to critical levels. Finally, but importantly, a growing pressure exists on estimating the environmental impacts of fluvial projects, which concern the sediment compartment [START_REF] Wild | Maintaining Sediment Flows through Hydropower Dams in the Mekong River Basin[END_REF]. For these reasons, it is of first importance to quantify river bedload transport.

Quantifying bedload is, however, a challenging task. Prediction using empirical equations is subjected to important uncertainties [START_REF] Recking | Testing bedload transport equations with consideration of time scales[END_REF]. Direct sampling with pressure
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Chapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone difference samplers such as Helley-Smith is expensive, difficult to operate during extreme flood events [START_REF] Gray | Bedload-Surrogate Monitoring Technologies Scientific Investigations Report 2010 -5091[END_REF], and may fail to capture the temporal and spatial variability of bedload transport when the human resources, material, and time are limited [START_REF] Claude | Estimating bedload transport in a large sand-gravel bed river from direct sampling, dune tracking and empirical formulas[END_REF].

Over the past years, several surrogate techniques have been developed for monitoring bedload transport based on indirect measurements using a variety of sensors [START_REF] Gray | Bedload-Surrogate Monitoring Technologies Scientific Investigations Report 2010 -5091[END_REF]. Active methods, such as acoustic Doppler current profiler (ADcp, [START_REF] Rennie | Measurement of Bed Load Velocity using an Acoustic Doppler Current Profiler[END_REF] or ground-penetrating radars [START_REF] Shrestha | River Bedload Monitoring Using a Radar System[END_REF], use sensors that emit signals and analyze the reflected signals. In contrast, passive sensing techniques do not emit signals but rather record those generated by active processes referred to as self-generated signals. One passive method consists in measuring bedload self-generated signal by introducing impact objects to the riverbed. For instance, geophones measure the vibration generated by bedload particles impacting steel plates [START_REF] Rickenmann | Bedload transport measurements with impact plate geophones: comparison of sensor calibration in different gravel-bed streams[END_REF], whereas microphones measure the acoustic noise generated inside impacted steel pipes [START_REF] Mao | Flume and field-based calibration of surrogate sensors for monitoring bedload transport[END_REF]. Another passive method consists in measuring the signal generated when particles hit the riverbed, such as measuring ground vibration with seismometers [START_REF] Bakker | Field Application and Validation of a Seismic Bedload Transport Model[END_REF] or measuring the acoustic selfgenerated noise (SGN) with hydrophones [START_REF] Barton | Monitoring coarse bedload transport with passive acoustic instrumentation: A field study[END_REF][START_REF] Marineau | Calibration of sediment-generated noise measured using hydrophones to bedload transport in the Trinity River[END_REF].

Passive acoustic measurement with hydrophones has been a strong interest of the research community since the first work of [START_REF] Braudeau | Quelques Techniques Pour L'étude et la Mesure du Débit Solide[END_REF]. In particular, during the last two decades, many works have been dedicated to developing the theory, tools, techniques, and protocol for validating this method [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF][START_REF] Goodwiller | Development and calibration of an underwater acoustic data collection system for monitoring coarse bedload transport[END_REF][START_REF] Guern | Relevance of acoustic methods to quantify bedload transport and bedform dynamics in a large sandy-gravel-bed river[END_REF][START_REF] Nasr | A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers[END_REF]. Despite all these efforts, measuring bedload simply by placing a hydrophone in the riverbank still faces the difficulty that each river is a specific environment with its own acoustic properties (acoustic wave propagation) and that calibration is still needed.

In this note, we present a method that minimizes the effect of acoustic wave propagation by measuring bedload SGN as close as possible to the noise sources with a floating raft drifted at several different positions in the river cross-section (acoustic mapping). In recent research [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF], this approach made it possible to relate acoustic power and bedload with a unique empirical function encapsulating all the multi-site complexity (propagation, grain size effect, threshold for entrainment, etc.). This multi-site function can be used to estimate bedload flux a priori with no additional calibration. However, this function has not been widely tested, and the measured dataset used to fit this function comprises considerable variability with a correlation coefficient R 2 =0.57. We provide in this technical note new measurements from different rivers and at different transport rate values for testing and validating this multi-site function. We use our field measurements to improve the robustness of the multi-site function by increasing the dataset density, adding new rivers, and extending the measured transport rate to values outside the range values of [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF] dataset. We first present the
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Chapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone material and protocol. Secondly, we illustrate the interest of the method using direct bedload measurements in several rivers. Finally, we present a new empirical function with the extended dataset.

Acoustic measurements 1.3.1 Material and method

The acoustic measuring system comprises three compartments: the hydrophone, an acquisition system, and a floating river board (Figure 1.1a). Details on the recording system used are presented in section 1.9.1. The acquisition system is mounted on the river board with the hydrophone maintained freely underwater at a constant depth (which depends on the flow depth and must be far enough away from the water surface and the riverbed).

Acoustic measurements are taken by drifting the river board from a bridge crossing the river, freely parallel to stream flow (Figure 1b,c). This technique reduces hydraulic noises by minimizing the river board and hydrophone interactions with the flow. Each drift is considered a single-point measurement on the river cross-section. 

Data processing

The recorded signal (in Volts) was first converted into a pressure signal (µ𝑃𝑎 ), using the sensitivity of the hydrophone and the amplifier gain of the acquisition system (see section 1.9.1). This new format makes it possible to compare between different hydrophones.

Secondly, for each drift 𝑖 at the measuring position 𝑥 𝑖 , the pressure time signal was divided
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Chapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone into 20-millisecond windows with 50 % overlap. All windows were processed with the Fast Fourier Transform (FFT), and we kept the median power value in each frequency band [START_REF] Merchant | Spectral probability density as a tool for marine ambient noise analysis[END_REF]. The result is the median power spectral density 𝑃𝑆𝐷 𝑖 (in µ𝑃𝑎 2 /𝐻𝑧) of drift 𝑖. Finally, 𝑃𝑆𝐷 𝑖 was integrated over the frequency range of interest to obtain the acoustic power 𝑃 𝑖 (in µ𝑃𝑎 2 ) of drift i measured at location 𝑥 𝑖 in the section:

𝑃 𝑖 = ∫ 𝑃𝑆𝐷 𝑖 (𝑓, 𝑥 𝑖 )𝑑𝑓 𝑓 𝑚𝑎𝑥 𝑓 𝑚𝑖𝑛 1.1
where 𝑓 𝑚𝑖𝑛 and 𝑓 𝑚𝑎𝑥 frequencies defined for power integration. After qualitative analysis, the value of 𝑓 𝑚𝑖𝑛 = 2 kHz was chosen to better separate hydraulic noise at low frequency from bedload SGN [START_REF] Geay | Mesure acoustique passive du transport par charriage dans les rivières [Passive Acoustic measurement of bedload transport in rivers[END_REF]. The maximum 𝑓 𝑚𝑎𝑥 is the hydrophone response frequency (which is chosen as a function of the studied river as explained in section 1.9.1), and is limited to half the sampling frequency 𝐹 𝑠 (Nyquist frequency). The 𝑃 𝑖 values are used for building a continuous cross-sectional power profile 𝑃 (𝑥). Finally, the average cross-sectional acoustic power (𝑃 ̅ , in µ𝑃𝑎 2 ) for the measured river width 𝑊 𝑚 is:

𝑃 ̅ = ∫ 𝑃(𝑥)𝑑𝑥 𝑊 𝑚 1.2

Converting acoustic power to bedload

In a recent study, [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF] We used HTI 99 hydrophones (High Tech, Inc.,http://www.hightechincusa.com) which have a flat frequency response (∓ 3dB) between 2 Hz and 125 kHz, covering the frequency range of gravel and coarse sand bedload SGN [START_REF] Thorne | Laboratory and marine measurements on the acoustic detection of sediment transport[END_REF]. Our hydrophones have sensitivity of about -200 ± 0.2 dB re 1 V/µPa. Hydrophones were plugged into an acquisition system with EA-SDA14 card (RTSYS Company). The recordings were stored in wav files with a 156 kHz or 312 kHz sampling frequency. The drift length was variable from one river to another in a range between 10-30 m (with a duration between 6-20 sec). Likewise, the hydrophone position in the water column was variable between 0.3-0.5 m below the surface depending on water depth. Several drift repetitions have been performed at each measuring location. It is not possible to fix a protocol for the drift length and duration as well as the hydrophone position because they are imposed for each river by the local flow conditions and obstacles (e.g., trees, eddies, rocks). Available data does not reveal an impact of these parameters on the median measured acoustic power 𝑃 𝑖 .

Bedload flux was measured by direct sampling using mainly a hand-held Elwha sampler (203 × 152 mm) deployed from bridges crossing the river. In case of difficulties in manipulating the Elwha sampler due to bridge trusses or high water levels, a cable-suspended Toutle River (TR2) sampler (305 × 152 mm), or Helley-Smith (H-S) sampler (152 × 152 mm) were used and deployed using a crane from the bridge. Bedload measurements were performed at various positions on the river cross-section with equal width incrementation following the procedures proposed by [START_REF] Edwards | WSGS science for a changing world Field Methods for Measurement of Fluvial Sediment[END_REF] 

Results

The raw data profile of measured acoustic power and bedload flux for each river are presented in the Supplementary Materials 1 at the end of the manuscript. For each experiment, the cross-sectional average values 𝑃 ̅ are converted into bedload flux 𝑞 ̅ 𝑠_𝑆𝐺𝑁 using Eq. 1. The predicted values fall in an envelope corresponding to [1/3;3] times the direct bedload measurements. One could object that it is not precise enough for engineering purposes. To this potential remark, we must recall that the direct measurements used for comparison are also subject to uncertainties that are difficult to assess. In addition, part of the variability observed in Figure 1.2 can result from the different efficiency of various bedload samplers used (Bunte et al., 2008a;[START_REF] Childers | Field comparisons of six pressure-difference bedload samplers in highenergy flow[END_REF]. Secondly, such results must also be compared to the standard approach, which estimates bedload with equations. We entered data of Table 1.1 in the online program https://en.bedloadweb.com/ to compute bedload with 11 empirical equations [START_REF] Camenen | A Total Load Formula for the Nearshore[END_REF]Einstein, 1950;[START_REF] Engelund | A monograph on sediment transport in alluvial streams[END_REF][START_REF] Meyer-Peter | Formulas for Bed-Load Transport[END_REF][START_REF] Parker | Surface-based bedload transport relation for gravel rivers[END_REF][START_REF] Parker | Theory of propagation of explosive sound in shallow water[END_REF]Recking, 2013a;[START_REF] Rickenmann | Hyperconcentrated Flow and Sediment Transport at Steep Slopes[END_REF][START_REF] Smart | Sediment transport on steep slopes[END_REF]Wilcock and Crowe, 2003a;[START_REF] Wong | Reanalysis and Correction of Bed-Load Relation of Meyer-Peter and Müller Using Their Own Database[END_REF]. Results 
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Limitations and perspectives

Despite that the drifted hydrophone technique was successfully tested in a wide range of rivers, it can be limited in certain environments by the capacity of the river to propagate the bedload SGN to the hydrophone. This signal loss is the acoustic attenuation, which depends on many factors such as flow turbulence, bed roughness, or flow depth. Furthermore, acoustic propagation also depends on a cut-off frequency [START_REF] Geay | Passive acoustic monitoring of bed load discharge in a large gravel bed river[END_REF] inversely proportional to the water level, below which waves don't propagate. Thus, the method is not adapted to very low water depth (the smaller depth successfully tested is 0.46 m), very steep streams (the steepest slope where the method was successfully tested is 0.017), and the effect of heavy suspended load on acoustic propagation still needs investigation. On the other hand, the method was successfully tested on the Loire river, a 500 m wide sandy river with D50 in the range of 0.3 -3.1 mm and an average slope of 0.002 (Le [START_REF] Guern | Relevance of acoustic methods to quantify bedload transport and bedform dynamics in a large sandy-gravel-bed river[END_REF], with a hydrophone having a high-frequency response (up to 480 kHz) adapted to fine sediments. Beside the limitations mentioned above that require additional research, hydrophones offer many interesting perspectives. They are now available commercially with a range of prices starting from a few hundred dollars and can be manipulated by one operator from a bridge. Moreover, in the absence of a crossing bridge, the use of a remotely controlled floating drone to drift the hydrophone has been successfully tested in some rivers. The drift method, although still a little tedious to implement, can help to calibrate bank hydrophones for continuous monitoring (still dependent on calibration because affected by the propagation properties of the river).

Improvement of the calibration curve

Because the new bedload values complement the [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF] 

Conclusion

We tested a recent method for measuring bedload with hydrophones. This method involves measuring the SGN profile over the entire river cross-section using a drifted hydrophone and converting this signal to bedload flux using a multi-river calibrated equation [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF]. We illustrated the technique with a new field campaign comprising 17 measurements of SGN and bedload flux in 8 different rivers. The experiment shows good performance when compared to computation with different bedload flux empirical equations. 

Data availability statement

Hydrophones

The hydrophone is usually characterized by it is sensitivity 𝑆 ℎ and it is directivity. The sensitivity 𝑆 ℎ is the electrical voltage created per micro pascal of acoustic pressure (expressed in dB to 1V/µPa): The acquisition system allows the amplification, filtering, and registration of the hydrophone signal in different formats. The amplification performance of the acquisition system is typically expressed as a gain factor (𝐺, in dB). This parameter is a function of the efficient input and the final output voltages (𝑉 𝑖𝑛 and 𝑉 𝑜𝑢𝑡,2 respectively):

𝑆 ℎ =
𝐺 = 20 log ( 𝑉 𝑜𝑢𝑡,2 𝑉 𝑖𝑛 ⁄ ) 1.7
In the absence of any intermediate amplifier or losses between the hydrophone and the acquisition system 𝑉 𝑖𝑛 = 𝑉 𝑜𝑢𝑡,1 of the hydrophone. In most acquisition systems, the digitization for the signal (conversation to .wav file) introduces a conversion factor such that:

𝑦 = 𝑘. 𝑉 𝑜𝑢𝑡,2 1.8
where 𝑦 (in Volts) is the signal registered as .wav file.

In our field measurements, we used RTSys-EASDA14, which can be integrated in different systems with different functionality. Two RTSys-EASDA14 have been used

depending on the riverboard (Figure 1.6). The conversion factor 𝑘 = 2.5 is constant for this type of system and with the gain factor 𝐺 varying from one device to other. For both used acquisition systems, the gain factor 𝐺 is around 15.5 dB. The sampling frequency has been set to Fs=312 kHz. and 0.82, respectively (Eq. 1.10 in Table 1.4), and the associated Pearson correlation coefficient (𝑅 2 ) is 0.76, which is higher than that obtained by [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF].

To assess if the visible differences between the two calibration curves (Eq. 1.3 and Eq.1.10) are statistically significant, a test hypothesis was performed. For that, both field campaigns are considered independent samples, and the variance (ANOVA) F-test analysis is used to determine whether the fitted 𝑎 and 𝑏 for each field campaign are significantly different. The test hypothesis is applied on 𝑎 and 𝑏 separately. The null hypothesis 𝐻 0 tested is that 𝑎 (or 𝑏) for both relations are equal. The alternative hypothesis 𝐻 1 tested is that 𝑎 (or 𝑏)

for both relations are different. Of particular interest of the F-test is the p-value. A large p-value

Development of Passive Acoustic Method for Bedload Monitoring in Rivers

Chapter 2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers (greater than 0.05 in case operating at 95% of confidence) indicates that the alternative hypothesis 𝐻 1 is rejected while the null 𝐻 0 is accepted. The calculated p-values for 𝑎 and 𝑏 using the ANOVA F-test method are 0.1 and 0.63 respectively, leading to the conclusion that the null hypothesis 𝐻 0 is accepted with 95% confidence, and there is no statistically significant difference between 𝑎 and 𝑏 obtained in the two different campaigns. 2020) with our dataset.

The calibration curve obtained for both datasets could be biased by 14 experiments (out of 42) measured on the Severaisse river. To assess this river's influence, we present in 

Least Square regression

The results of the calibration curve presented above are based on the reduced major axis regression (RMA) between 𝑃 ̅ and 𝑞 𝑠 ̅ . Different to RMA, the least square method (LS) doesn't assume any errors on the x-axis, and the results are asymmetric. In the absence of validation data for the calibration curve, no decision can be taken on which regression method is better. Here we present the calibration curve obtained with the LS method. Figure 1.9 shows the result of the LS applied on (x =𝑞 𝑠 ̅ , y= 𝑃 ̅ ) in blue, the result of the LS applied on (x=𝑃 ̅ , y= 𝑞 𝑠 ̅ ) in red, and the calibration curve using RMA in black). In addition, Table 1.4 presents the equation of the different calibration curves in the form of 𝑃 ̅ = 𝑓( 𝑞 𝑠 ̅ ) and 𝑞 𝑠 ̅ = 𝑓(𝑃 ̅ ). The results

show that using the calibration curve with different regression methods can cause significant variability on the lower and upper limits of the calibration curve. This difference demonstrates one systematical uncertainty that can be obtained using the calibration curve to estimate bedload flux.
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Chapter 2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers Table 1.

Equations of calibration curves using the different regression methods (RMA and LS)

Regression method Equation Equation nb

RMA (𝑞 𝑠 ̅ , 𝑃 ̅ ) ≡ (𝑃 ̅ , 𝑞 𝑠 ̅ ) 𝑞 𝑠 ̅ = 4.2 • 10 -2 𝑃 ̅ 0.76 1.5 LS (𝑃 ̅ , 𝑞 𝑠 ̅ ) 𝑞 𝑠 ̅ = 1.4 • 10 -7 𝑃 ̅ 0.65 1.11
LS (𝑞 𝑠 ̅ , 𝑃 ̅ ) 𝑞 𝑠 ̅ = 6.8 • 10 -11 𝑃 ̅ 0.9 1.12 Figure 1.9 calibration curve using a different regression method.

Investigation of controlling factors of SGN with a multiple regression model.

Bedload SGN is controlled by multiple factors other than bedload flux, such as the size of particles impacting the river bed [START_REF] Thorne | An overview of underwater sound generated by interparticle collisions and its application to the measurements of coarse sediment bedload transport[END_REF], attenuation of the acoustic waves [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF]Wren et al., 2015), and cutoff frequencies [START_REF] Thomas | Spectral variations of underwater river sounds[END_REF][START_REF] Rigby | Passive Acoustic Monitoring of Bed Load for Fluvial Applications[END_REF].

Here we use the field data to investigate how much each measured field parameter impacts the average cross-sectional power. For that, we use a multiple regression procedure, which consists in building a statistical model accounting for all quantitative factors defined in ) which are all likely to impact 𝑃 ̅ . In addition, to assess the importance of other variables on the measured acoustic, the standardized regression coefficients (SRC) which indicate the importance of the corresponding variable to variation of 𝑃 ̅ are calculated for each parameter using the Least Square Method on the standard values (z-score). The higher is the absolute value of SRC of a certain variable, the more it explains (relatively to other variables) the variation of the 𝑃 ̅ values. Results of SRC are presented in Table 1.6 for the first three most important parameters, and the corresponding multivariate models are proposed. All datasets have been used for this analysis; however, the experiments with missing information on the studied parameters (such as bedload GSD or attenuation coefficient) have been excluded. The RMA regression method is not adapted for multivariate equations, then the equations presented in Table 1.6 are based on LS method with 𝑃 ̅ as the dependent parameter.

As in the previous results, bedload explains 72% of the measured SGN. The attenuation coefficient 𝛼 𝜆𝑠 appears to be the second important parameter, which is not very surprising as it is consistent with the finding of [START_REF] Nasr | A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers[END_REF], which shows that the attenuation coefficient is the most sensitive parameter. In less extent, other parameters are already present in bedload, such as the average flow velocity 𝑉 which also controls the propagation conditions and is considered as a proxy for the bedload velocity. Finally, the grains diameter 𝐷 84 also contribute to the measured SGN, which can show that SGN is controlled by the size of the largest fraction of bedload diameters 1.9.6 Effect of integration width on the calibration curve.

As presented above, the propagation environment controls the measured acoustic signal. In addition to signal attenuation, one of the problems of acoustic signal propagation is

Development of Passive Acoustic Method for Bedload Monitoring in Rivers

Chapter 2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers that the SGN can propagate in the river from the zone with high transport and accumulate a low transport zones (see the comparison between bedload flux and acoustic profile in Appendix A). In other words, SGN is well measured by the hydrophone at a given location and does not necessarily correspond to bedload transport in the considered vertical. The effect of signal accumulation is expected to exaggerate the average cross-sectional acoustic power. In particular in rivers with a good acoustic propagation.

In our protocol, the average cross-sectional values are obtained by integration over the measured profile (𝑊 𝑚 ). However, the ratio between the active width (considered as part of the cross-section where bedload occurs) and total river width shows high inter-site variability, between 0.15 and 0.92 (with a mean of 0.51). The consequence is that the resulting 𝑃 ̅ values likely comprise more acoustic power than what would be expected for the actual bedload flux.

Therefore, as an attempt to reduce the propagation effect, we introduce the coefficient

𝛽 [0-1],
which reduces the integration width of the section as follows:

𝑞 𝑠 ̅ = ∫ 𝑞 𝑠,𝑥 (𝑥)𝑑𝑥 𝑥 𝑟 𝑥 𝑙 𝛽 • 𝑊 𝑚 , 1. 17a 𝑃 ̅ = ∫ 𝑃 (𝑥)𝑑𝑥 𝑥 𝑟 𝑥 𝑙 𝛽 • 𝑊 𝑚 , 1.17b 𝛽 = 𝑥 𝑟 -𝑥 𝑙 𝑊 𝑚 , 1.17c
where 𝑞 𝑠,𝑥 is the bedload flux average profile (g/s/m), with 𝑥 𝑙 and 𝑥 𝑟 defined respectively as the left and right limit of integration. The peak position of the acoustic power profile 𝑥 𝑝 (in meter) is considered as a reference point for different integration widths. The acoustic peak position 𝑥 𝑝 is centered between these two points without exceeding the section limits (Figure

1.10a).
The values of 𝑞 𝑠 ̅ and 𝑃 ̅ have been recalculated using Eq.1.17 for values of 𝛽 [0.05-1] with a 0.05 step. For each value of 𝛽 a new calibration curve was fitted (Figure 3b). The 
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Abstract

Monitoring bedload transport is of interest for studying river morphology evolution and hydraulic structures stability (e.g., dams, bridges). Bedload self-generated noise measured by hydrophones has been experimentally correlated to bedload flux in several studies. However, the lack of theoretical background linking the recorded acoustic noise to bedload and river characteristics has prevented a good understanding of the experimental results. Here, we develop a model of the acoustic noise generated by bedload transport in rivers. The model provides an estimation of the acoustic power generated by the impacts of bedload particles with riverbed particles. In this model, we account for bedload kinematics (e.g., impact velocities, saltation length) and the environment in which acoustic wave is propagated (e.g., acoustic wave attenuation). Sensitivity analysis shows that the noise generated by bedload transport depends on the grain size distribution and river characteristics such as slope, water level, and propagation effects. We tested the model on a field dataset comprising acoustic and direct bedload measurements from different rivers. The acoustic powers predicted by the model are consistent with field measurements for some rivers while questionable for others ones. The analysis has shown a great sensitivity of the model to bedload kinematics (in particular, the way the grain velocity is computed) and riverbed grain size distribution. The model provides a first basis that can serve as a framework in future work concerned with acoustic measurements of bedload transport. However, the model is still imperfect, and it is limited by today's knowledge of the physics of bedload transport.

Introduction

Bedload transport is a key factor controlling river morphology. Sediments transported downstream may fill reservoirs and channels, increase the risk of flooding, and have an array of water quality implications. On the other hand, erosion of the riverbed due to sediment starvation may trigger instability in riverbanks and structures. Hence, quantifying bedload is
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Chapter 2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers needed for diverse applications, including flood hazard mitigation and river restoration.

Obtaining an accurate estimation of bedload by sampling is expensive, challenging, and lacks temporal resolution, especially during large flood events. Automatic bedload direct sampling methods using bedload traps have been developed for a continuous survey [START_REF] Lenzi | Bedload transport in the instrumented catchment of the Rio Cordon. Part I: Analysis of bedload records, conditions and threshold of bedload entrainment[END_REF][START_REF] Rickenmann | Bedload transport measurements at the Erlenbach stream with geophones and automated basket samplers[END_REF]. However, these methods are expensive, technically challenging, and consequently limited to small rivers. To face these difficulties, extensive research have produced many models based on experimental and theoretical works (Einstein, 1950;[START_REF] Meyer-Peter | Formulas for Bed-Load Transport[END_REF]Recking, 2013a;[START_REF] Shields | Application of similarity principles and turbulence research to bed-load movement (in German)[END_REF]Wilcock and Crowe, 2003b).

Unfortunately, these models' validity is questionable and can lead to significant errors when used with uncertain input data (Recking, 2013).

Technological advancements and improvements have enabled the development of surrogate methods for bedload monitoring [START_REF] Gray | Measuring bed load discharge in rivers: Bedload-Surrogate Monitoring Workshop Minneapolis, Minnesota, 11-14[END_REF]. These methods involve the indirect measurement of bedload using active or passive sensors. Active methods use sensors that emit signals and record their reflected response. For example, active methods use acoustic Doppler current profiler (aDcp, [START_REF] Rennie | Measurement of Bed Load Velocity using an Acoustic Doppler Current Profiler[END_REF] or radar system [START_REF] Shrestha | River Bedload Monitoring Using a Radar System[END_REF]. On the other hand, passive techniques consist of recording self-generated bedload signals. For instance, geophones measure the vibration of steel plates impacted by bedload particles [START_REF] Rickenmann | Bedload transport measurements with impact plate geophones: comparison of sensor calibration in different gravel-bed streams[END_REF][START_REF] Wyss | Acoustic Method for Bedload Monitoring in Rivers Refernces[END_REF]. Alternative impact devices have also been used, such as steel pipes [START_REF] Mao | Flume and field-based calibration of surrogate sensors for monitoring bedload transport[END_REF][START_REF] Mizuyama | Laboratory Tests of a Japanese Pipe Geophone for Continuous Acoustic Monitoring of Coarse Bedload[END_REF][START_REF] Mizuyama | Erosion ami Sediment Transport Measurement in Rivers: Technological and Methodological Advances[END_REF] or column pipes [START_REF] Papanicolaou | Evaluation of a gravel transport sensor for bed load measurements in natural flows[END_REF]. Seismic sensors measure ground vibrations generated by bedload impacts on the riverbed [START_REF] Gimbert | Particle transport mechanics and induced seismic noise in steep flume experiments with accelerometer-embedded tracers[END_REF][START_REF] Tsai | A physical model for seismic noise generation from sediment transport in rivers[END_REF]. A passive method can also be achieved using hydrophones that measure the sound generated by bedload particles as they hit the riverbed. These sounds are referred to as bedload Self-Generated Noise (SGN). This paper is related to the use of hydrophones to monitor bedload transport.

Using acoustic technologies for monitoring bedload first appeared in [START_REF] Mühlhofer | Untersuchungen über die Schwebstoff-und Geschiebeführung des Inn nächst Kirchbichl[END_REF] works, who used an impact plate placed on the riverbed and connected to an earphone. The first monitoring of bedload SGN by hydrophone was performed on the Isére River by Braudeau (1951) using a microphone connected to an amplifier. Following studies have demonstrated that the acoustic power of bedload SGN was mainly correlated to bedload flux in controlled experiments [START_REF] Johnson | Acoustic Detection Of Sediment Movement[END_REF][START_REF] Thorne | Laboratory and marine measurements on the acoustic detection of sediment transport[END_REF] and in field studies [START_REF] Barton | Monitoring coarse bedload transport with passive acoustic instrumentation: A field study[END_REF][START_REF] Geay | An estimate of bedload discharge in rivers with passive acoustic measurements: Towards a generalized calibration curve? E3[END_REF][START_REF] Marineau | Surrogate Bedload Monitoring Using Hydrophones in the Gravel-Bedded Cedar River, Washington[END_REF]. Moreover, the Power Spectral Density (PSD in 𝜇𝑃𝑎 2 𝐻𝑧 -1 ) of the acoustic signal may also contain information on the transported diameters [START_REF] Petrut | Passive acoustic measurement of bedload grain size distribution using self-generated noise[END_REF][START_REF] Thorne | Laboratory and marine measurements on the acoustic detection of sediment transport[END_REF][START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF]. [START_REF] Thorne | Laboratory and marine measurements on the acoustic detection of sediment transport[END_REF] where 𝑓 𝑝 is the peak frequency corresponding to the maximum power of the PSD, and

𝑓 𝑐 is the central frequency, satisfying the following relation:

∫ |𝑃𝑆𝐷| 2 𝑑𝑓 = ∫ |𝑃𝑆𝐷| 2 𝑑𝑓 ∞ 𝑓𝑐 𝑓𝑐 0
.

Equations (2.1a and 2.1a) indicate that the frequency of the generated spectrum is almost inversely proportional to the diameter. For example, impacting particles of diameter between 1 mm and 100 mm generate peak frequencies varying between 100 kHz and 1 kHz. These very simple equations do not enable predicting the full grain-size distribution 𝐺𝑆𝐷 of bedload mixtures, and their accuracy is also questionable under field conditions. An inversion method that solves the issue of spectrum shape and estimates the entire bedload GSD curve has been proposed by [START_REF] Petrut | Passive acoustic measurement of bedload grain size distribution using self-generated noise[END_REF]. However, the inversion results overestimate sampled values for five gravel-bed [START_REF] Geay | An estimate of bedload discharge in rivers with passive acoustic measurements: Towards a generalized calibration curve? E3[END_REF], suggesting that the acoustic power measured in rivers may not adequately capture the finest materials contained in bedload.

Recent studies showed that the measured 𝑆𝐺𝑁 is not only dependent on bedload characteristics but also on the sound propagation characteristics of the river [START_REF] Rigby | Passive Acoustic Monitoring of Bed Load for Fluvial Applications[END_REF].

The propagation of sound in rivers is controlled by multiple factors, such as water depth [START_REF] Geay | Passive acoustic monitoring of bed load discharge in a large gravel bed river[END_REF][START_REF] Rigby | Passive Acoustic Monitoring of Bed Load for Fluvial Applications[END_REF], bed roughness (Wren et al., 2015), and suspended sediment concentration [START_REF] Richards | The effect of suspended particulate matter on sound attenuation in seawater[END_REF]. This propagation effect can be characterized by a transmission loss function (𝑇𝐿) depicting the power losses of an acoustic signal propagated from acoustic source to hydrophone position. A spectral power 𝑝 (in 𝜇𝑃𝑎 2 • 𝐻𝑧 -1 ) of an acoustic signal measured by a hydrophone located at a distance 𝑟 from the source is :

𝑝(𝑓, 𝑟) = 𝓈 (𝑓) • 𝑇𝐿(𝑓, 𝑟 ) 2.2
where 𝑠 is the spectral power (in 𝜇𝑃𝑎 2 • 𝐻𝑧 -1 ) of the acoustic signal generated by the source.

Recently, Geay et al. ( 2020) related the cross-sectional average acoustic power 𝑃 ̅ (𝜇𝑃𝑎 2 ) of SGN to the reach specific bedload flux 𝑞 ̅ 𝑠 (𝑔 • 𝑠 -1 • 𝑚 -1 ) for 25 measurements done in 14 different river reaches. later, and found the following empirical relation:

𝑞 ̅ 𝑠 = 2.55 × 10 -9 𝑃 ̅ 0.78 2.3
However, this unique experimental relationship has not been physically explained yet and does not discriminate the inter-sites river characteristics. Furthermore, the spectral content of the acoustic measurements did not confirm the relationship between frequency and bedload diameter (Eq. 2.1a) found by Thorne in laboratory experiments. Propagation effects are
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Chapter 2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers suspected of playing a significant role by affecting the spectral content of bedload SGN measured in the field [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF][START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF][START_REF] Geay | An estimate of bedload discharge in rivers with passive acoustic measurements: Towards a generalized calibration curve? E3[END_REF].

To better understand how SGN is related to bedload flux, a description of the physics that link bedload SGN (power, spectral content) to bedload properties under known river conditions is needed. In a similar way to what has already been done for the seismic noise generated by bedload transport [START_REF] Gimbert | Particle transport mechanics and induced seismic noise in steep flume experiments with accelerometer-embedded tracers[END_REF][START_REF] Tsai | A physical model for seismic noise generation from sediment transport in rivers[END_REF], we present paper describes the development of a physical model to predict the acoustic signals emitted by bedload transport and received by a hydrophone located at a given position in the river. First, we present the model and the associated assumption. Then, the model sensitivity is tested.

Finally, several acoustic and bedload measurements made in various rivers [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF] are used to test the validity of the model.

Model development

Overview

Three types of movement can be distinguished for bedload: rolling, sliding, and saltation. These movements generate sounds as the particles move on and impact the riverbed. The generated sound represents a short impulsive pressure fluctuation transmitted from the point of contact between two bodies. The sound due to multiple sources will have additive effects on the total sound transmitted in water. The pressure amplitude and duration of a sound pulse are dependent on the particle size and particle movement properties, such as the impact velocity (section 2.3.4).

The measured bedload SGN is made of the sounds generated by every moving particle and propagated from the location of the impacts to the hydrophone position. These sounds are attenuated with distance due to different physical processes (described in section 2.3.5), which reduce the amplitude and modify the spectral content.

The physical framework used to build the acoustic model comprises three components presented in Figure 2.1: (1) the generation of sound by random particle collision, (2) the number of collisions contributing to the SGN and their location, ( 3) and the propagation and attenuation of these acoustic signals towards the hydrophone.

General framework

This work aims to drive a primary model of the measured acoustic signal generated by bedload particles. The river is first discretized into a mesh of square cells (Figure 2.1) of dimension ∆ 𝑋 . Here, we use cells with a square side of ∆ 𝑋 = 1 𝑚 (i.e., unit area). For every cell
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Chapter 2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers in the river, an index 𝑖𝑗 has been assigned, and the point 𝒙 𝒊𝒋 ( 𝑋 𝑖 𝑌 𝑗

) is the position of the center of the cell 𝑖𝑗.

The hydrophone located at position 𝒙( 𝑋 𝑌 ) receives acoustic signals from every bedload particle impacting the riverbed. We consider that acoustic powers are additive since the acoustic signals are randomly distributed in time and space [START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF]). In the following, for the sake of analysis, we will not work with the acoustic signal but with its Fourier transform.

Figure 2.1 Different components that determine bedload SGN in rivers.

𝑝 𝑥 is the signal (in 𝜇𝑃𝑎 2 • 𝐻𝑧 -1 ) measured by a hydrophone at a position 𝒙 and it is the summation of all signals propagated from each unit area (i.e., each mesh). 𝑠 @1𝑚 is the signal (in 𝜇) generated by a unit area at a position 𝒙 𝒊𝒋 and measured at a distance of 1 meter from the center of the unit area. 𝑒@ 1𝑚 is the average signal (in 𝜇𝑃𝑎 2 • 𝑠 • 𝐻𝑧 -1 ) generated by an impact of a bedload particle. 𝑒 @1𝑚 is the signal (in 𝜇𝑃𝑎 2 • 𝑠 • 𝐻𝑧 -1 ) generated by an impact between a particle of diameter 𝐷 𝑘 with a riverbed particle of diameter 𝐷 𝑏𝑒𝑑,𝑙 . The angle 𝛽 is the angle between the direction of impactor particle and the vertical. The angle 𝜃 is the angle between the direction of impactor particle and the line from impact position to the hydrophone.
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The acoustic noise measured by the hydrophone is the sum of noises generated by all acoustic sources in the river:

𝓅 𝑥 (𝑓, 𝒙) = ∑ ∑ 𝓈 @1𝑚 (𝑓, 𝒙 𝒊𝒋 ) 𝑁 𝑌 𝑗=1 𝑁 𝑋 𝑖=1 𝑇𝐿(𝑓, 𝒙; 𝒙 𝒊𝒋 ) 2.4
where, 𝓅 𝑥 is the spectral power (in 𝜇𝑃𝑎 2 • 𝐻𝑧 -1 ) measured by a hydrophone located at position 𝒙 in the river. 𝑁 𝑋 is the number of meshes in the cross-sectional direction (𝑋) of the river. 𝑁 𝑌 is the number of meshes in the longitudinal direction (𝑌). The transmission loss function (𝑇𝐿) propagates the acoustic signal propagated from the source position 𝒙 𝒊𝒋 to the hydrophone position 𝒙 (see section 2. 3.5). This frequency-dependent propagation function depicts the loss of acoustic power measured at the hydrophone position in comparison to a reference situation. The reference situation for a transmission loss function is defined by the acoustic power that should be measured at a distance of 1 meter from the acoustic source in free space without attenuation [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF][START_REF] Jensen | Fundamentals of Ocean Acoustics[END_REF]. Finally, 𝑠 @1𝑚 is the spectral power (𝜇𝑃𝑎 2 • 𝐻𝑧 -1 @ 1𝑚) generated by all acoustic sources at a position 𝒙 𝒊𝒋 and computed at 1 meter from the point source in free space without attenuation. It is calculated as the sum of energies generated by each individual impacts within the mesh:

𝓈 @1𝑚 (𝑓, 𝒙 𝒊𝒋 ) = ∑ 𝑛(𝐷 𝑘 , 𝒙 𝒊𝒋 𝑁 𝑘 𝑘=1
)𝑒̂@ 1𝑚 (𝑓, 𝐷 𝑘 ) 2.5

where, 𝑁 𝑘 is the number of diameter classes used to characterize the bedload grainsize distribution (impactors), 𝑛 is the impact rate (number of impacts per second in) at position 𝒙 𝒊𝒋 for impactor diameter 𝐷 𝑘 , and 𝑒@ 1𝑚 is the spectral energy generated (𝜇𝑃𝑎 2 • 𝑠 • 𝐻𝑧 -1 ) by the impact of one bedload particle of size 𝐷 𝑘 (impactor) with a riverbed particle (impactee). As mentioned, the impacts are assumed to be random in space so that an impactor of diameter 𝐷 𝑘 could impact any possible particle size on the riverbed 𝐷 𝑏𝑒𝑑,𝑙 . This is why we compute 𝑒̂@ 1𝑚 by weighting the energies due to the collision of an impactor of size 𝐷 𝑘 with all possible impactees of diameter 𝐷 𝑏𝑒𝑑,𝑙 :

𝑒@ 1𝑚 (𝑓, 𝐷 𝑘 ) = ∑ 𝒫(𝐷 𝑏𝑒𝑑,𝑙 )𝑒 @1𝑚 (𝑓, 𝐷 𝑘 , 𝐷 𝑏𝑒𝑑,𝑙 ),

𝑁 𝑙 𝑙=1 2.6
where,𝑁 𝑙 is the number of diameter classes used to characterize riverbed grain-size distribution, 𝒫 is the frequency distribution of the riverbed particle grain-size, 𝑒 @1𝑚 is the spectral energy generated by the impactor of a diameter 𝐷 𝑘 colliding with an impactee of diameter 𝐷 𝑏𝑒𝑑,𝑙 . [START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF] described the physical model used to compute
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Chapter 2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers 𝑒 @1𝑚 (see section 2. 3.3). This model predicts the generated sound due to sphere-sphere impact in the water.

The general framework of the model has been presented, and now the following terms will be defined: 𝑒 @1𝑚 (𝑓, 𝐷 𝑘 , 𝐷 𝑏𝑒𝑑,𝑙 ), 𝑇𝐿(𝑓, 𝒙; 𝒙 𝒊𝒋 ), 𝑛 (𝐷 𝑘 , 𝒙 𝒊𝒋 ). Later, in section 2.4 and 2.5, we will present the modeled signal in terms of acoustic power to compare with field measurements of bedload 𝑆𝐺𝑁.

Energy spectrum

This section presents the modeling of the acoustic signal due to sphere-sphere impact using the model of [START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF]. The impact velocity vector is assumed to be normal to the surface of the particles. The demonstration of the Thorne model for the energy spectrum and the required input parameters is presented in the Appendix (section 2.8.1). This model shows that the energy spectrum (𝑒 @1𝑚 ) is dependent on bedload particles' impact velocity 𝑈 𝑐 , particle sizes, the angle between particle motion and sensor position (𝜃, shown in Figure 2.8 in the Appendix section 2.8), and particles' material properties such as Poisson's ratio (𝜗),

Young's modulus (𝐸 ) and density (𝜌 𝑠 ). 
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Chapter 2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers Figure 2.2a shows the energy spectrum 𝑒 @1𝑚 of a single impact. It indicates that the energy spectrum comprises a main lobe (energy peak) and side lobes where the energy vanishes at higher frequencies. In Figure 2.2b, the total energy 𝐸 @1𝑚 (𝑃𝑎 2 • 𝑠) (integration of the energy spectrum 𝑒 @1𝑚 over the entire frequency range) is computed for different diameters and impact velocity 𝑈 𝑐 (0.1, 1 and 10 𝑚 • 𝑠 -1 ). Figure 2.2b shows that 𝐸 @1𝑚 is dependent on the cube of the sphere diameter. It also shows that an increase in 𝑈 𝑐 has a significant influence on the acoustic energy. The energy increases by several orders of magnitude (≈ 600) for an increase of 𝑈 𝑐 from 0.1 𝑚 • 𝑠 -1 to 1 𝑚 • 𝑠 -1 . Given that the impact velocity has a significant influence on the modeled energy, this parameter should be carefully estimated. Section 2.4 presents a method used to compute impact velocity.

The model of Thorne was derived such that the two spheres are free to move in space.

But very often, riverbed particles could be considered immobile during the collisions as they are constrained by an immobile riverbed. To model this behavior, we decided to assign an infinite diameter to the impactee by multiplying the impactee diameter (𝐷 𝑏𝑒𝑑 ) with an arbitrarily large factor. Doing that, Thorne's sphere-sphere model is almost equivalent to the sphere-slab model (Akay and Hodgson, 1978;[START_REF] Petrut | Passive acoustic measurement of bedload grain size distribution using self-generated noise[END_REF], eliminating the dependency of the model on the impactee diameter. Another possibility is to assign infinite mass to the impactee particles. Later, we discuss the effect of this assumption on the modeling results (see section 2.5.2). In the following, the velocity of sound in water (𝑐 𝑓 ), the density of water (𝜌 𝑓 ) and the parameters relative to material properties (𝐸, 𝜗, 𝜌 𝑠 ) are considered as constant, as defined in Figure 2.2.

Note that Thorne's model introduced the directionality of sound generated by rigid body radiation, where the amplitude of the generated noise is proportional to the cosine of 𝜃 (this can be seen in equation 2.27 in the section 2.8.1). Then the angle θ has a primary effect on the reduction of the amplitude of the spectrum. Theoretically, for θ=90° there is no sound measured, and for θ=0° the measured sound is maximum. However, in a natural river system with a rough bed, water turbulence, and nonplanar water-air interface, the sound monitored by hydrophone is not only coming from point sources but also the reflected waves at the boundaries of the mediums (water-air water-riverbed). For example, during the laboratory experiment of [START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF] the measurements for θ=90° gave a value of 20% of those measured at θ=0°. Moreover, the simplified propagation function used (section 2. 3.5) does not enable to characterize precisely how waves are reflected in the river. With the difficulties to measured angle 𝜃 in the field, in addition to propagate precisely a directional sound in the river, a rough assumption for this value is necessary (𝜃 = 0°).
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Chapter 2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers 2.3.4 Bedload impact velocity 𝑼 𝒄 (𝑫 𝒌 ) and impact rate 𝒏 (𝑫 𝒌 , 𝒙 𝒊𝒋 )

The model requires the dynamics of the moving grains to be characterized. It concerns the impact velocity and the impact rate. These parameters can be computed by knowing bedload particle size and river hydraulic parameters. Many formulas have been proposed in the literature for these two parameters (see discussion in section 2.5.2); however, this work does not aim to evaluate them. Here, we will use the empirical framework [START_REF] Gimbert | Particle transport mechanics and induced seismic noise in steep flume experiments with accelerometer-embedded tracers[END_REF] derived from flume experiments, as it is the latest monitored grain-scale physics of transported sediments using accelerometer-embedded tracer rocks. [START_REF] Gimbert | Particle transport mechanics and induced seismic noise in steep flume experiments with accelerometer-embedded tracers[END_REF] expressed the impact velocity and the impact rate as a function of the dimensionless excess transport stage

(𝜏 𝑠𝑡𝑎𝑔𝑒 *
). The excess transport stage is calculated as the ratio between the dimensionless excess Shields stress (𝜏 * -𝜏 𝑐 * ) and the critical Shields stress (𝜏 𝑐 * ) for a particle of diameter

𝐷 𝑘 : 𝜏 𝑠𝑡𝑎𝑔𝑒 * (𝐷 𝑘 ) = 𝜏 * (𝐷 𝑘 ) 𝜏 𝑐 * (𝐷 𝑘 ) -1, 𝜏 𝑠𝑡𝑎𝑔𝑒 > 0 2.7 𝜏 * (𝐷 𝑘 ) = ℎ𝑆 𝛿𝐷 𝑘 , ⁄ 2.7b 𝜏 𝑐 * (𝐷 𝑘 ) = 𝜏 𝑐,𝐷 50 * ( 𝐷 𝑘 𝐷 50 ) -𝛾

2.7c

where 𝑆 is the riverbed slope, ℎ is the water level (m), 𝛿 = (𝜌 𝑠 -𝜌 𝑓 ) 𝜌 𝑠 ⁄ , and 𝛾 = 0.9 is the hiding function coefficient for a broad grain size distribution [START_REF] Parker | Surface-based bedload transport relation for gravel rivers[END_REF] ) is dependent on river slope (Mueller et al., 2005;Lamb et al., 2008 b;[START_REF] Recking | Theoretical development on the effects of changing flow hydraulics on incipient bed load motion[END_REF]. Here we use 𝜏 𝑐,𝐷 50 * = 0.15𝑆 0.25 proposed by Lamb et al. (2008 b). In this model, we assume that the water level (ℎ) is constant along the river cross-section; hence, the Shields stress parameter is constant for bedload particles of diameter 𝐷 𝑘 across the river. However, even with the latest assumption, the bedload flux can vary spatially across the river bed cross-section. [START_REF] Gimbert | Particle transport mechanics and induced seismic noise in steep flume experiments with accelerometer-embedded tracers[END_REF] derived the following equations for impact velocity:

𝑈 𝑐 (𝐷 𝑘 ) = 0.51√𝑔𝛿𝐷 𝑘 𝜏 𝑠𝑡𝑎𝑔𝑒 * 0.25 (𝐷 𝑘 ) 2.8
This impact velocity is normal to the riverbed roughness, with angle 𝛽 from the vertical which was observed to be 5-20° in [START_REF] Gimbert | Particle transport mechanics and induced seismic noise in steep flume experiments with accelerometer-embedded tracers[END_REF] experiments.
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The impact rate per diameter (𝑛) is computed as the ratio between the number of moving particles of diameter 𝐷 𝑘 (𝑁 𝐷 𝑘 ) and the time between consecutive impacts (𝑡 ̅ ) of the particles:

𝑛(𝒙 𝒊𝒋 , 𝑫 𝒌 ) = 𝑁 𝐷 𝑘 ( 𝐷 𝑘 , 𝒙 𝒊𝒋 ) 𝑡 ̅ (𝐷 𝑘 ) 2.9
The time between consecutive impacts (𝑡 ̅ ) is given by [START_REF] Gimbert | Particle transport mechanics and induced seismic noise in steep flume experiments with accelerometer-embedded tracers[END_REF]:

𝑡 ̅ (𝐷 𝑘 ) = 0.14𝜏 𝑠𝑡𝑎𝑔𝑒 * 0.28 (𝐷 𝑘 ) 2.10
The number of moving particles (within a mesh of area ∆ 𝑥 2 and located at position 𝒙 𝒊𝒋 ), is proportional to the specific bedload flux at position 𝒙 𝒊𝒋 and inversely proportional to streamwise velocity and mass of bedload particles [START_REF] Tsai | A physical model for seismic noise generation from sediment transport in rivers[END_REF]:

𝑁 𝐷 (𝐷 𝑘 , 𝒙 𝒊𝒋 ) = 𝑞 ̅ 𝑠,𝒙 (𝐷 𝑘 , 𝒙 𝒊𝒋 ). ∆ 𝑥 2 𝑚 𝐷 𝑘 . 𝑈 𝑏 (𝐷 𝑘 ) 2.11 𝑞 ̅ 𝑠,𝒙 is the specific bedload flux of particles of diameter 𝐷 𝑘 at position 𝒙 𝒊𝒋 (in 𝑔 • 𝑠 -1 • 𝑚 -1 )
, 𝑚 𝐷 𝑘 is the mass of a particle of diameter diameter 𝐷 𝑘 , and 𝑈 𝑏 (in 𝑚 • 𝑠 -1 ) is the streamwise velocity of bedload particles. 𝑈 𝑏 is calculated using the formula of [START_REF] Gimbert | Particle transport mechanics and induced seismic noise in steep flume experiments with accelerometer-embedded tracers[END_REF], as follow:

𝑈 𝑏 (𝐷 𝑘 ) = 1.19√𝑔𝛿𝐷 𝑘 𝜏 𝑠𝑡𝑎𝑔𝑒 * 0.3 (𝐷 𝑘 ) 2.12
We consider that the specific bedload flux (𝑞 ̅ 𝑠,𝒙 ) is constant in the streamwise direction along a given longitudinal line (𝑗 direction). This leads to the simplification that the impact rate for meshes of equal 𝑖 position is constant: 𝑞 ̅ 𝑠,𝒙 (𝐷 𝑘 , 𝒙 𝒊𝒋 ) = 𝑞 ̅ 𝑠,𝒙 ( 𝐷 𝑘 , 𝒙 𝒊 ).

The impact rate and impact velocity presented above correspond to experiments conducted with 10 cobbles. Other equations have been derived by [START_REF] Gimbert | Particle transport mechanics and induced seismic noise in steep flume experiments with accelerometer-embedded tracers[END_REF] using 100 and 750 cobbles. Experiments with 100-750 pebbles have average impact velocity and time between impacts two to ten times less than experiments with 10 cobbles (particles undergo more impact with smaller intensity as transport rate increase). The variation of the modeling results with impact velocity formulas is discussed in section 2.5.

Propagation function 𝑻𝑳(𝒇, 𝒙; 𝒙 𝒊𝒋 )

Before discussing the propagation function used in this model, it is useful to describe the physical processes responsible for the variation of acoustic wave intensity and energy 4) absorption.
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The interfaces will act as perfect reflectors of waves for perfectly smooth surfaces, especially at a small incidence angle. However, such surfaces are not perfectly flat. They present irregularities (e.g. roughness), which scatter and diffract the reflected waves. The shorter the wavelength compared to the size of the interface roughness, the stronger the diffraction is. For example, a wavelength =0.5 m (frequency 𝑓=𝑐 𝑓 /≈ 3 kHz) will mainly undergo reflections with a small surface roughness due to the presence of sand or gravel on the river bed. The same wave, however, will change its spectral characteristics due to diffraction and scattering when the wavelength and the" roughness are of the same order (for instance in the presence of rip-rap).

In addition to the surface's roughness, the riverbed layers' impedance controls the reflection of sound waves at the water/sediment interface. For a riverbed with relatively high impedance, such as silt and clay, the reflection process is more significant than the reflection in a gravel bed with lower impedance. The porosity of sediment layers has been considered

as the most critical parameter for the characterization of sediment layer impedance in marine applications [START_REF] Etter | Underwater acoustic modeling and simulation[END_REF].

Neglecting the effects of riverbanks [START_REF] Rigby | Passive Acoustic Monitoring of Bed Load for Fluvial Applications[END_REF], the scattering effects of bed roughness on wave propagation (Wren et al., 2015), and attenuation induced by water turbulence or entrained air bubbles [START_REF] Field | Acoustic Propagation in Turbulent Layers[END_REF], rivers have been considered as a first approximation, as Pekeris waveguides (Pekeris, 1948). In such approximation, the acoustic
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Chapter 2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers waves are considered partially trapped in an infinite plane between the riverbed and the water surface. In this configuration, the propagation of low-frequency waves is limited by the existence of a cut-off frequency (𝑓 𝑐𝑢𝑡𝑜𝑓𝑓 ) below which waves don't propagate [START_REF] Geay | Passive acoustic monitoring of bed load discharge in a large gravel bed river[END_REF][START_REF] Rigby | Passive Acoustic Monitoring of Bed Load for Fluvial Applications[END_REF]; this frequency is given by:

𝑓 𝑐𝑢𝑡𝑜𝑓𝑓 = 𝑐 𝑓 𝑐 𝑠 4ℎ√𝑐 𝑠 2 -𝑐 𝑓 2 2.13
where 𝑐 𝑠 is the celerity of sound in the riverbed material, which can vary between 1600 m/s and 2200 m/s for pores and water-saturated riverbed [START_REF] Hamilton | Acoustic properties of sediments[END_REF].

In The first function (𝑇𝐿 1 ) corresponds to the decrease of power as the acoustic wave spreads and diverges with propagation distance. A simplified rectangular geometry, as in Pekeris waveguides, is assumed here with a constant water depth. Riverbanks are assumed to absorb sounds, and their effects are ignored. We define two propagation models, depending on the assumption of the upper and lower interface behavior. First, if the interfaces are perfectly reverberant, the acoustic wave propagates in a cylindrical way, and the wave is trapped between the two interfaces. In this case:

𝑇𝐿 1 (𝒙; 𝒙 𝒊𝒋 ) = 2 𝑟ℎ , (𝑟 > ℎ) 2.15a
where 𝑟 = |𝒙 -𝒙 𝒊𝒋 | is the source-hydrophone distance (in m). Second, if the interfaces act as perfect absorbers, then the acoustic wave propagates in a spherical mode as in free space:

𝑇𝐿 1 (𝒙; 𝒙 𝒊𝒋 ) = 1 𝑟 2

2.15b

As proposed in the experimental work of where 𝛼(𝑓) is an experimental attenuation coefficient (𝑚 -1 ). As discussed above, the attenuation process is frequency-dependent [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF][START_REF] Jensen | Fundamentals of Ocean Acoustics[END_REF], and 𝛼 is a function of frequency. From field observations [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF], 𝛼 is assumed to vary linearly with a frequency above cut-off frequency:

𝛼(𝑓) = α λ . 𝑓 𝑐 𝑓 2.17
α λ is a dimensionless attenuation coefficient. The parameter α λ was experimentally investigated by deploying a loudspeaker source in different rivers and measuring the losses of acoustic power per frequency band and with distance for both spherical (α λ 𝑠 ) and cylindrical (α λ 𝑐 ) modes of propagation [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF]. The results showed that α λ is river dependent, relatively constant for a given river, with value in the range [10 -4 -10 -1 s] and with α λ 𝑐 higher than α λ 𝑠 . The values of α λ are positively correlated with the riverbed slope and roughness, which means that more attenuation is expected in steep and rough rivers.

Sensitivity analysis and summary of the model inputs

A sensitivity analysis (SA) was performed to determine which input parameters are most influencing the modeled SGN. We computed the first-order and total order sensitivity index (SI)

for the input parameters. The SI is the contribution of variation of an input parameter to the model output variance (acoustic power in our case). The sensitivity analysis (tools, range of values for varying input parameters, computed SI values) is presented in Appendix section 2.8.3. Here we present a summary of the SA findings.

We note, from the total SI values, that most of the parameters contribute to the variance in the modeled 𝑆𝐺𝑁 power through interactions with other parameters. Nevertheless, the relative importance of these interactions may vary between parameters. The most sensitive parameter for the model is the attenuation coefficient (𝛼 𝜆 ). Parameters such as slope (𝑆), water level (ℎ), and bedload diameter also show relative importance. Other parameters such as 𝐸, 𝜗

and 𝑐 𝑓 have a negligible influence on the modeled 𝑆𝐺𝑁.

In conclusion, the sensitivity analysis reveals the parameters that should be carefully calibrated. Particular attention should be paid to the attenuation coefficient, especially if this parameter is not estimated from field measurements. The parameters controlling the determination of impact velocity and impact rate (ℎ, 𝑆 and 𝜌 𝑠 , equations (2.7-2.12) strongly
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Chapter 2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers influence the model, but they can be easily measured in the field. More challenging is the accuracy of models used to depict the impact velocities and impact rates (see section 2.3.4 and section 2.5.2), which correspond to fields of research by themselves and are out of the scope of this study. Also, uncertainties associated with bedload measurements (𝑞 ̅ 𝑠,𝒙 and 𝐺𝑆𝐷) cannot be ignored (see section 2.5.1). All other parameters with low SI such as particle material properties (𝐸 and 𝜗) and medium properties (𝜌 𝑓 and 𝑐 𝑓 ), can be roughly estimated or assumed constant.

As a summary, we presented an acoustic model for bedload 𝑆𝐺𝑁. The model computes the acoustic signal due to impacts between bedload particles and the riverbed. The calculations required an estimate of the dynamics of the transported particles. The proposed model accounts for wave propagation for all acoustic sources between the position of impacts and hydrophone position.

Testing of the acoustic model with field data

This part aims to explore the ability of the model to reproduce field measurement of bedload 𝑆𝐺𝑁 under known bedload flux and fluvial conditions. The model was coded in Matlab.

Site description and available data

We used recent acoustic field measurements [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF][START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF] Bedload sampling was performed using three different types of samplers (Helley-Smith, Toutle River-2, and Elwha), depending on the site conditions and restrictions. Samplers were deployed from bridges at different locations on the river cross-section. An average bedload flux 𝑞 𝑠,𝒙 (𝑔 • 𝑠 -1 • 𝑚 -1 ) was calculated for each sampling point. Then, the cross-sectional average specific bedload flux was computed by averaging 𝑞 ̅ 𝑠,𝒙 over the cross-section width 𝑊:

𝑞 𝑠 ̅ = 1 𝑊 ∑ 𝑞 𝑠,𝒙 (𝒙 𝑖 ) 𝑁 𝑞 ̅ 𝑠,𝑥 𝑀=1 ∆𝑋 𝑀 2.18
where 𝑞 𝑠 ̅ is the cross-sectional average of the specific bedload flux (𝑔 • 𝑠 -1 • 𝑚 -1 ), 𝒙 𝒊 is a vector for the i th bedload measurement position, ∆ 𝑋𝑖 is the distance between consecutive measurement points on the river cross-section which is variable for each different river, and
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Chapter 2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers 𝑁 𝑞 ̅ 𝑠,𝑥 is the number of positions for bedload flux measurement. Bedload grain-size distributions (𝐺𝑆𝐷 𝑘 ) were measured for each sample, and an average grains-size distribution was calculated for each sampling position. The surface grains size distribution (𝐺𝑆𝐷 𝑠 ) of the emerged bars h was measured using Wolman samplings [START_REF] Wolman | A method of sampling coarse river-bed material[END_REF] during low flows.

The grain-size distribution was measured by sieving the samples into several classes of diameter.

The acoustic measurements were carried out using HTI 99 or HTI 96 hydrophones plugged into the EA-SDA14 card (RTSYS company). The recordings were stored in wav files with a sampling frequency of 156 kHz or 312 kHz. The acquisition system was mounted on a floating river-board with the hydrophone maintained underwater with a constant depth. The hydrophone depth was variable between rivers depending on water depth. The river-board was set free to drift with the surface flow velocity so that the noise due to turbulence around the hydrophones was reduced. Acoustic measurements were performed along with different positions on the river cross-section. The total number of measurements varied from one site to another. For each drift, a median spectral power density was computed from the measured acoustics using a 20-millisecond window and 50 % recovery rate [START_REF] Merchant | Spectral probability density as a tool for marine ambient noise analysis[END_REF]. The average median spectral power measured at i th hydrophone position 𝒙 𝑖 is 𝓅 𝑥 (µ𝑃𝑎 2 • 𝐻𝑧 -1 ).

The measurements for all rivers are presented in Table 2.1.

The total power for the position was computed by integrating the power spectral density 𝓅 𝑥 over the limit range of frequency:

𝑃 𝒙 (𝒙 𝑖 ) = ∫ 𝓅 𝑥 (𝑓, 𝒙 𝑖 )𝑑𝑓 𝑓 𝑚𝑎𝑥 𝑓 𝑚𝑖𝑛 2.19
where 𝑃 𝑥 is the average power (µ𝑃𝑎 2 ) measured at position 𝒙 on the river cross-section.

𝑓 𝑚𝑖𝑛 was set to 2 kHz and 𝑓 𝑚𝑎𝑥 was limited by the sampling frequency divided by a factor of 2 (in reference to the Nyquist frequency).

Finally, the average cross-sectional acoustic power (𝑃 ̅ in µ𝑃𝑎 2 ) and average crosssectional power spectral density (𝑝 ̅ in µ𝑃𝑎 2 • 𝐻𝑧 -1 ) were calculated:

𝑃 ̅ = 1 𝑊 ∑ 𝑃 𝒙 (𝒙 𝑖 ) 𝑁 𝑝 ̅ 𝒙 𝑀=1 ∆𝑋 𝑖 2.20a 𝑝̅ (𝑓) = 1 𝑊 ∑ 𝓅 𝑥 (𝑓, 𝒙 𝑖 ) 𝑁 𝑝 ̅ 𝒙 𝑀=1 ∆𝑋 𝑖 ,

2.20b

where 𝑁 𝑝̅ 𝒙 is the number of positions for acoustic measurements.
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Model setup

We used the model with the field data from Table 2.1 for computing bedload SGN for each experiment. Default values from Table 2.4, column 3 were used for 𝜌 𝑠 , 𝜌 𝑓 , 𝐸, 𝜗 and 𝑐 𝑓 .

Each river was discretized into square unit areas. The reach length was considered up to five times the river width on both sides of the studied sections. In all cases, this distance is more than the maximum hearing distance for each river which is the distance that the hydrophone is still able to detect the emitted signal by the loudspeaker [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF].

For the bedload flux (𝑞 𝑠,𝒙 ), zero flux was assigned as a boundary condition at the river banks. The measured bedload fluxes and grain-size distribution were interpolated in the model for each unit area center position. These two parameters were assumed constant inside a unit area. The riverbed grain-size distribution (𝐺𝑆𝐷 𝑏𝑒𝑑 ) was assumed equal to the measured surface grains size distribution of the emerged bars (𝐺𝑆𝐷 𝑠 ) and each diameter class was defined by the median diameter of the class. To characterize the attenuation process, we used the attenuation coefficient 𝛼 𝜆 measured for each river from the active acoustic experiments of Geay et al. [START_REF] Gimbert | Particle transport mechanics and induced seismic noise in steep flume experiments with accelerometer-embedded tracers[END_REF]. Both spherical and cylindrical models have been tested.
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Results

The obtained measured values of 𝑃 𝒙 and 𝑝 ̅ have been plotted with the model result for each river in Supplementary Materials 2. We first illustrate and comment on a typical result with the particular case for the Giffre River, for which we have extensive data. Secondly, we discuss results obtained in all rivers. The measured PSD (𝑝̅ ) shows higher noises at lower frequencies (<400 Hz), which corresponds to hydraulic noises that are not modeled here. The global comparison of the two propagation models shows that none of these models can be claimed to compute the SGN accurately under different conditions. Therefore, the river propagation characteristics of particular rivers, as well as how these characterizations could change under different flow conditions, should be taken into consideration when choosing between the spherical and cylindrical model. 
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Discussion

We discuss here how data uncertainties and different hypotheses of the model can induce variability in the computed bedload SGN. The discussion will focus on the modeled average cross-sectional powers (Eq. 2.20a) that show higher dispersion and higher sensitivity to the input parameters and assumptions than the central frequency (Figure 2.5). The variation of acoustic power will be discussed only for the spherical model which has a lower 𝑀𝑆𝐸 𝑃 ̅ .

Errors induced by uncertainty in field measurements

The uncertainty of bedload sampling using basket samplers cannot be ignored [START_REF] Childers | Field comparisons of six pressure-difference bedload samplers in highenergy flow[END_REF][START_REF] Emmett | A field calibration of the sediment-trapping characteristics of the Helley-Smith bed-load sampler[END_REF][START_REF] Habersack | The continuous measurement of bedload discharge in a large alpine gravel bed river[END_REF][START_REF] Ryan | A field comparison of three pressure-difference bedload samplers[END_REF] even though these uncertainties are difficult to quantify. Geay et al. ( 2020) estimated the relative uncertainty (𝑅) in the bedload flux and acoustic power (𝑅 𝑞𝑠 ̅̅̅ and 𝑅 𝑃 ̅ respectively) due to stochastic errors and sampling position across the section [START_REF] Frings | Guidelines for sampling bedload transport with minimum uncertainty[END_REF] as follow:

𝑅 𝑞𝑠 ̅̅̅ = 𝐸 𝑞 𝑠 ̅̅̅ 𝑞 𝑠 ̅ 2.22a 𝑅 𝑃 ̅ = 𝐸 𝑃 ̅ 𝑃 ̅ 1.22b
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Chapter 2: Optimization of passive acoustic bedload monitoring in rivers by signal inversion where 𝐸 𝑞𝑠 ̅̅̅ and 𝐸 𝑃 ̅ are the absolute uncertainty for bedload flux and acoustic power, respectively. The relative uncertainty of bedload flux measurements was found to vary between 24% and 64% (Table 2.1), with an average of 43%. It was also found that the main variability in bedload flux measurements corresponds to field measurements at low bedload flux due to short duration of sampling (Bunte et al., 2008b). The relative uncertainty for acoustic measurements (𝑅 𝑃 ̅ ) has been calculated as well using equation (2.22a). The values of 𝑅 𝑃 ̅ vary between 6 and 23% (Table 2.1), which are much lower than those for bedload flux measurements.

The model results presented in section 2.4.3 were computed using averaged field data.

The absolute uncertainty for bedload flux and acoustic power has been used to calculate the uncertainty in the modeled acoustic power. The obtained maximum and minimum average cross-sectional acoustic power for each river are presented in Figure 2.6a as error bars. The relative uncertainty of the acoustic power ratio varies between 40% and 87% for the different rivers and explains a large part of the prediction errors.

Other sources of uncertainty exist in these types of field measurements. For example, large uncertainty exists on the measured grain size distribution, which should be better spatially described. Riverbed GSDs were done on emerged bars, as it was impossible to sample the riverbed grain size distribution of the immerged bed where bedload transport occurs.

Uncertainties also exist on the experimental attenuation coefficients. These coefficients were obtained by fitting the experimental law of the acoustic power loss with distance using an active source (i.e., loudspeaker). [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF] reported up to 6dB (factor 4) of variation of the acoustic power around the fitted laws and correlation coefficients down to 0.4 (r 2 ).

Additionally, the determination of the attenuation coefficients was performed at a maximum frequency of 50 kHz (highest frequencies generated by the loudspeaker). For higher frequencies, the attenuation coefficients were extrapolated linearly, as presented in section 2.3.5 (Eq. 2.17).

On the determination of bedload impact velocity

Other uncertainties exist in addition to field measurements, such as how the grain-scale dynamics are accounted for in this model. Because impact rate and grain velocity are challenging to measure in the field, we used empirical formulas (see section 2.3.4). Several empirical and analytical formulas exist in the literature to estimate bedload particle velocity which is defined as the average streamwise velocity of moving bedload particles (e.g., [START_REF] Bridge | Bed Load Grain Velocities and Sediment Transport Rates[END_REF][START_REF] Cheng | Average Velocity of Solitary Coarse Grain in Flows over Smooth and Rough Beds[END_REF]Einstein, 1950;[START_REF] Papanicolaou | Evaluation of a gravel transport sensor for bed load measurements in natural flows[END_REF][START_REF] Ramesh | Near-bed particle motion over transitionallyrough bed[END_REF]. Cheng and Emadzadeh (2014) compared existing bedload velocity equations with experimental measurements and concluded that the error could reach up to
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Chapter 2: Optimization of passive acoustic bedload monitoring in rivers by signal inversion 140 %. However, fewer formulas exist to predict the particle impact velocity and impact rate [START_REF] Sklar | A mechanistic model for river incision into bedrock by saltating bed load[END_REF]Lamb et al., 2008 a;[START_REF] Auel | Sediment transport in high-speed flows over a fixed bed: 2. Particle impacts and abrasion prediction[END_REF].

To illustrate sensitivity to these parameters, we tested the acoustic model with the selection of equations presented in Table 2.3 and described in section 2.8.3.

Results are plotted in Figure 2.6b and show that 𝑃 ̅ 𝑠 modeled with different impact velocity formulas varies between one and two orders of magnitude for different rivers. The formula of [START_REF] Auel | Sediment transport in high-speed flows over a fixed bed: 2. Particle impacts and abrasion prediction[END_REF] leads to the highest values of 𝑃 ̅ 𝑠 while the formula of impact velocity with 100 cobbles experiment leads to significantly lower values. The difference between different formulas comes from the assumptions and conditions under which these formulas have been derived. [START_REF] Gimbert | Particle transport mechanics and induced seismic noise in steep flume experiments with accelerometer-embedded tracers[END_REF] experiment shows that the impact velocity with 100 cobbles experiment has lower values (up to one order of magnitude) than those measured for 10 cobbles experiment. Also, an increase of impact velocity with the transport stage was not observed with the 100 cobbles experiment probably due to the inter-particles interactions. The increasing volume concentration of transported particles should result in more inter-particle collisions. These collisions interrupt particle saltation movements, reducing the impact velocity of transported particles with the riverbed [START_REF] Leeder | Bedload' dynamics: Grain-grain interactions in water flows[END_REF]. For example, during his flume experiment, [START_REF] Barton | Passive Acoustic Monitoring of Coarse Bedload in Mountain Streams[END_REF] obtained two different relations between acoustic power and the number of transported particles depending on the concentration of transported particles.

The above formulas compute individual grains' impact velocity without considering the complex interactions in the bedload mixture (unless for the calculated 𝜏 𝑐 * in equation 2.7). For example, the presence of finer gravels and sand in the bedload mixture can generate a vertical sorting where large grains are transported efficiently and with higher velocities over a smooth bed [START_REF] Recking | An experimental investigation of mechanisms involved in bed load sheet production and migration[END_REF]. Also, different bed roughness characteristics can directly affect the degree of variability and intermittency in bedload grains movement [START_REF] Julien | Acoustic Method for Bedload Monitoring in Rivers Refernces Juniet M. «L'Arénaphone ». Un appareil détecteur des mouvements des sédiments fins[END_REF].

The determination of impact velocities is a large source of uncertainty in our model.

This parameter is difficult to measure in the field, so any validation of the existing formulas could be challenging to acquire. Other parameters linked to particle motion could also be sources of uncertainties and are challenging to measure on the field (e.g., the determination of the time between consecutive impacts (Eq. 2.10). The prediction of these terms is a limit to the use of the acoustic model, and it is an active field of research which is out of the scope of this paper.
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Nature of the impacted riverbed

Another modeling simplification concerns the determination of the impactee (i.e., the structure impacted by bedload particle). In the presented model, we considered that the impactee was a fixed particle of the riverbed with an infinite diameter (because these particles were supposed to be fixed in a riverbed). However, we could consider that these impactees are also the bedload particles that are free to move in a highly mobile riverbed. To model this behavior first, we suppose that the GSD of the impactees is equal to the bedload GSD instead of being equal to the riverbed GSD. Second, the diameter of the impactee is the apparent diameter of a spherical particle without any factor as in section 2. The riverbed GSD can be estimated from surface counts, which are easy to perform on emerged bars but more challenging on immerged parts of the riverbed. The estimation of bedload GSD is more challenging without specific direct measurements. The Generalized Threshold Method (GTM) was proposed for computing the bedload GSD for given shear stress [START_REF] Recking | A generalized threshold model for computing bed load grain size distribution[END_REF] and could be tested in future model developments.

Model prediction error

In this work, we used an acoustic model for computing the SGN from the measured bedload transport. One of the perspectives of this research will be a direct prediction of bedload transport from the measured SGN. In the previous sections, we showed a high dependency of the model to multiple parameters and assumptions. The modeling results show deviation in the acoustic power up to two orders of magnitude under different assumptions. An analysis of the model deviation from the measured values helps to identify possible improvements for future work. We compared the acoustic power ratios (modeled over measured) with field parameters (Figure 2.7). The acoustic power ratios are mostly correlated (78% spearman correlation coefficient) with the dimensionless Shield number calculated on bedload 𝐷 50 (𝜏 𝐷 50 * ).

The relation between prediction errors and 𝜏 𝐷 50 *

shows that the model overestimates the measurements at low transport stage and vice versa.

In our model, the parameter 𝜏 𝐷 50 is mainly related to the empirical formulas used for predicting impact velocity (Eq. 2.8) and time between impacts (Eq. 2.10). Knowing that the model results are highly sensitive to the impact velocity parameter (section 2.5.2), this observation suggests that inaccurate prediction of SGN in certain rivers could be mainly due to the invalidity of the used empirical formulas for impact velocity at certain field conditions (high and low transport stage). This confirms that these formulas should be chosen and used carefully with different field conditions. On the other hand, this suggestion does not strictly limit the errors due to the used empirical formulas, as other sources of errors should not be ignored.

Moreover, in our model, we assume that the transported particles are only saltated over the riverbed. However, for low transport stage, the bedload can be transported dominantly by rolling [START_REF] Ancey | Saltating motion of a bead in a rapid water stream[END_REF][START_REF] Ramesh | Near-bed particle motion over transitionallyrough bed[END_REF]. The acoustic noise generated by the particles rolling on the riverbed (which are not modeled here) is suspected to generate lower acoustic noise due to lower impact velocity. 

Conclusions

We built and presented an acoustic model for determining bedload self-generated noise (SGN) under known river and bedload characteristics. The model combines acoustic and mechanical aspects of bedload at the particle scale. Bedload SGN is modeled by summing the contribution of all-acoustic noises generated by bedload-riverbed particle impacts. The model considers the attenuation of acoustic signals by using experimental laws of propagation in rivers. Bedload impacts are modeled by using empirical formulas that determine the impact velocities and impact rates based on hydraulic parameters and bedload sizes. Two propagation functions, spherical and cylindrical, have been considered with attenuation coefficients being derived from field experiments [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF]. We compared the model with field measurements, and the variation of the modeled acoustic power was within one order of magnitude from measured values. The spherical model shows slightly more accuracy than the cylindrical model when predicting the measured acoustic power. Higher discrepancies with the measurements were observed for the acoustic powers than for the central frequencies.

The sensitivity analysis showed that several input parameters have an important effect on the
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Hopefully, such a model developed for computing the SGN in rivers knowing the actual bedload transport can be used in the near future to predict bedload from the measured SGN, through an inversion process. Before reaching such an objective, the model requires more validation and inspection of the used formulas and of the assumptions describing different river conditions. Some perspectives were presented here and could be explored. For instance, we observed an inverse correlation between the model prediction ratio (calculated versus measured) with the dimensionless transport stage calculated on bedload 𝐷 50 .

To conclude we successfully developed an acoustic model for computing bedload selfgenerated noise (SGN). This model is far to be perfect but reproduces the right tendencies expected from the physics involved. For that, it should not be considered a definitive model, but rather a basis for future work concerned with acoustic measurements of bedload transport.

Mains limitations are not related to the model itself but to today's knowledge of the physics of bedload transport (impact velocity, impact rate). [START_REF] Koss | Transient sound radiated by spheres undergoing an elastic collision[END_REF] proposed a solution to model the generation of sound by impacting bodies in the air. To solve the problem, [START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF] treated each sphere as an independent rigid body. Rigid body theory means that when two spheres collide (Figure 2.8), the dominant generated sound is due to the deceleration of the impactor of diameter 𝐷 𝑘 and acceleration of the impactee of diameter 𝐷 𝑏𝑒𝑑,𝑙 rather than natural modes of vibration of the spheres [START_REF] Koss | Transient sound radiated by spheres undergoing an elastic collision[END_REF]. The impact is assumed elastic so that the Hertzian acceleration profile can be used (Goldsmith, 1960). In the following, the impactor diameter is noted 𝐷 1 and the impactee diameter is 𝐷 2 .

Data availability

Figure 2.8 Geometry of the model [START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF]. The impactor of diameter 𝐷 1 impact the impactee of diameter 𝐷 2 with an impact velocity 𝑈 𝑐 . 𝜃 is the angle between the trajectory of the impactor and the direction to the hydrophone, and 𝛽 is the angle between impact velocity vector and the vertical. The hydrophone is positioned at a distance 𝑟 from the impact point.

The time history of pressure released from a particle undergoing elastic impact can be expressed by a convolution integral of the radiated pressure due to impulse acceleration and acceleration time history (Akay and Hodgson, 1978;[START_REF] Koss | Transient sound radiated by spheres undergoing an elastic collision[END_REF][START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF]. The energy spectrum 𝑒 @1𝑚,𝑗 released by each sphere is then obtained from the Fourier transform of the released pressure in the time doimain where 𝑗 is turned by turned (1)

for impactor and (2) for impactee. The solution of equation 2.8 proposed by [START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF] under the condition 2 𝑟 𝐷 𝑗 ⁄ ≫ 1 is:

𝑒 @1𝑚,𝑗 (𝑓, 𝐷 1 , 𝐷 2 , 𝑈 𝑐 ) = 𝑒 𝑓 0 ,𝑗 (𝐷 1 , 𝐷 2 , 𝑈 𝑐 ) 1 + 𝑒 -𝑖𝜋𝜀 1 -𝜀 2 𝜉 𝑗 𝐷 𝑗 + 𝑖𝑟𝜀 2𝜉 𝑗 2 -𝜀 2 + 2𝑖𝜉 𝑗 𝜀 , 2.27
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𝜀 = 𝑓 𝑓 0 ⁄ , 𝑓 0 = 1 2𝑡 𝑐 ⁄ , 𝜉 𝑗 = 2𝑐 𝑤 𝑡 𝑐 𝜋𝐷 𝑗 ⁄
where 𝑡 𝑐 (s) is the contact duration of two colliding spheres and 𝑒 𝑓 0 ,𝑗 is an amplitude scaling factor. The contact duration is modeled by Hertz's law for an elastic collision:

𝑡 𝑐 = 5.97 [( 1 -𝜗 2 𝐸 𝜋 ) ( 𝑚 1 𝑚 2 𝑚 1 +𝑚 2 )] 0.4 ( 𝐷 1 + 𝐷 2 𝑈 𝑐 𝐷 1 𝐷 2 ) 0.2 , 2.28
with 𝑚 𝑗 is the particle mass, 𝜗 and 𝐸 are the Poisson's ratio and Young's modulus of particles, respectively (we assume that the impactee and impactor are made of the same material). The amplitude scaling factor 𝑒 𝑓 0 ,𝑗 is given by:

𝑒 𝑓 0 ,𝑗 (𝐷 1 , 𝐷 2 , 𝑈 𝑐 ) = 𝐷 𝑗 𝐴 𝑚,𝑗 𝑐 𝑤 𝑈 𝑐 𝑐𝑜𝑠𝜃 4𝑟 2 𝜔 0 , 2.29
where

𝐴 𝑚,1 = -2 𝑚 2 (𝑚 1 + 𝑚 2 ), ⁄ 𝐴 𝑚,2 = (𝑚 1 𝑚 2 ) 𝐴 𝑚,1 ⁄
, 𝜌 is the water density (1000 𝐾𝑔 • 𝑚 -3 ), 𝑐 𝑤 is the velocity of sound in water (1500 𝑚 • 𝑠 -1 ), 𝜃 is the angle between the trajectory of the particle and the hydrophone (Figure 2.8) and 𝜔 0 = 2𝜋𝑓 0 , is the angular frequency in radians per second.

Equation 2.27 represents the spectrum of the radiated wave by a single sphere with an amplitude scaling factor 𝑒 𝑓 0 ,𝑗 . The spectrum of the collision of both spheres is calculated by summing the spectrum of each sphere with a delay time 𝑇 𝑑 for the impactee:

𝑒 @1𝑚,12 (𝑓, 𝐷 1 , 𝐷 2 , 𝑈 𝑐 ) = 𝑒 @1𝑚,1 (𝑓, 𝐷 1 , 𝐷 2 , 𝑈 𝑐 ) + 𝑒 @1𝑚,2 (𝑓, 𝐷 1 , 𝐷 2 , 𝑈 𝑐 )𝑒 -𝜔 0 𝑇 𝑑 2.30

Where 𝑇 𝑑 is the time difference in the arrival of the sound radiated by the impactee relative to the impactor. For 𝜃 = 0 and 𝑗 = 1 or 2, 𝑇 𝑑 ≈ 𝐷 2 (1 + 𝜋 2 ⁄ )/2𝑐 𝑤 [START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF].The computed 𝑒 @1𝑚,12 (𝑃𝑎 . 𝐻𝑧 -1 ) spectrum of the impact between two spheres is in the complex domain. The magnitude of the energy spectrum 𝑒 @1𝑚,12 is multiplied by its complex conjugate 𝑒 @1𝑚,12 * :

𝑒 @1𝑚 (𝑓, 𝐷 1 , 𝐷 2 , 𝑈 𝑐 ) = 𝑒 @1𝑚,12 (𝑓, 𝐷 1 , 𝐷 2 , 𝑈 𝑐 ). 𝑒 @1𝑚,12 * (𝑓, 𝐷 1 , 𝐷 2 , 𝑈 𝑐 ) 2.31

where, 𝑒 @1𝑚 is in 𝑃𝑎 2 • 𝑠 • 𝐻𝑧 -1 and is the energy spectral density used in equation 2.6.
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Sensitivity analysis

Sensitivity analysis (SA) are methods that aim at characterizing the relative influence of the inputs on given outputs of a numerical model. Such analyses identify which parameters are most influential on the model, so they should be calibrated carefully. SA analysis was done to determine the first-order and total-order sensitivity index (SI) of the input parameters presented in Table 2.4. The studied output is the acoustic power generated from a unit area and measured by the hydrophone at a fixed distance 𝑟 of 1 m. In this case, the modeled PSD is equivalent to 𝑠 @1𝑚 defined in equation 2.5. The cylindrical attenuation model was used with different values of the attenuation coefficient per wavelength α λ,c . The bedload grain-size distribution was assumed to follow a log-normal distribution and is characterized by the median (𝐷 50 ) and a standard deviation (𝜎). For these tests, the riverbed grain size distribution was assumed to be equal to the bedload grain size distribution.

The SA has been implemented using the Sobol method introduced by Tissot & Prieur (2015), consisting of considering the ratio of the partial variance of one input parameter to the total variance. The most sensitive parameters have the largest Sobol Indices (SI). Sobolroalhs in the 'Sensitivity' R package was used; it estimates all first-order and is based on the replication procedure. Each SI was calculated from samples comprising 100000 computed values.

The results of first-order SI are presented in Table 2.4. Only four parameters have a first-order index greater than 0.01. The value of 0.01 was considered as a threshold separating influent and negligible parameters. The leading input parameter is the attenuation coefficient 𝛼 𝜆 with SI=0.09, all other parameters have a relatively lower influence. Surprisingly, some parameters have negligible first-order SI, such as 𝐷 50 despite this parameter was expected to have more influence (Figure 2.9). Note that negative SI values correspond to numerical errors on near-zero SI values.
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Chapter 2: Optimization of passive acoustic bedload monitoring in rivers by signal inversion Small SI values may indicate that an efficient reduction of the model input could be performed to obtain a reduced-order model involving less input. However, the sum of the firstorder SI should equal to one; if it is less than one, it means that interactions exist between the parameters [START_REF] Glen | Estimating Sobol sensitivity indices using correlations[END_REF]. In our case, the sum of first-order indices is equal to 0.17, and this is far less than one, which clearly indicates that interactions exist and that our outputs are not simply additive models.

Interactions are evaluated by computing the total sensitivity index, which accounts for the total variance contributions of a given input parameter to the output variance (considering first-order but also higher-order indices due to the interactions among input parameters). Total Sobol indices were introduced [START_REF] Saltelli | Making best use of model evaluations to compute sensitivity indices[END_REF] and implemented by the function sobolSalt of the 'Sensitivity' R package using the same sample size. The results of the total SI are presented in Figure 2.9b and Table 2.4.

It can be concluded that most of the parameters contribute to the total variance primarily through their interactions with other parameters. Nevertheless, the relative importance of these interactions may vary between parameters. For instance, the parameters 𝐸, 𝜗 and 𝑐 𝑤 have no influence in total SI, which indicates that their interaction with other parameters is negligible.

Again, the influence of the attenuation coefficient 𝛼 𝜆 is ranked first. The exponential term in the attenuation function 𝐺 2 explains the influence of 𝛼 𝜆 on the model output. For example, the value of 𝑇𝐿 2 changes from 0.2 to 2 × 10 -6 when 𝛼 𝜆 changes from 0.1 to 1 for 𝑟 =

1 𝑚 and at a frequency of 10 kHz. This means that the acoustic noise due to fine particles may become negligible in the range of 𝛼 𝜆 values even if they are predominant in the bedload mixture.

In the second and third rank, we find parameters ℎ and 𝑆 respectively. Besides the high rank of the water level, it can be noticed that its SI relative to other parameters has increased significantly. This reflects the complex relationship that exists between ℎ and 𝑆 (in addition to 𝜌 𝑠 ) in determining the impact velocity and impact rate through the transport stage relation. Note that the cylindrical model of propagation also depends on ℎ.

The impact angle 𝜃 introduced in equation 2.27, has a direct effect on the amplitude of the energy spectrum. Despite the fact that it has been shown that the acoustic noise has a cubic power relation with the diameter, the SI analysis of this parameter didn't reveal this importance relative to the other parameters (for example, the impact rate is inversely proportional to the cube of diameter). This suggests that in a bedload mixture, the relation
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Chapter 2: Optimization of passive acoustic bedload monitoring in rivers by signal inversion between acoustic power and diameter is not simply a cubic direct relation; instead, it is determined by the interaction with all other parameters. The fluid properties (𝜌 𝑓 and 𝑐 𝑓 ), and particle material properties (𝐸 and 𝜗) are considered of little influence on the value of measured acoustic power.
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Additional impact velocity formulas

Here we present impact velocity empirical formulas used to test the model. Lamb et al. (2008) proposed the following equation to calculate impact velocity normal to the bed as:

𝑈 𝑐 (𝐷 𝑘 ) = 𝑈 𝑠𝑡 (𝐷 𝑘 )𝑐𝑜𝑠 𝛽 √ 1 -𝑒 -𝐻 ̂𝑏(𝐷 𝑘 ) 2.32

where 𝑈 𝑠𝑡 (𝐷 𝑘 ) = √4𝛿𝑔𝐷 𝑘 (3𝐶 𝑑 ) ⁄ is the terminal settling velocity with 𝐶 𝑑 is the drag coefficient dependent on particle shape and size [START_REF] Dietrich | Settling velocity of natural particles[END_REF] For each run (i.e., each artificial river), we computed the SGN using cylindrical and spherical models for signal propagation, with attenuation coefficients estimated with a slopedependent empirical formula based on field measurements (Chapter 3 section 3.9.1). To account to the uncertainty due to impact velocity formula, we used both equation of [START_REF] Gimbert | Particle transport mechanics and induced seismic noise in steep flume experiments with accelerometer-embedded tracers[END_REF] presented in Table 2.3. Results of simulations are presented in Figure 2;11b, for the cylindrical (𝑃 ̅ 𝑐 in blue) and spherical model (𝑃 ̅ 𝑠 in red). The first observation in the results is that for the same bedload flux values the modeled acoustic power is highly variable (up to two order of magnitude). This observation is supported by the results in previous sections which

shows the dependency of SGN to other parameters other than bedload flux in rivers.

Nevertheless, the trend of the modeled data follows the trend of the global calibration curve.

This result means that despite large uncertainties and variability, the global calibration curve obtained in field experiments can be supported by the physics used presented in this model.

In addition this indicates that part of the variability obtained in the field can be explained also by the characteristics of the river and bedload transport. 

Abstract.

Recent studies have shown that hydrophone sensors can monitor bedload flux in rivers by measuring the self-generated noise (SGN) emitted by bedload particles when they impact the riverbed. However, experimental and theoretical studies have shown that the measured SGN depends not only on bedload flux intensity but also on the propagation environment, which differs between rivers. Moreover, the SGN can propagate far from the acoustic source and be well measured at distant river positions where no bedload transport exists. It has been shown that this dependence of the SGN measurements on the propagation environment can significantly affect the performance of monitoring bedload flux by hydrophone techniques. In this article, we propose an inversion model to solve the problem of SGN propagation and integration effect. In this model, we assume that the riverbed acts as SGN source areas with intensity proportional to the local bedload flux. The inversion model locates the SGN sources and calculates their corresponding acoustic power by solving a system of linear algebraic equations accounting for the actual measured cross-sectional acoustic power (acoustic mapping) and attenuation properties. We tested the model using two field campaigns conducted in 2018 and 2021 on the Giffre River in the French Alps, which measured the bedload SGN profile (acoustic mapping with a drift boat) and bedload flux profile (direct sampling with an Elwha sampler). Results confirm that the bedload flux profile better correlates with the inversed acoustic power than measured acoustic power. Moreover, it was possible to fit the two field campaign with a unique curve after inversion, which was not possible with the
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Introduction

Bedload controls rivers' morphodynamics and can directly impact population safety, hydraulic structures' stability, and river ecological systems. But bedload is also a consequence of the morphology [START_REF] Recking | A generalized threshold model for computing bed load grain size distribution[END_REF] as it occurs at different rates across the channel (Gomez, 1991) due to heterogeneity in riverbed grains size distribution (GSD), flow depth, and velocity [START_REF] Ferguson | Flow in meander bends with recirculation at the inner bank[END_REF][START_REF] Whiting | Boundary Shear Stress and Roughness Over Mobile Refernces Alluvial Beds[END_REF]. Understanding the transport dynamics thus requires coupling of water flow gradient, river bed adjustment, and roughness conditions [START_REF] Ergenzinger | Short term temporal variations in bedload transport rates: Squaw Creek, Montana, USA and Nahal Yatir and Nahal Refernces Estemoa[END_REF]. This explains why estimating bedload transport and the bed response is not an easy task. For instance, computation with bedload equations usually considers the average shear stress τ, occulting the non-linear effect of variability within the section [START_REF] Ferguson | Flow in meander bends with recirculation at the inner bank[END_REF]Recking, 2013b). On the other hand, direct monitoring of bedload transport (e.g., pressure difference samplers) is expensive and time-consuming and does not permit high-resolution sampling [START_REF] Claude | Estimating bedload transport in a large sand-gravel bed river from direct sampling, dune tracking and empirical formulas[END_REF].

Given these difficulties, particular interest has been given to indirect surrogate bedload monitoring using different sensors [START_REF] Gray | Bedload-Surrogate Monitoring Technologies Scientific Investigations Report 2010 -5091[END_REF]. These techniques permit high-resolution monitoring even under extreme flow conditions. One category of these techniques is the passive sensing technique, which measures the signals emitted by bedload impacts. Bedload particles can impact an object specifically designed for this measurement; for instance, geophones are used to measure the vibration generated by particles' impacts on steel plates [START_REF] Rickenmann | Bedload transport measurements with impact plate geophones: comparison of sensor calibration in different gravel-bed streams[END_REF], and microphones are used to measure the acoustic noise generated inside impacted steel pipes [START_REF] Mao | Flume and field-based calibration of surrogate sensors for monitoring bedload transport[END_REF]. Another approach consists in measuring directly the signal emitted when the transported grains hit the riverbed. For instance, seismometers measure ground vibration due to bedload impacts [START_REF] Bakker | Field Application and Validation of a Seismic Bedload Transport Model[END_REF][START_REF] Gimbert | Particle transport mechanics and induced seismic noise in steep flume experiments with accelerometer-embedded tracers[END_REF], whereas hydrophones measure the bedload self-generated acoustic noise (SGN) [START_REF] Barton | Monitoring coarse bedload transport with passive acoustic instrumentation: A field study[END_REF][START_REF] Johnson | Acoustic Detection Of Sediment Movement[END_REF]. This paper concerns this later technique.

Recent studies have shown that the measured SGN depends not only on bedload characteristics but also on the sound propagation properties of the river, which is controlled by multiple factors such as slope, water level, and bed roughness [START_REF] Thomas | Spectral variations of underwater river sounds[END_REF][START_REF] Rigby | Passive Acoustic Monitoring of Bed Load for Fluvial Applications[END_REF]Wren et al., 2015). For example, in their attempt to derive a general calibration curve between bedload flux and acoustic power, [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF] observed that the spectral content of SGN was highly correlated to the river slope, suggesting a significant effect of local propagation. This dependence on the local conditions may have contributed to the general scattering obtained between specific bedload flux and acoustic power in the
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Chapter 3: Optimization of passive acoustic bedload monitoring in rivers by signal inversion mentioned work. On the other hand, this also suggests that accounting for propagation effects should improve the relationships between bedload and SGN characteristics. Besides, an inversion method that solves the issue of spectrum shape and estimates the entire bedload GSD curve has been proposed by [START_REF] Petrut | Passive acoustic measurement of bedload grain size distribution using self-generated noise[END_REF]. However, the inversion results overestimate sampled values for five gravel-bed [START_REF] Thomas | Measuring bedload grain-size distributions with passive acoustic measurements[END_REF], suggesting that the acoustic power measured in rivers may not adequately capture the finest materials contained in bedload due to signal attenuation at high frequencies.

The correction of signal attenuation due to propagation can be achieved by using source inversion methods. The inversion method uses propagation laws to reconstruct the strengths and location of acoustic sources from the measured signal. It is extensively studied and used in acoustical engineering applications such as detecting noise sources for jet engines using a beamforming microphone array [START_REF] Arthur | Microphone array techniques based on matrix inversion[END_REF][START_REF] Madoliat | Developing general acoustic model for noise sources and parameters estimation[END_REF][START_REF] Presezniak | Aeroacoustic source identification using a weighted pseudo inverse method[END_REF]. To our knowledge, no studies have dealt with bedload SGN sources inversion in rivers, despite its evident interest for bedload monitoring, as the hydrophone measures distant bedload impacts in the river cross-section: inversion would give access to the characteristics of bedload SGN sources and improve our understanding of the bedload characteristics and distribution in the rivers. Recently, [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF] proposed a protocol to estimate the acoustic signal attenuation in rivers using a transmission loss function (TL) calibrated with an active acoustic experiment.

In this paper, we use this work for developing an inversion model that gives access to the SGN sources by correcting the attenuation of the measured SGN. First, we define the bedload SGN source and the transmission loss function in the river. Secondly, we present the inversion model adopted for SGN sources. Finally, we test the proposed model's performance in the field with two experiments: 1) an active test (in the river and the lab) using a known emitted signal, 2) a passive test using bedload SGN measurements where the inversed source are compared with bedload physical sampling.

Theoretical definitions

Bedload SGN source

Acoustic noise corresponds to minute impulsive pressure (µ𝑃𝑎 2 ) fluctuations initiated at the source position and propagated in the river. By convention, the intensity of an acoustic source is defined as the intensity measured at a distance of 1 m from the source without being attenuated [START_REF] Jensen | Fundamentals of Ocean Acoustics[END_REF]. Multiple studies have examined the generation of acoustic noise by impacting body in the air (Akay et al., 1978;[START_REF] Koss | Transient sound from colliding spheres-Inelastic collisions[END_REF][START_REF] Koss | Transient sound radiated by spheres undergoing an elastic collision[END_REF]. However, less research was dedicated to studying the acoustic noise generated by underwater sediment impacts [START_REF] Thorne | Seabed generation of ambient noise[END_REF][START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF]. The physical model
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Chapter 3: Optimization of passive acoustic bedload monitoring in rivers by signal inversion proposed by [START_REF] Thorne | Generation of underwater sound by colliding spheres[END_REF] suggests a frequency-based solution of sound generated due to a sphere-sphere impact underwater. This model shows that the energy spectrum 𝑒 (µ𝑃𝑎 2 • 𝑠 • 𝐻𝑧 -1 ) is dependent on multiple parameters such as particle size, impact velocity, sediment and water mechanical properties, and position of the recording sensor with respect to the noise source.

Because the SGN noise corresponds to continuous random impulses in the river [START_REF] Geay | Mesure acoustique passive du transport par charriage dans les rivières [Passive Acoustic measurement of bedload transport in rivers[END_REF], bedload SGN sources cannot be considered scattered point impacts. Instead, bedload SGN sources are here defined as separate areas on the riverbed generating their own acoustic signal. Each area is considered an independent acoustic source depicting continuously all the noises generated by bedload impacts within the defined area. Hence, the total SGN signal depends on the particle-particle impact signal as well as the number of impacts in each area.

Assuming that the impacts are random in space and time, the signal powers are considered to have an additive effect [START_REF] Vér Il (istván | Noise and vibration control engineering : principles and applications[END_REF].

The transported bedload is a mixture of sediments impacting the riverbed with different impact rates and intensities depending on the particle diameter, fractional bedload flux, and hydraulic conditions. In this case, the source power spectral density (PSD, the variation of power with frequency) per unit area 𝓈 (in 𝑃𝑎 2 • 𝐻𝑧 -1 • 𝑚 -2 ) is computed using a linear system that weights the source energy spectrum e (𝑃𝑎 2 • 𝑠 • 𝐻𝑧 -1 ) generated (at a distance 𝑟 = 1 ) due to impacts of particles of diameter 𝐷 𝑘 with the corresponding impact rate η (number of impacts per second per unit area):

𝓈 (𝑓, 𝑟 = 1) = ∑ η(𝐷 𝑘 , 𝑞 𝑠 ̅ ) 𝑁 𝐷 𝑘=1 • 𝑒(𝑓, 𝐷 𝑘 , 𝑟 = 1) 3.1a η(𝐷 𝑘 , 𝑞 𝑠 ̅ ) ∝ 𝑞 𝑠 . 𝛽 (𝐷 𝑘 ) (1𝑏) 3.1b
Where, 𝑁 𝐷 is the number of classes in the bedload mixture, 𝑞 𝑠 ̅ is the specific bedload flux (g/s/m), 𝛽 is a coefficient dependent on particle saltation trajectory, which is calculated using different empirical equations as a function of particle size, bedload grain-size distribution, and hydraulic conditions (such as water depth and riverbed slope) [START_REF] Auel | Sediment transport in high-speed flows over a fixed bed: 2. Particle impacts and abrasion prediction[END_REF][START_REF] Gimbert | Particle transport mechanics and induced seismic noise in steep flume experiments with accelerometer-embedded tracers[END_REF]Lamb et al., 2008b, etc.). Equation 3.1a shows a linear relation between SGN source 𝓈 and the specific bedload flux 𝑞 𝑠 through the impact rate term η. Then the source profile can be considered a proxy of the spatial variability of bedload flux in the river crosssection.
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Transmission loss function

Several processes in rivers are responsible for acoustic waves' attenuation and power losses. The acoustic waves can be attenuated by geometric spreading, refractions or diffractions depending on the geometry of the propagation medium [START_REF] Thomas | Spectral variations of underwater river sounds[END_REF][START_REF] Rigby | Passive Acoustic Monitoring of Bed Load for Fluvial Applications[END_REF], roughness (Wren et al., 2015), and impedance [START_REF] Etter | Underwater acoustic modeling and simulation[END_REF] of the riverbed.

Moreover, the presence of water turbulence and entrained air bubbles induce significant attenuation of acoustic waves [START_REF] Field | Acoustic Propagation in Turbulent Layers[END_REF].

In shallow water columns such as in rivers, low-frequency acoustic waves are trapped and undergo reflection between the riverbed and the water surface as in a Pekeris waveguide (Pekeris, 1948). In this case, acoustic waves with low frequency are scarcely propagated with a limit frequency called cut-off frequency (𝑓 𝑐𝑢𝑡𝑜𝑓𝑓 ), below which waves don't propagate [START_REF] Geay | Passive acoustic monitoring of bed load discharge in a large gravel bed river[END_REF][START_REF] Rigby | Passive Acoustic Monitoring of Bed Load for Fluvial Applications[END_REF]. This cut-off frequency is inversely proportional to the riverbed material's, water level and sound celerity. For example, for a river section with 0.5 m and 2000 m/s as average celerity of sound in sediments [START_REF] Hamilton | Acoustic properties of sediments[END_REF], the cut-off frequency is approximately 1.1 kHz which is lower than bedload SGN frequency with a range of particle diameters less than 100 mm [START_REF] Thorne | An overview of underwater sound generated by interparticle collisions and its application to the measurements of coarse sediment bedload transport[END_REF]. The function 𝑇𝐿 1 depicts the decrease of the acoustic power as the waves spread and diverge with propagation away from the source. For this function, a simplified rectangular geometry of a river section with constant water depth is considered. Depending on the riverbed and water surface interface behavior, two propagation models can be defined. First, if the interfaces act as perfect absorbers (no reflections), the acoustic waves propagate in a spherical mode as in free space (Eq. 3.3a) Second, if the interfaces are perfect reflectors, the acoustic waves are trapped between the two interfaces and propagate in a cylindrical way (Eq.

3.3b).
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𝑇𝐿 1,s (𝑟) = 1 𝑟 2 3.3a 𝑇𝐿 1,𝑐 (𝑟) = 2 𝑟ℎ , (𝑟 > ℎ) 3.3b
Where 𝑇𝐿 1,s and 𝑇𝐿 1,c are the geometrical spreading function for spherical and cylindrical models, respectively, and 𝑟 is the source-hydrophone distance (in 𝑚). The attenuation and losses induced by all other effects and processes, such as water turbulence, are estimated by an exponential propagation function (𝑇𝐿 2 ):

𝑇𝐿 2 (𝑓) = 𝑒 -2𝛼(𝑓)𝑟 3.4
Where 𝛼(𝑓) is a frequency-dependent attenuation coefficient (𝑚 -1 ), assumed to vary linearly with the frequency above the cut-off frequency [START_REF] Jensen | Fundamentals of Ocean Acoustics[END_REF] and can be written as follows:

𝛼(𝑓) = α λ . 𝑓 𝑐 𝑓 3.5
Where α λ is a dimensionless attenuation constant characterizing the propagation in the river, with high values corresponding to poor propagation conditions (or higher attenuation of the signal), and 𝑐 𝑓 celerity of sound in water. [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF] proposed a protocol for in-situ characterization of α λ , which consists in emitting a known calibrated acoustic source (with a loudspeaker) from a fixed point of the river cross-section and measuring the losses of acoustic power per frequency band, with distance. The attenuation coefficient can then be fitted using the measurements for both the spherical (α λ 𝑠 ) and cylindrical (α λ 𝑐 ) models. They applied this protocol to seven rivers and concluded that α λ , is positively correlated in the first place with the riverbed slope and roughness. Thus more attenuation is expected in steep and rough rivers where more flow turbulence is induced.

Propagation has mainly been studied in the marine environment [START_REF] Roh | Determination of acoustic attenuation in the Hudson River Estuary by means of ship noise observations[END_REF]. For a source in a waveguide, spherical spreading is dominant in the near field. It then transits toward cylindrical spreading when moving away from the source, and cylindrical spreading is dominant in the far field [START_REF] Jensen | Fundamentals of Ocean Acoustics[END_REF]. These physical properties have been poorly investigated in rivers, but [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF] show consistent results with TL calibrated with the spherical and cylindrical model converging at the far field. Because we measure the bedload SGN as close as possible to the noise sources (see section 3.5.2), we assume in the following that our acoustic measurements are more dominated by spherical propagation from the near
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Chapter 3: Optimization of passive acoustic bedload monitoring in rivers by signal inversion field. This hypothesis is supported by [START_REF] Nasr | A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers[END_REF], which shows a better global performance of the spherical propagation model when compared to the cylindrical one.

Bedload SGN source

Let's consider an acoustic signal generated from a given point source in the space, with a power spectral density 𝑠 (PSD, in 𝜇𝑃𝑎 2 • 𝐻𝑧 -1 ) that propagates to different positions in the river. The signal with PSD 𝓅(𝑟) (in 𝜇𝑃𝑎 2 • 𝐻𝑧 -1 ) measured at a distance 𝑟 from the point source is calculated as the product between the acoustic source spectral power 𝓈 and the transmission loss function 𝑇𝐿 (Eq. 3.6a). However, in the case of surfacic acoustic sources 𝓈 (in 

𝜇𝑃𝑎 2 • 𝐻𝑧 -1 • 𝑚 -2 ),

3.6b

Where 𝓈(𝑥, 𝑦) is the source power function which defines the spatial variability of the source in the river, and 𝑟(𝑥, 𝑦) = √ (𝑥 -𝑥 ℎ𝑦𝑑 ) 2 + (𝑦 -𝑦 ℎ𝑦𝑑 ) 2 + (𝑧 -𝑧 ℎ𝑦𝑑 ) 2 is the distance function between any point on the riverbed and the hydrophone positioned at coordinate (𝑥 ℎ𝑦𝑑 ,𝑦 ℎ𝑦𝑑 , 𝑧 ℎ𝑦𝑑 ). The integral limits (𝑥 𝑠1 , 𝑦 𝑠1 , 𝑥 𝑠2 and 𝑦 𝑠2 ) define the boundaries of the source in space. 

SGN source inversion method

This section presents the general formulation of the inverse mathematical problem.

Problem formulation

The purpose of the inversion problem is to estimate the PSD and the spatial distribution of bedload SGN sources in rivers. The problem can be illustrated in Figure 3.2, where 𝑀 bedload SGN sources are assumed to be distributed on the riverbed with the same width 𝑊 𝑀 = 𝑊/𝑀. It is assumed that the specific bedload flux (𝑞 ̅ 𝑠,𝒙 ) is constant for each band in the streamwise direction (along longitudinal line y); in other words, a source is assumed uniform along a given longitudinal line. This simplifies the geometry of sources as planar strips with infinite lengths in the y direction (Figure 3.2). The PSD per unit area

𝓈 𝑚 (𝑓) (𝜇𝑃𝑎 2 • 𝐻𝑧 -1 • 𝑚 -2 )
is defined for each source with 𝑚 an integer 1 ≤ 𝑚 ≤ 𝑀. The vector 𝓢 of dimension [𝑀,1] and with the elements 𝓈 𝑚 (𝑓) represent all the sources' PSD distributed in the river.

For solving the problem, the first parameter to be considered is the acoustic measurements of the bedload SGN. Here, we consider a situation matching the drift boat measurement, where a boat supporting the hydrophone successively measures the associated
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Chapter 3: Optimization of passive acoustic bedload monitoring in rivers by signal inversion acoustic SGN at N different positions [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF]. 𝑁 acoustic measurements are thus assumed to be distributed on the river cross-section (x direction), from which we compute N PSD. The parameter 𝓅 𝑛 (𝑓) corresponds to the PSD measured at the nth position with 𝑛 an integer 1 ≤ 𝑛 ≤ 𝑁. The measured SGN profile is thus represented by the vector 𝓟 with dimension [𝑁,1] comprising all measured 𝓅 𝑛 (𝑓).

Given all sources in the river, the measured 𝓅 𝑛 (𝑓) is the contribution of the M acoustic sources to the nth measuring position, such that:

𝓅 𝑛 (𝑓) = ∑ 𝒶 𝑚,𝑛 (𝑓). 𝓈 𝑚 (𝑓) 𝑀 𝑚=1

3.7

Where 𝒶 𝑚,𝑛 is the attenuation factor (calculated for a surfacic source using the frequency-dependent transmission loss function TL), that affects the signal of source 𝑚 when measured by the hydrophone at position 𝑛:

𝒶 𝑚,𝑛 = ∬ 𝑇𝐿(𝑓(𝑘), 𝑟 𝑚,𝑛 (𝑥, 𝑦))𝑑𝑥𝑑𝑦 𝑥 𝑚2 ,𝑦 𝑚2 𝑥 𝑚1 ,𝑦 𝑚1

3.8

Where 𝑟 𝑚,𝑛 , is the function that defines the distance between any point within the source 𝑚 area and a hydrophone at position 𝑛 with coordinate (𝑥 ℎ𝑦𝑑,𝑛 , 𝑦 ℎ𝑦𝑑,𝑛 , 𝑧 ℎ𝑦𝑑,𝑚 ) such that 𝑟 𝑚,𝑛 (𝑥, 𝑦) = √ (𝑥 -𝑥 ℎ𝑦𝑑,𝑛 ) 2 + (𝑦 -𝑦 ℎ𝑦𝑑,𝑛 ) 2 + (𝑧 -𝑧 ℎ𝑦𝑑,𝑚 ) 2 , and z depends on the geometry of the section. The integral limits 𝑥 𝑚1 , 𝑦 𝑚1 , 𝑥 𝑚2 and 𝑦 𝑠2 define the boundaries of the source in space. The values of 𝑦 𝑚1 and 𝑦 𝑚2 were chosen to be much greater than the river width W (length = 10W) to model the infinite length of the source stripe. Finally, when Equation 3.7 is applied to the whole domain we obtain the matrix:

𝓟 = 𝓐 • 𝓢 3.9 ( 𝓅 1 (𝑓) ⋮ 𝓅 𝑁 (𝑓) ) = ( 𝒶 1,1 (𝑓) ⋯ 𝒶 𝑀,1 (𝑓) ⋮ ⋱ ⋮ 𝒶 1,𝑁 (𝑓) ⋯ 𝒶 𝑀,𝑁 (𝑓) ) • ( 𝓈 1 (𝑓) ⋮ 𝓈 𝑀 (𝑓) ) 3.9b
Where 𝓐 is the attenuation matrix.
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Solution to the inversion problem

At this stage, we consider that we know the measured acoustic matrix 𝓟 and assume that the attenuation matrix 𝓐 is computed (Eq.3.3 and Eq. 3.4) with a known (measured) attenuation term α λ . We seek the solution 𝓢 ̂ of the vector 𝓢, which allows the best fit of the measured 𝓟 to the modeled acoustic matrix 𝓟 ̂= 𝓐 • 𝓢 ̂. A traditional approach for this type of problem is the Least Square (LS) method, with an optimization algorithm that works on the minimization of squared residual errors between 𝓟 and 𝓟 ̂. The error vector 𝝐 can be written as in Eq. 10a, and the optimization of the problem solving 𝓢 ̂ is presented in Eq. 10b, where the argument of the minimum of 𝝐 (arg min(𝝐 )) is the value of 𝓢 ̂that minimize 𝝐.

𝝐 = 𝓟 -𝓟 ̂= 𝓟 -𝓐 • 𝓢 ̂ 3.10a
𝓢 ̂= arg min(𝝐 )

3.10b

The relation between the number of sources 𝑀 and measurements 𝑁 determines the algebraic solution type of the problem in Eq. 3.9. If the number of sources exceeds the number of measurements (𝑀 > 𝑁), then the equation is considered under-determined. In this case, there are more unknowns than the number of the equation and an infinite number of solutions of 𝓢 ̂ exists. On the other hand, if 𝑀 < 𝑁, there are more independent equations than unknowns, and the equation system is considered over-determined. In the latest case, it is shown by [START_REF] Nelson | ESTIMATION OF ACOUSTIC SOURCE STRENGTH BY INVERSE METHODS: PART I, CONDITIONING OF THE INVERSE PROBLEM[END_REF] that the optimal solution for the acoustic source vector, which ensures minimization of Eq. 3.10 is :
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𝓢 ̂= 𝓐 + • 𝓟
The pseudo-inverse algorithm for non-square matrixes exhibits a common drawback where the solution 𝓢 ̂ may suffer from instability under slight variations of 𝓐 or 𝓟. The problem's ability to estimate stable or non-stable solution 𝓢 ̂ is called conditioning of the problem. The conditioning of the problem is quantified by the condition number 𝜎 of the matrix 𝓐 to be inversed. This condition number is defined as 𝜎(f)= ‖𝓐‖ • ‖𝓐 -‖ where ‖𝓐‖ is the 2-norm of the matrix 𝓐 [START_REF] Golub | Matrix computations[END_REF]. A system with a high value of 𝜎 is considered an ill-conditioned system that generates high instability of the solution 𝓢 ̂ to small deviation or error in 𝓐 and 𝓟. In contrast, a value 𝜎 closer to 1 is a well-conditioned system. A problem with a condition number 𝜎 <10 3 can be considered a well-conditioned [START_REF] Arthur | Microphone array techniques based on matrix inversion[END_REF].

In addition, relatively high resolution of hydrophone measurements (N>>M, or close measurements) will lead to matrix 𝓐 with close row values and, consequently, rank deficient matrix. A classical solution for such instability problems is the non-negative least square (NNLS), a constrained least squares problem where the coefficients are not allowed to become negative.

In the case of a number of sources equal to the number of measuring points (N=M), then the pseudo-inverse matrix is simply the algebraic inverse matrix of 𝓐 and 𝓢 ̂= 𝓐 -• 𝓟.

The Matlab function lsqnonneg(), which follows the NNLS algorithm, is used for solving the inversion problem.

Numerical testing of the inversion model

Several numerical tests are presented here to illustrate the behavior and limits of the proposed inversion model. The tested section is composed of a 10 m wide river, with a rectangular section and a 1-meter water depth. Bedload SGN sources are assumed to be distributed on the riverbed in the form of bands, as in Figure 3.2. The considered length of the sources along the river direction is 100m upstream and 100m downstream of the section.

Several distributions of bedload active channels-the section with bedload transport-are tested (single, dual, and triple channels). The total bedload active channel width in the three configurations equals 4 m. Within the active bedload channel, the source PSD 𝓈 𝑚 is computed with [START_REF] Nasr | A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers[END_REF] (blue curve in Figure 3.1b); outside 𝓈 𝑚 is zero.
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We consider the number of simulated acoustic measurements equal to the number of sources (M=N), and the measurements are positioned above each source's center. The simulated PSD 𝓅 𝑛 are calculated using equation 3.7. The spherical propagation model is used with an attenuation coefficient α λ 𝑠 = 0.05 (equivalent to propagation environment for a river with slope 𝑆 ≈ 1%). 

3.12b

In the absence of hydraulic noises at low frequencies [START_REF] Geay | Mesure acoustique passive du transport par charriage dans les rivières [Passive Acoustic measurement of bedload transport in rivers[END_REF], 𝑓 𝑚𝑖𝑛 = 0 𝑘𝐻𝑧 and 𝑓 𝑚𝑎𝑥 = 150 𝑘𝐻𝑧, which is the maximum value of the simulated PSD.

In the first place, no out extrinsic acoustic noise has been considered. Using the simulated acoustic profile 𝓟 and equation 3.11, the sources PSD are inversed by NNLS method for different tests. Figure 3.3 shows that the inversed power profiles 𝑃 𝓈 𝑚 ̂ (in black line) coincide with generated profile (in blue) for all tests suggesting good prediction and solution of NNLS under accurate measuring conditions.

To account for possible uncertainty in field measurements, a noise has been added to the simulated 𝓅 𝑛 . The noise was added in the form of random coefficients in space and frequency bands, multiplied by the simulated PSD of 𝓅 𝑛 . The resulting acoustic profiles are plotted (dashed red lines) in Figure 3.3. In the presence of noise, the inversed source power 𝑃 𝓈 𝑚 ̂ (dashed black lines) is no longer similar to the imposed one. The results errors are not only limited to the intensity of sources but also the appearance of sources outside the bedload active channel. Nonetheless, the average cross-sectional power of the inversed source profile (integration of the curve divided by the width) is between 2.35-2.43 𝜇𝑃𝑎 2 /m, which is close to the corresponding value for that for the imposed source (2.36 𝜇𝑃𝑎 2 /m). This means that if we consider the total inversed power, the error is more limited to the localization of these sources.

To numerically assess the results, a variance-explained accuracy measure (𝑉𝐸𝑐𝑣)

parameter is introduced [START_REF] Li | Assessing the accuracy of predictive models for numerical data: Not r nor r2, why not? Then what?[END_REF]. The advantage of the accuracy measure 𝑉𝐸𝑐𝑣 is that it is
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𝑉𝐸𝑐𝑣 = (1 - ∑ (𝑃 𝓈 𝑚 -𝑃 𝓈 𝑚 ̂)2 𝑀 𝑚=1 ∑ (𝑃 𝓈 𝑚 -𝑃 𝓈 ̅̅̅̅̅ ) 2 𝑀 𝑚=1 ) 3.13
Where, 𝑃 𝓈 𝑚 ̂ is the inversed source power, 𝑃 𝓈 𝑚 is the imposed source power, 𝑃 𝓈 ̅̅̅̅̅ is the average of all imposed source power. The values of 𝑉𝐸𝑐𝑣 have been calculated for each simulation and are presented in the titles of Figure 3.3. The 𝑉𝐸𝑐𝑣 values show that the inversion model has a good performance even in the presence of noise (𝑉𝐸𝑐𝑣 ≈ 0.9 -0.6).

However, the 𝑉𝐸𝑐𝑣 values noticeably decrease when the number of bedload active channels increases, suggesting a higher sensitivity of the model to field uncertainty under complex bedload distribution. 
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Inversion model validation 3.5.1 Validation with active test measurements

This first experiment aims to test the inversion model under controlled source conditions. It is technically challenging to deploy a sound source with a scale comparable to SGN source in the river. Instead, in this experiment, we use a loudspeaker in the river as a source with a known signal and location. The test consists of measuring the emitted sound by the loudspeaker at different locations in the river and then testing the ability of the inversion model to retrieve the active source's location and PSD.

Isere river and experimental setup

This experiment was carried out in the Isere river in south-eastern France. The [START_REF] Geay | Mesure acoustique passive du transport par charriage dans les rivières [Passive Acoustic measurement of bedload transport in rivers[END_REF].

We used a waterproof piezoelectric loudspeaker Lubell with a 23 cm diameter (model LL916H; http://www.lubell.com/LL916.html), characterized by a quasi-flat (+/-10dB) frequency response between 500Hz-21,000Hz. The loudspeaker is connected to an emission RTSys system (TR-SDA14) which controls the emitted signal by a ".wav" file stored inside the RTSys.

The chosen transmission signal is a logarithmic frequency modulation between 500 Hz and 21 000 Hz in 0.25 seconds. The ".wav" file for the sound emitted by the loudspeaker is provided in the supplementary material. The loudspeaker signal was characterized in a lake next to

Grenoble city in France. The source was positioned at a distance of around 3 m from the water's surface. The emitted signal was measured at a 1m horizontal distance from the source with an HTI-99 hydrophone (High Tech, Inc.,http://www.hightechincusa.com), characterized by a flat frequency response (∓ 3dB) between 2 Hz and 125 kHz. Different orientations of the loudspeaker in space have been tested. A PSD (𝜇𝑃𝑎 2 • 𝐻𝑧 -1 ) was calculated for each measured chirp. Finally, using Eq. 3.6b, the surfacic PSD of the loudspeaker (𝜇𝑃𝑎 2 • 𝐻𝑧 -1 • 𝑚 -2 ) was calculated by dividing the measured PSD with the 𝑇𝐿 function term. The 𝑇𝐿 function was calculated considering the dimension of the source for r=1m, and α λ 𝑠 = 0 , attenuation being only due to geometrical spreading in a lake. The result of the source surfacic source power is presented in Figure 3.4c (green lines) with the 5%, 50% 95 % percentiles.
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In the Isere river, the loudspeaker has been deployed from the bridge to the riverbed at the position 𝑥 𝑠𝑜𝑢𝑟𝑐𝑒 =48 m and 𝑦 𝑠𝑜𝑢𝑟𝑐𝑒 =3 m (in the downstream direction). At this position, the average water column depth is 1.5 m. The signals were emitted from the source in an endless loop. We measured the acoustic profiles every 2 m between 𝑥 =8 and 𝑥 =56, with the same hydrophone and acquisition system presented above. The protocol was identical to Geay et al. (2020), with the hydrophone mounted on a floating river board (40cm below the water surface), and freely drifted from the bridge (drift position between 𝑦 =2m and 𝑦 =4m from the bridge). For each drift 𝑛 located at 𝑥 𝑛 , we measured the power spectrum of all signal impulsion during the drift and determined the median spectrum 𝑃𝑆𝐷 𝑛 . Each drift 𝑛 is now characterized by its coordinate(𝑥 𝑛 , 𝑦 𝑛 = 3𝑚), and a median spectrum 𝑃𝑆𝐷 𝑛 .

Inversion of the active acoustic source requires the definition of parameters presented in equation 3.9 ( 𝓟, 𝓢 vectors and 𝓐 matrix). For the measured acoustic profile, the vector 𝓟 is composed of the 25 measured median power spectrum defined above, 𝓅 𝑛 (𝑓) = 𝑃𝑆𝐷 𝑛 (𝑓) (1< 𝑛 <25). We consider 𝑁 = 𝑀 =25 and incorporate 25 square sources of 2-meter side distributed between 7 ≤ 𝑥 ≤ 56, with an unknown source power spectrums 𝓈 𝑚 (𝑓). The transmission loss parameters 𝒶 𝑚,𝑛 (𝑓) are calculated using equation 3.8 for the spherical model. The attenuation coefficients, α λ 𝑠 = 3.10 -5 have been estimated following the protocol proposed by [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF] during the measurements day. The source spectrum 𝓈 𝑚 (𝑓)

are calculated using the third-octave band of the measured spectrum.

The area of the sources in this application is 4 m 2 (2𝑚 side squares) which is different than that of the loudspeaker area ≈ 0.4 m 2 . In this case, an area ratio correction coefficient is applied to the inversed results in order to compare it with the loudspeaker source signal measured in the lake. The ratio is between the TL function calculated as in equation. 3.6b for the inversed source area and for the loudspeaker area. The spectrum of each drift (𝓅 𝑛 (𝑓)) are presented in Figure 3.5c (continuous faded lines), and the color index corresponds to the distance of the spectrum from the deployed loudspeaker. Figure 5c shows as well the inversed source spectrum in the proximity of the loudspeaker location 𝓈̂𝑛 =21 (between x=47and x=49). The results show that the inversed spectrums are comparable with the lab-measured spectrum, which fits within the 5%-95%

Results

percentiles on most frequencies.

The residual errors of the inversion model have been estimated by reconstructing the measured signal using the estimated 𝓈 𝑚 ̂(𝑓) and equation 3.7. The reconstructed power profile 𝑃 𝓅 𝑛 ̂ is presented in Figure 3.5b (dashed black lines), which shows a good visual agreement with the measured power profile 𝑃 𝓅 𝑛 (in red). The VEcv calculated for the profile 𝑃 𝓅 𝑛 ̂ referenced to 𝑃 𝓅 𝑛 is VEcv=0.94 which shows a good performance of the spherical model to reconstruct the measured profile.
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Validation with passive SGN measurements

Giffre river and experimental setup

In this part, we apply the inversion model to bedload SGN measurements. The experiment was carried out in the Giffre river located in French Alps. The measured section is on a pedestrian crossing bridge (46°04'48.8"N 6°42'19.4"E). The average slope of the section is 0.3% and 29 m in width. Two SGN and bedload flux measurements were carried out during The dashed red line corresponds to the reconstructed acoustic power profile using the inversed source profile and Eq. 9. c) measured spectrum at each position in the river (𝝁𝑷𝒂 𝟐 • 𝑯𝒛 -, continuous fadedlines). The color index indicats the distance of the measurement from the source which increases from blue to red. The mean inversed spectrum (𝝁𝑷𝒂 𝟐 • 𝑯𝒛 -• 𝒎 -𝟐 , in red line) corresponds to the spectrum at location 47-49 m (n=21). The green spectrum corresponds to the median of the lake measured spectrum with the dotted line corresponds to 5% and 95% percintiles.
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Chapter 3: Optimization of passive acoustic bedload monitoring in rivers by signal inversion the melting season on 13 th of June 2018 and 6 th of July 2021. On these dates, the flow discharges were 50 𝑚 3 /𝑠 and 26 𝑚 3 /𝑠 respectively with 0.9 m and 0.7 m average water depth.

Acoustic measurements were obtained using HTI-99 hydrophones (with sensitivity: -200.1 dB in 2018 and -199.8 dB in 2021) and RTSys acquisition system with the drift protocol [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF]. The drifts were 20 to 30 meters long (in the y direction) with the hydrophone setup 30 cm below the surface. Several repetitions of drifts have been performed at each cross-sectional position 𝑥 𝑛 to account for measurement uncertainty and temporal variability.

Similarly to the active test, the pressure signal has been treated in the frequency domain. For each drift at the location 𝑥 𝑛 , we computed the median 𝑃𝑆𝐷 𝑛 (𝑓). In the presence of repetition of drifts at the same location 𝑥 𝑛 , we averaged the 𝑃𝑆𝐷 𝑛 .

Bedload particles were sampled from the bridge using a handheld Elwha sampler of dimensions 203 × 152 mm. Sampling was performed at various cross-section positions following the procedures proposed by [START_REF] Edwards | WSGS science for a changing world Field Methods for Measurement of Fluvial Sediment[END_REF] with variable repetitions.

Each sample was dried, sieved, and weighed to calculate the transport rate and grain size distribution (GSD). We obtain a specific bedload flux 𝑞 𝑠,𝑖 (in 𝑔 • 𝑠 -1 • 𝑚 -1 ) calculated as follows:

𝑞 𝑠,𝑖 = 𝑚 𝑖 𝑡 𝑖 × 𝑊 sampler 3.14
Where 𝑊 sampler is the inlet width of the sampler, 𝑚 𝑖 and 𝑡 𝑖 are the mass and the duration of sampling respectively. The average bedload flux profile has been calculated within 𝑁 widows, each of 2 meters in width. Each window is centered on an acoustic point measurement 𝑥 𝑛 as for the acoustic source. The average bedload flux 𝑞 ̅ 𝑠,𝑛 (in 𝑔 • 𝑠 -1 • 𝑚 -1 ) for the widow 𝑛 is calculated by averaging the values of 𝑞 𝑠,𝑖 contained inside the spatial window 𝑛.

For solving the inversion problem, we use a geometry similar to kHz and extrapolated at higher frequencies assuming a linear regression. which can be compared to the measured profile 𝑃 𝓅 𝑛 (in red). The inversed power per unit area is one order of magnitude less than the measured power since each source contributes (by sound propagation and in a cumulative way) to each measured value. Moreover, the source spectrum was calculated for a distance of 1m from the source, while the measurements with the drift hydrophone were taken at a smaller distance (~ 30cm below the water surface <1m). 

Results
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The reconstructed integrated power profile 𝑃 𝓅 𝑛 ̂ (dashed lines) using the inversed signal, and Eq. 3.7, shows a good fit with the measured profile 𝑃 𝓅 𝑛 .

To compare the measured and inversed power with the bedload flux profile, we scaled the signals by computing the ratio between the local value and the total cross-sectional value for each profile. Results are plotted in Figure 3.6e and 3.6f, which show a better synchronization of the bedload flux profile with the inversed power profile than the measured profile. This is particularly evident when considering the peaks and the sharp transition to low transport at the side of the section.

To numerically compare the profiles, the VEcv value is calculated for both the relative source and the relative measured profile in reference to the relative bedload flux profile. The

Values of VEcv are presented in Figure 3.6e and 3.6f, confirming that the inversed source profile better illustrates the bedload flux in both experiments with less extent in the 2021 experiment than that for the 2018 experiment.
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Chapter 3: Optimization of passive acoustic bedload monitoring in rivers by signal inversion When the RMA reduced major axis regression (recommended when both X and Y data have uncertainties [START_REF] Smith | Use and misuse of the reduced major axis for line-fitting[END_REF]) is applied to the measured data, the fitted power laws presented in the legend of Figure 3.7 shows two very distinct trends, with more than one order of magnitude of bedload flux for the same acoustic power values. On the other hand, the relationships obtained with the inversed data show a better continuation with less dispersion between the two experiments, allowing a unique fit with a good Pearson correlation coefficient (𝑅 2 =0.79).

Discussion

Dealing with uncertainties

The numerical testing in section 3. respectively. Several factors can contribute to the variability of bedload flux measurements, such as the efficiency of bedload samplers itself under different hydraulic conditions (Bunte et al., 2008a;[START_REF] Childers | Field comparisons of six pressure-difference bedload samplers in highenergy flow[END_REF]. Moreover, the uncertainty of bedload sampling is also affected by the position of the sampler on the river bed [START_REF] Vericat | Bed load bias: Comparison of measurements obtained using two (76 and 152 mm) Helley-Smith samplers in a gravel bed river[END_REF], where difficulties in controlling the exact position of the Elwha sampler were reported during our field measurements. Besides, in 2021 experiments, the number of bedload sampling repetitions was limited due to unstable flow conditions generated by a rainfall event after the beginning of the experiment. Then, the main difficulty in comparing inversed acoustic measurements with bedload flux profile is, in the first place, related to the quality of bedload flux sampling. Additional uncertainties also concern the attenuation coefficients obtained by fitting measurements of active test data showing variability up to a factor of 5 around the best fit.

Improvement of the calibration curve

The hydrophone measures not only its close environment but all sounds propagating in the river section. The cross-section integration results depend on the local condition, which can change with discharge, as shown in a wide range of properties (e.g., slope, bedload intensity, and granulometry). The inversion model has been applied to all rivers, similarly to the Giffre river application. In the case of the absence of an active test on some rivers, a slope-based empirical formula (3.17 in section 3.9.1) from field data has been used to estimate the attenuation coefficient. The inversed and measured profiles for each river are presented in Supplementary Materials 3. Comparing both calibration curves shows that, when using inversed acoustic power, there is a minor decrease in variability (an increase of R 2 from 0.57 to 0.62), and a change of the fitted function with a lower power coefficient (decrease from 0.78 to 0.74). However, the main difference between these two calibration curves to estimate bedload flux will require investigations with field measurements. and in Table 3.2 in Appendix section 3.9.2
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Chapter 3: Optimization of passive acoustic bedload monitoring in rivers by signal inversion Analyzing the effect of inversion on each point we can see that for rivers with bad propagation (steep slope), such as the Arve,Grand-Büëch and Severaisse, the inversion increases the estimated bedload flux. The listening distance of the hydrophone is very short for such rivers (e.g., order of a few meters; [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF]. This means that the measured acoustic power is due to the contribution of the local sources of SGN. The SGN in such rivers is enough attenuated, even for very short distances. Consequently, the inversion model contributes to the compensation of the SGN losses measured from the near field. It should be noted that the active test protocol is challenging in steep rivers (due to strong hydraulic forces and high attenuation), then uncertainties may exist on the estimated attenuation coefficient (consequently, inversed profile).

On the other hand, the inversion model slightly reduces the estimated bedload flux as expected for rivers with good propagation, such as the Arc, Giffre, Romanche BO, Sarenne rivers. Because in this type of rivers the inversion model works on reducing the effect of SGN propagating from the far field (as presented above for the Giffre River).

It is very difficult to draw a definitive conclusion from this preliminary analysis and with the limited dataset. What is clear is that we need more data (direct sampling and acoustic)
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Chapter 3: Optimization of passive acoustic bedload monitoring in rivers by signal inversion collected in rivers with different characteristics with a particular focus on rivers with a good propagation. However, because good propagation usually concerns large rivers, direct measurements remain very challenging. One alternative would be to compare the hydrophone prediction with and without inversion, where a bathymetric survey allows an estimate of the transported volumes over different time scales.

Grain size detection

In lab experiments, the frequency content of the SGN has been well correlated with particle diameter [START_REF] Thorne | Laboratory and marine measurements on the acoustic detection of sediment transport[END_REF][START_REF] Thorne | The measurement of acoustic noise generated by moving artificial Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces sediments[END_REF]. However, in rivers, the attenuation SGN signal at high frequency is responsible in the first place for the underestimation of bedload GSD using acoustic measurements. The results in Figure 8 show a noticeable correction of the inversed PSD at high frequencies. To quantify the effect of inversion on bedload GSD estimation, the equivalent diameter 𝐷 𝑒𝑞 is computed by the regress empirical formula [START_REF] Thorne | The measurement of acoustic noise generated by moving artificial Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces sediments[END_REF] between 𝐷 𝑒𝑞 and central frequency:

𝑓 𝑐 = 209 𝐷 𝑒𝑞 0.88

3.15

Table 3.1 shows the computed 𝐷 𝑒𝑞 compared to the measured 𝐷 50 values. The most important observation is that the estimated diameters using SGN measurements overestimated the measured bedload diameter, as reported by [START_REF] Geay | An estimate of bedload discharge in rivers with passive acoustic measurements: Towards a generalized calibration curve? E3[END_REF]. On the other hand, this overestimation is reduced when using the inversed source PSD. It is naïve to judge the inversion model and GSD estimation from the result of Eq. 3.15 as this experimental law has been carried out in controlled conditions using uniform grain-size mixtures. However, results in Table 1 suggest a real improvement with the inversed signal. Additional effort can be made to GSD estimation by testing the model proposed by [START_REF] Petrut | Passive acoustic measurement of bedload grain size distribution using self-generated noise[END_REF] for a bedload mixture using inversed signal; however, it is out of the scope of this article. 

Conclusion

In this article, we present a new approach for the treatment of hydrophone measurements for bedload flux monitoring in rivers. This approach considers an inversion model for the measured acoustic profile of bedload self-generated noise SGN. The model
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Chapter 3: Optimization of passive acoustic bedload monitoring in rivers by signal inversion seeks to locate the sources of SGN and calculates their power spectral density using a system of linear algebraic equations which combines acoustic measurements with acoustic signal transmission loss functions describing the propagation environment of the river.

Numerical testing show good performance of the model with variable degrees depending on the number of separated bedload active channels in the river cross-section and uncertainty in the measured acoustic profile. Field testing of the model on the Giffre river during two very different hydraulic conditions shows that the inversion model successively corrected the attenuation of the signal PSD. The signal correction by inversion compensates for lost of acoustic power due to the propagation mainly at high frequencies. Direct bedload measurements better correlate with inversed acoustic power profiles than with measured acoustic power.

The methodology presented in this paper offers new perspectives for bedload monitoring with hydrophones. The inversed global calibration curve (𝑞𝑠(𝑃)) associated with the drift measurement and acoustic inversion protocol allows calibration of fixed hydrophones for continuous monitoring of bedload flux. However, the robustness and performance of this calibration curve require additional investigation.

Data availability

Data supporting this article are uploaded to (Nasr, Mohamad; Johannot, Adele ; Geay, Thomas ; Zanker, Sebastien ; Recking, Alain; Le Guern, Jules (2022), "Optimization of passive acoustic bedload monitoring in rivers by signal inversion ", Mendeley Data, V1, doi: 10.17632/vygy6tsy5n.1). Additional supplementary material document that supports the results presented in section 6.3 of the manuscript is uploaded to the journal.
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Attenuation coefficient-slope correlation

The measured attenuation coefficient using active test (𝛼 ⋋ ) for the river are best correlated with the local slope of the river [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF]. In this section, we combine the dataset of [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF] with our attenuation coefficients measured during our field campaign on some rivers (Chapter 1). The attenuation coefficient fitted for the spherical and cylindrical models as a function of the local slope of the measured river is presented in Figure 3.9, which shows a good correlation between these two parameters. The fitted equation are as follow 𝛼 ⋋ 𝑐 = 11.13𝑆 1.12 3.16

𝛼 ⋋ 𝑠 = 1181.29𝑆 2.2 3.17
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Testing the inversed global calibration curve

The table below contains the measurements and results of the data presented in Figure 3.9.

Table 3.2 Dataset of Nasr et al.,(2022b), and the results of bedload flux estimation using the different calibration curves presented in Figure 3.9. 𝑆 is the local slope, 𝛼 ⋋ 𝑠 is the attinuation coefficient for spherical, 𝑃 ̅ 𝓅 is the average cross-sectional measured acoustic power, 𝑃 ̅𝓈 is the average cross-sectional measured inversed acoustic power, 𝒒 ̅ 𝒔 is the specific bedload flux. In the pervious chapter we presented the inversion model to correct bedload self-generated noise (SGN) by the effect of propagation in the river. We also presented the inversed global calibration curve. In this chapter, we test the inversed global calibration curve on the Drac River, where the propagation effect is suspected to be important in this river. We also test the acoustic method by continuously monitoring bedload flux over a long time scale, and finally, we compare the data with field measurements of transported volumes.

River

Abstract:

Several studies have continuously monitored bedload flux in rivers by measuring the bedload particles' self-generated noise (SGN) with fixed-bank hydrophones (T. [START_REF] Geay | Passive acoustic monitoring of bed load discharge in a large gravel bed river[END_REF][START_REF] Marineau | Calibration of sediment-generated noise measured using hydrophones to bedload transport in the Trinity River[END_REF]. However, this method is still dependent on calibration with direct or indirect bedload measurements (e.g. sampling). In this study, we propose to use indirect methods to estimate bedload discharge in order to calibrate bank hydrophone. The first method uses the global calibration curve published in [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF] by the mean of passive acoustic mapping. The second method uses an evolution of this global calibration curve by processing the passive acoustic maps with a recent inverse model (Nasr et al. 2022b, submitted). This new protocol comprising acoustic mapping (consisting in measuring the closest from the signal source at several positions in the cross-sectional) and signal inversion, allowing to locate precisely the SGN sources, permits to considerable reduce this environmental effect. We tested the methods on the Drac river, which is equipped with a hydrophone station since 2019. Bank hydrophones were calibrated, and sediment budgets 

Introduction

Bedload transport is a major process controlling river morphology and channel geometry [START_REF] Crave | A stochastic "precipiton" model for simulating erosion/sedimentation dynamics[END_REF][START_REF] Wilcock | Sediment transport primer: estimating bed-material transport in gravel-bed rivers[END_REF]. Therefore, understanding such fluvial process is valuable for river restoration [START_REF] Guillén-Ludeña | Evolution of the hydromorphodynamics of mountain river confluences for varying discharge ratios and junction angles[END_REF], hydraulic structures and bank protection [START_REF] Badoux | Damage costs due to bedload transport processes in Switzerland[END_REF], and riverine ecosystem protection [START_REF] Gibbins | When is stream invertebrate drift catastrophic? The role of hydraulics and sediment transport in initiating drift during flood events[END_REF].

However, monitoring bedload flux by direct sampling is considerably challenging and
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Chapter 4: Continuous Bedload Monitoring with Bank Hydrophone expensive due to the high spatial-temporal variability of bedload flux [START_REF] Claude | Estimating bedload transport in a large sand-gravel bed river from direct sampling, dune tracking and empirical formulas[END_REF][START_REF] Rickenmann | Bedload Transport Measurements with Geophones, Hydrophones, and Underwater Microphones (Passive Acoustic Methods)[END_REF]. Besides, predicting bedload flux using empirical formulas suffers from high uncertainty [START_REF] Recking | Testing bedload transport equations with consideration of time scales[END_REF].

The difficulties of monitoring and predicting bedload transport using classical methods have motivated the development of surrogate indirect monitoring techniques [START_REF] Gray | Bedload-Surrogate Monitoring Technologies Scientific Investigations Report 2010 -5091[END_REF]. These techniques allow high-resolution monitoring, with reduced risks on manipulating individuals during high flood events. For example, acoustic technology allows measuring the signal generated by particle impacts on instrumented objects such as steel plates [START_REF] Hilldale | Installation of Impact Plates to Continuously Measure Bed Load: Elwha River, Washington, USA[END_REF], or steel pipes [START_REF] Mao | Flume and field-based calibration of surrogate sensors for monitoring bedload transport[END_REF]. However, such acoustic methods using impacted objects require expensive permanent installation and regular maintenance. Another acoustic approach directly measures with hydrophones the acoustic noise signal (Self-Generated Noise SGN) emitted by transported particle collisions as they roll or saltate on the riverbed. This passive technique is promising as hydrophones are inexpensive and easy to deploy in the river [START_REF] Gray | Bedload-Surrogate Monitoring Technologies Scientific Investigations Report 2010 -5091[END_REF][START_REF] Gray | Measuring bed load discharge in rivers: Bedload-Surrogate Monitoring Workshop Minneapolis, Minnesota, 11-14[END_REF].

The conversion from bedload SGN to bedload flux is not trivial. Theoretical studies proposed a proportionality between bedload flux and the acoustic power of SGN [START_REF] Barton | Passive Acoustic Monitoring of Coarse Bedload in Mountain Streams[END_REF][START_REF] Nasr | A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers[END_REF]. The efforts to study SGN in flume experiments under controlled conditions [START_REF] Johnson | Acoustic Detection Of Sediment Movement[END_REF][START_REF] Thorne | Laboratory and marine measurements on the acoustic detection of sediment transport[END_REF][START_REF] Thorne | The measurement of acoustic noise generated by moving artificial Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces sediments[END_REF][START_REF] Voulgaris | The in situ passive acoustic measurement of shingle movement under waves and currents: instrument (TOSCA) development and preliminary results[END_REF] have failed to carry out relevant laws valid under field conditions due to the different acoustic properties of the river.

Besides, bedload flux has been correlated with SGN power in the field using fixed hydrophone measurements [START_REF] Barton | Monitoring coarse bedload transport with passive acoustic instrumentation: A field study[END_REF][START_REF] Marineau | Calibration of sediment-generated noise measured using hydrophones to bedload transport in the Trinity River[END_REF]. Yet, these studies have revealed different calibration equations which remain site-specific.

Experimental and theoretical studies have shown that SGN also depends on the river's sound propagation environment [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF][START_REF] Thomas | Spectral variations of underwater river sounds[END_REF]. The propagation environment is controlled by the river characteristics such as slope, bed roughness, and water level [START_REF] Thomas | Spectral variations of underwater river sounds[END_REF][START_REF] Rigby | Passive Acoustic Monitoring of Bed Load for Fluvial Applications[END_REF]Wren et al., 2015).

Different river propagation environments induce different attenuation and loss of acoustic power for an acoustic signal as it propagates away from the noise source. Consequently, the measurement from a fixed point (from the bank for instance) depends on the position of the hydrophone relative to SGN sources and the spatial distribution of bedload in the river. This is why, for fixed hydrophones, the bedload flux-SGN relation is necessarily site-specific and calibration is needed for each site.

In an attempt to reduce this dependence to the river environment, a protocol was proposed for measuring SGN as close as possible to the bedload process. This was done by measuring not from a fixed point, but at different positions covering the entire river cross-
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Chapter 4: Continuous Bedload Monitoring with Bank Hydrophone section [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF][START_REF] Nasr | Passive Acoustic Monitoring of Bedload with Drifted Hydrophone[END_REF]. This SGN measuring technique is called acoustic mapping and is carried out by a hydrophone attached to a floating riverboard. Doing so, the specific bedload flux has been successfully correlated with cross-sectional average acoustic power with a unique power function common for 14 rivers tested (referred to global calibration curve). Nevertheless, despite the evident improvement, the SGN measurement by the acoustic mapping is still dependent on the local propagation environment of each river, which can explain part of the observed data variability around the calibration curve. For example, under good propagation conditions, the presence of coarse pebbles (~10 cm) may intensify the SGN in the river section. These pebbles generate intensified signals around 1 kHz [START_REF] Thorne | The measurement of acoustic noise generated by moving artificial Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces sediments[END_REF][START_REF] Thorne | Laboratory and marine measurements on the acoustic detection of sediment transport[END_REF]. These frequencies are generally able to propagate and accumulate into far distances in the river, leading to a relatively high level of ambient noise.

To go further, the next step consisted in removing the propagation effects by relating bedload to acoustic source and not only to the measured SGN. This was achieved with an inversion model [START_REF] Nasr | Optimization of passive acoustic bedload monitoring in rivers by signal inversion[END_REF], which locates the bedload SGN sources in the river and calculates their power spectral density. The model uses an attenuation matrix describing the loss of acoustic power from noise sources (bedload impacts) to the measured acoustic signals In this article, we apply different methods to estimate bedload flux. A sediment budget is computed with field data acquired in the Drac River, near Grenoble, France. Continuous bank hydrophone measurements are calibrated thanks to passive acoustic maps. To estimate bedload fluxes, the acoustic maps are processed following two different methods: (1) without inversion [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF][START_REF] Nasr | Optimization of passive acoustic bedload monitoring in rivers by signal inversion[END_REF] and (2) with inversion [Nasr et al., submitted].

Finally, we assess the effect of inversion by studying the sediment budgets calculated with the different acoustic method in comparison with the sediment budget estimated from several bathymetric surveys.

Method

In this section, we present a method for monitoring bedload fluxes in rivers continuously with several passive acoustic techniques. The method is illustrated in temporal segments of a few milliseconds, and each segment is converted to a Power Spectral Densities (PSD) by Fast Fourier transform (FFT). The result is a spectrogram, which is the variation of PSD with time [START_REF] Welch | The use of fast Fourier transform for the estimation of power spectra: A method based on time averaging over short, modified periodograms[END_REF]. Due to the random and transitory nature of SGN, these PSDs are characterized by high variability. For that, we chose a time window ∆𝑡 on the spectrogram (order of seconds), and we kept the median power in each frequency bank for all PSDs inside ∆𝑡. The result is the median PSD (𝑃𝑆𝐷 𝑚𝑒𝑑 (𝑡, 𝑓), in 𝜇𝑃𝑎 2 /𝐻𝑧) at time 𝑡 for each time step ∆𝑡 [START_REF] Merchant | Spectral probability density as a tool for marine ambient noise analysis[END_REF]. Finally, the acoustic power (in 𝜇𝑃𝑎 2 ) can be calculated as the frequency integration of the median PSD:

𝑃 𝑏𝑎𝑛𝑘 (t) = ∫ 𝑃𝑆𝐷 𝑚𝑒𝑑 (𝑓, 𝑡)𝑑𝑓 𝑓 𝑚𝑎𝑥 𝑓 𝑚𝑖𝑛 4.1
Where 𝑓 𝑚𝑖𝑛 and 𝑓 𝑚𝑎𝑥 frequencies are defined for power integration, with a value of 𝑓 𝑚𝑖𝑛 = 2 kHz was chosen to better separate hydraulic noise at low frequency from bedload SGN [START_REF] Geay | Mesure acoustique passive du transport par charriage dans les rivières [Passive Acoustic measurement of bedload transport in rivers[END_REF]. The maximum frequency 𝑓 𝑚𝑎𝑥 is limited by the system sampling frequency divided by a factor of 2 (in reference to the Nyquist frequency).

Acoustic mapping

In the acoustic mapping technique, the acquisition system is mounted on a floating river board, and the hydrophone is maintained freely in the water. The riverboard drifts freely with flow from a bridge crossing the river (Figure 4.1a) or using a remotely controlled floating riverboard. Doing so, the noise due to hydrophone interactions with the flow is significantly reduced. Each drift 𝑗 carried out at the cross-sectional position 𝑥 𝑗 is considered as a singlepoint measurement of SGN on the river cross-section. The measuring points should cover the river cross-section. Repetition of the drifts on the same measuring point should be considered to reduce uncertainty and account for temporal variability.

For each drift 𝑗, we calculate the spectrogram, a median PSD (𝑃𝑆𝐷 𝑗 in µ𝑃𝑎 2 /𝐻𝑧) and the acoustic power 𝑃 𝑗 (in µ𝑃𝑎 2 ) as in Eq. 4.2. Using the calculated acoustic power at different 𝑥 𝑗 position, an average acoustic power profile 𝑃 𝑥 (𝑥) (in µ𝑃𝑎 2 ) is calculated following (Geay et al., 2020) method. Finally, the average cross-sectional acoustic power 𝑃 ̅ (in µ𝑃𝑎 2 ) is calculated as follow:

𝑃 ̅ = ∫ 𝑃 𝑥 (𝑥)𝑑𝑥 𝑊 4.2
Where W is the measured width of the river, which is sometimes smaller than the actual width due to the shallow water level and the presence of obstacles next to the banks. 𝑞 ̅ 𝑠 = 4.2 × 10 -9 𝑃 ̅ 0.76 4.3
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A second calibration curve was proposed by Nasr et al. (2022a) and used the inversed acoustic signal instead of the measured signal. The inversed acoustic power 𝑃 * (in µ𝑃𝑎 2 /𝑚 2 ), represents the acoustic power emitted by the bedload transport per unit area of the riverbed before being attenuated in space (the noise source). The inversed acoustic power is calculated with an inversion model starting from the measured acoustic profile and the laws characterizing the acoustic propagation in the river. The acoustic propagation is characterized by a dimensionless attenuation coefficient 𝛼 𝜆 which can be estimated using an active acoustic test proposed by [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF]. This test uses a loudspeaker to emit a known acoustic noise from a point on the river cross-section and measure the losses of acoustic power per frequency band and with distance. The measured acoustic power is converted in inversed acoustic profile 𝑃 𝑥 * , from which we compute the cross-sectional average acoustic power 𝑃 * ̅̅̅ (in µ𝑃𝑎 2 /𝑚 2 ), as in Eq. 4.2 Finally, the inversed global calibration curve obtained when fitting the same data set used for Eq. 4.3 is:

𝑞 ̅ 𝑠 = 3.7 × 10 -7 𝑃 * ̅̅̅ 0.67 4.4

Field application

Study area

The Drac River is located in south-eastern France with a watershed area of 3,599 km 2 and it is one of the main tributaries of the Isére River with the confluence near to Grenoble City. In the studied site, near Grenoble, the morphology of the Drac river has passed several historical evolutionary phases, which ended by artificially fixed banks in the last decades.

Additionally, a dam was built in 1990. Consequently, the deposition of sediments at the downstream part of the river caused a rise in bed level, a decrease in flow capacity, and an
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Chapter 4: Continuous Bedload Monitoring with Bank Hydrophone increase in flooding risks. For these reasons, monitoring bedload transport on this river has gained the interest of local authorities for flood risk prevention works and decisions.

Two hydrophone stations (HS1 and HS2) have been installed for monitoring bedload transport next to Grenoble city (Figure 4.2). In this zone, the average slope is 0.3%, with an average width of 50 meters and an average annual discharge of around 100 m 3 /s. Water flow is available from two hydrometric stations, "Fontaine" and "Pont de Claix" (Figure 4.2).

Between these two stations, clear water (without sediments) is released from a hydroelectric power station. The flow measured from the "Pont de Claix" station is associated with HS1, while the flow from the "Fontaine" station is associated with HS2. For each drift, we used a sequencing of 20 ms windows with a recovery rate of 50%, and the acoustic power was calculated for frequency interval between 𝑓 𝑚𝑖𝑛 =2 kHz and 𝑓 𝑚𝑎𝑥 =30 kHz.
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Acoustic Inversion

The average acoustic profiles of SGN measured by acoustic mapping have been inversed using the inversion model of Nasr et al. (2022a). The average nondimensional attenuation coefficient for a spherical propagation model estimated from two active tests is α λs =7•10 -4 indicating a good propagation environment in the Drac river. These tests showed that the listening distance in the Drac river is relatively high (more than 50 m), which means that a wide area in the river contributes to the fixed bank hydrophone and that acoustic mapping measures distant SGN contribution. For the inversion, the bed was discretized with a space step of 4m. In other words, we consider that bedload was distributed into transporting active bands of 4 m width (each band equal to one source), covering the entire cross-section, and that each source was centered below a measuring position 𝑥 𝑗 . The inversion model assumes an infinite source length (in the flow direction). To account for the latest assumption, we use sources with a length of 250 meters upstream and 250 meters downstream, which is much greater than the maximum listening distance in rivers [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF].

Historical bathymetric data

For validating bedload flux monitoring by hydrophone measurements, we used available historical records to calculate the average annual bedload flux at sections in the proximity of the hydrophone stations. This analysis is based on 12 different studies carried out using field bathymetric surveys (cross-sections and longitudinal profiles) between 1993 and 2019. The area covered by these studies is summarized in where we can see a local bump in the PSD between 1 Hz and 2 kHz even at low discharges (Q<50 m3/s). On the other hand, the noise due to surface agitation is less evident in HS2 measurements. This observation highlights the role of the chosen measuring site and different hydrophone installations on the quality of acoustic measurements.

Above 2 kHz, we observe an increase in the spectral power with the flow corresponding to the increase of bedload flux. For very high discharge (>275 m3/s), we can observe that the PSD decreases mainly at high frequencies. This is because, for high discharge, the increase of flow turbulence is responsible for the increase of acoustic signal attenuation, which is more dominant at high frequencies. In addition, the shift of the PSD to a lower frequency with the flow is related to the increased bedload particle diameter [START_REF] Thorne | The measurement of acoustic noise generated by moving artificial Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces sediments[END_REF]. Above 30 kHz, we can observe the effect of electric noise and the non flat response of the used hydrophone at such frequencies. This analysis confirms that the defined frequency band (2kHz-30kHz) is most representative of bedload SGN with our used setup.

The acoustic power is plotted as a function of the measured discharge in Figure 4.8c and 4.8d. Qualitative analysis of the measured acoustic signal shows that no bedload SGN can be recorded for discharge lower than 70 m 3 /s. However, we observe in Figure 4.8c and 4.8d the existence of saturated acoustic power (marked in red) at low discharge (Q<70 m 3 /s) in both stations. Examination of the measured spectrum reveals the presence of acoustic noise in the recorded signal, mainly at low discharge. The electronic noise can be clearly seen in Figure 4.7b as a harmonic signal variable in time and frequency. It is suspected that the lowcost acquisition system used is contributing to such noise, in particular when the hydrophone are outside or close to the water surface at low discharge. It is also remarkable that the electric noise effect in HS2 measurements is relatively lower than HS1. This can be explained by different installations for both stations where the hydrophone of HS2 has been installed deeper in the water, making it less exposed to the water's surface. Nonetheless, the electric noise effect diminishes for higher discharge in both stations.

Based on this analysis, we used only acoustic measurements associated with discharge higher than 70 m 3 /s when calculating the bedload transport (section 4. The inversed acoustic power per unit area of the river bed (in µ𝑃𝑎 2 /𝑚 2 ) calculated for the presented acoustic profile is shown in red in Figure 4.9a. To compare the inversed and measured acoustic power, we calculate the relative profile, which is the ratio between the local values and the total cross-sectional averaged value. to the right bank. Moreover, the transition from left to right is sharper in the inversed acoustic power than in the measured acoustic profile. This result suggests that bedload is not spread over the entire cross-section but is located in finite active bands of transport.

The average cross-sectional value of measured acoustic power and inversed acoustic power calculated for all acoustic mappings are presented in Table 4.1. The relative measured and inversed profiles for all acoustic mapping are presented in Figure 4.9a and 4.9c, respectively (in faded lines). For each hydrophone station (HS1 and HS2), the bank acoustic power 𝑃 𝑏𝑎𝑛𝑘 has been correlated with 𝑄 𝑠 or 𝑄 𝑠 * with the Least Square method. Figure 10a and 10b present the obtained rating curves method for HS1 and HS2 respectively. The error bars represent the maximum and minimum acoustic power measured by the bank hydrophone during the period of the acoustic mapping measurement. Although the geographic distance between the two hydrophone stations is relatively low (300 m), the obtained calibration curves are not comparable. This observation confirms the specificity of the calibration curve to the measured site when using fixed hydrophone measurements. The correlation of bank acoustic power with estimated bedload flux didn't show any improvement when using 𝑄 𝑠 * . However, for both stations, the fitted functions 𝑄 𝑠 * = 𝑓(𝑃 𝑏𝑎𝑛𝑘 ) (in red) estimates lower bedload flux than 𝑄 𝑠 = 𝑓(𝑃 𝑏𝑎𝑛𝑘 ) (in blue) The HS2 station shows a better correlation between bank acoustic power and bedload flux than HS1 station. This can be explained first by the quality of acoustic measurements as explained in section 4.4.6. Second, by the effect of installing HS2 hydrophone on the left bank, which is closer to the bedload transport main channel, then HS2 is more sensitive to bedload SGN variation. 4.10 The rating curves between sediment flux and bank acoustic power for a) HS1 and b)HS2. In blue is the rating curve for Qs estimated from Eq. 3, and in red HS2 is the rating curve for Qs* estimated from Eq. 3.
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By using the fitted curve in In the previous sections, we estimated the average sediment flux by acoustic method and then compared it with the bathymetric data. Nevertheless, uncertainties in the calculations have not been considered yet for both acoustic measurements or bathymetric data. For the acoustic measurements, the main uncertainty is linked to the validity of the global calibration curves. Here we will not discuss the sources of uncertainty as they have been discussed in previous studies [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF][START_REF] Nasr | Passive Acoustic Monitoring of Bedload with Drifted Hydrophone[END_REF]. But it should be mentioned that these calibration curves are only based on two extensive field campaigns. Therefore, additional measurements and testing of these calibration curves, mainly at extreme events, can help to reduce uncertainties.

The bathymetric study is based on averaged data collected over 25 years .

In contrast, the hydrophone acoustic measurement has been carried out for less than three years (2019)(2020)(2021). Even in the presence of uncertainties in the bathymetric analysis or volumes estimated from acoustic measurements, the average values showed that the volumes calculated from inversed calibration curve are much more coherent with the bathymetric results. A reliable method to confirm such comparison is to continuously measure bedload flux by samplers such as the samplers [START_REF] Reid | The Continuous Measurement Of Bedload Discharge[END_REF]. However, these types of samplers are expensive and require complicated installation, which could not be authorized for environmental reasons on large rivers such as the Drac.

Instead, to support this comparison, we calculated the capacity of bedload flux with standard equations. We acknowledge that this would clearly not be a validation as equations themselves still suffer from a clear need in consensual validation. However, comparing methods and checking for their consistency (convergence of results in order of magnitude) is also a way to get confidence when dealing with such a difficult topic. This is what we did with the online program https://en.bedloadweb.com/ which allows for establishing 1D models from the various bedload formulas of the literature. We computed bedload at five different sections located on the Drac reach upstream of the hydrophone positions (data in Appendix section 4.7.1). Doing so, the Recking (2013) formula (chosen because it is calibrated with field data) has been applied using the hydrograph Q(t) measured at the "Pont de Claix" station. The results are presented per year in 

Limitation of fixed hydrophone

The fixed hydrophone measurement is a point measurement in the river which listen to noises coming from all over the river. The listening distance of the hydrophone is limited by the propagation of sound in rivers. The stronger is the attenuation, the smaller the listening distance. Thus, the acoustic propagation should be good enough to allow SGN to propagate over a long distance from the river to the hydrophone. A good propagation environment is mainly induced by higher water level [START_REF] Thomas | Spectral variations of underwater river sounds[END_REF][START_REF] Rigby | Passive Acoustic Monitoring of Bed Load for Fluvial Applications[END_REF]. For example, a water level of 50 cm ensures a good propagation of sound with a frequency above 1 kHz that covers SGN from particles with a diameter of tens of centimeters [START_REF] Thorne | The measurement of acoustic noise generated by moving artificial Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces sediments[END_REF][START_REF] Thorne | Laboratory and marine measurements on the acoustic detection of sediment transport[END_REF]. Besides, the flow turbulence and entrained air bubbles in the water reduce the In addition to the good propagation of acoustic noise, particular attention should also be paid on flow-generated noise, which is inevitable in the rives. The flow-generated noise is continuous and can vary depending on the flow intensity. Such noise due to flow turbulence at low frequencies can be filtered and separated from SGN during signal processing. However, other flow-generated noise (such as surface agitation) can interfere with the same band of SGN, particularly for large particles (gravels and pebbles). The flow surface agitation is due to the high roughness of riverbeds and low water levels, such as in steep slope rivers. In addition, for such rivers, the diameter of transported particles is relatively large (gravels and pebbles), which generates low-frequency SGN. In this case, using a hydrophone to monitor bedload flux in steep rivers is also limited by the contamination of the SGN signal with flow-generated noise.

The measured signal is also biased by the distance between the hydrophone and SGN sources. For example, closer SGN sources are less attenuated and more listened than similar sources located far from the hydrophone. Moreover, the hydrophones are more sensitive to stronger SGN noise generated by intense bedload flux even if they are located at far distances.

In this case, the spatialization of bedload flux is a critical factor controlling the measured SGN from bank hydrophone. The spatialization of bedload flux on a specific section is mainly related to its morphology. Then the bank measurement calibration should assume that the covered section is stable with time. A section with geometry that evolves with time will induce important variation in the relation 𝑄 𝑠 =𝑓(𝑃 𝑏𝑎𝑛𝑘 ), therefore, it requires more effort to maintain a proper calibration with time.

Conclusion

In this article, we present a method for continuous monitoring of bedload flux in rivers.

The method is based on two passive acoustic techniques for monitoring bedload selfgenerated noise (SGN). First, continuous monitoring is achieved with a fixed hydrophone deployed from the river bank. Second, to calibrate this continuous proxy, we used an acoustic mapping technique that measured the acoustic noise over the entire river cross-section. Then, we used two different methods to process these acoustic maps and to convert this measurement into bedload flux estimations. The first method uses a recent calibration curve that correlates the specific bedload flux to the measured cross-sectional average acoustic power in the river. Knowing that the measured bedload SGN signal is dependent on the propagation properties of the rivers, we tested a second approach to process the acoustic maps. This second method is based on an inversion algorithm that considers the effect of the We tested these methods on the Drac river in the French Alps. We measured SGN continuously by bank hydrophone over a period of around 3 years (2019-2021). During this period, we carried out up to 17 acoustic mapping measurements. Using the acoustic mapping and the bank measurements, we calculated two different average annual transported bedload volumes based on the two different calibration curves (without and with inversion). The results from the inversed calibration curve showed lower bedload flux than that of the ordinary calibration curve by a factor of 2 to 4.

To validate our results we used historical bathymetric data over 25 years on the studied reach, which has been supported by hydro-sedimentary model results. On one hand, when comparing the transported average annual sediment volume values, we found that when using the calibration curve without inversion, we overestimated the transported volume by a factor of 3. On the other hand, when using the inversion approach, the estimated values were comparable with the bathymetric study.

This case study shows an improvement when considering the propagation effect of acoustic signals in rivers. In addition, the promising results open a new perspective on continuously monitoring bedload flux using the acoustic method without requiring any physical sampling calibration procedures. However, these results require additional validation and data.

Moreover, additional testing on different types of rivers is also important to investigate the potential and the limitation of this method.

Data availability

The report supporting the bathymetric survey analysis is available on the private online cloud (https://1drv.ms/b/s!AncIJ81FtyVggo0Wfxkpw3cHLL50_g?e=zIdNaZ). 
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Study area

The Romanche River is also located in south-eastern France with a watershed area of 804 km 2, and it is a tributary of the Drac River with a confluence around 10 km upstream of Grenoble City. The studied section is located between the braided zone of Buclet and the Livet dam (Figure 4.14). This dam has been operating recently since March 2020.

In order to evaluate the influence of the new hydraulic line on the deposition of The grain-size distribution (GSD) of the deposited volume has not been well characterized. A hydrophone installed at "Pont Rouge" confirmed the transfer of coarse sediments downstream this point. Further, the recordings from the hydrophone installed 450 m the dam in the retention basin at "Livet" showed that the coarse particle is transported downstream of this zone only under high flood conditions. Then, from this observation, we assumed that the coarse particles are mainly deposited between the latest two mentioned hydrophone stations (included in the bathymetric survey zone). We also assume that fine sediments are transported downstream of this zone. Direct sampling from the riverbed in the zone just upstream of the dam showed the deposition of fine sand (≈0.5 mm). These depositions of fine particles are washed and transported downstream of the dam upon opening events.
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Results

The correlation between bedload flux with the bank acoustic power is presented in Here we consider for 2020 the volume calculated only from the discharge proxy. The total volume for the entire calculation period (April 2020 and March 2022) is estimated to be 22 000 m 3 [21 500 22 500] and 14 000 m 3 [13 700-14 000] , respectively without inversion (𝑉 𝑠 )

and with inversion (𝑉 𝑠 * ),. On one hand, comparing these results with the bathymetric survey results shows that without using inversion, we overestimate the measured volume. On the other hand, when using the inversion results, we closely estimate the bathymetric results.

However, we can notice that the ratio between 𝑉 𝑠 and 𝑉 𝑠 * is less than that of the Drac River (less than 2). This can be related to the reduced effect of propagation due to the finer size of transported sediments, as explained above.

Even in the presence of uncertainty, this application provides another evidence on the correction effect of inversion when applied in rivers with good propagation environments. 

Chapter 5: Conclusion and Perspectives

The main objective of this work was to develop the passive acoustic method toward a more robust bedload flux monitoring tool. This method has passed extensive development in recent studies, which used bedload self-generated noise (SGN) as a proxy of bedload flux in rivers. However, at the time where this thesis was starting, the method was still suffering from deficiencies mainly due to the dependence of bedload SGN on parameters other than bedload flux, such as the propagation of acoustic waves in rivers. The key question raised in this manuscript is to which extent the propagation in rivers affects the SGN measurements and how to correct this effect to improve bedload flux monitoring. In addition, we investigated the correlation between bedload flux and SGN using new field measurements. And last but not least, we presented and tested continuous monitoring of bedload flux using fixed hydrophone measurements. We addressed these global questions and topics in this manuscript in four independent chapters.

A summary of the scope of each chapter is presented in Figure 5.1. We first presented in Chapter 1 our field campaign of bedload flux and bedload self-generated noise (SGN) measurements for investigating how SGN is correlated with bedload flux in a different river. In addition, we used the field data for testing, validating, and improving a recent inter-site calibration curve (global calibration curve). Then, in Chapter 2, we developed a physical model for bedload SGN to analyze the parameters controlling SGN in rivers. Next, in Chapter 3, we presented an approach to optimize SGN monitoring by correcting the effect of propagation in the rivers (acoustic inversion). Finally, we presented a methodology to monitor bedload flux continuously using the passive acoustic method, and we tested the optimization approach in Chapter 4. 
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Main results

Here we present a synthesis of the main contribution of this thesis. In Chapter 1 we validate the global calibration curve for bedload flux and SGN [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF]. For that, we conducted a field campaign and obtained 17 SGN measurements using acoustic mapping (or drifted hydrophone method) as well as bedload flux measurements on 10 different sites. Field results showed good prediction performance of the global calibration curve (R 2 =0.76). We combined our dataset with the dataset of [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF] (42 measurements in total), which considerably improved the calibration curve (less variability and a larger range of measured values). The dimensional multi-variable analysis of SGN as a function of other river-measured parameters (e.g., slope, GSD, water level…) showed that the second important parameter that explains the bedload SGN after the bedload flux is the attenuation coefficient parameter that characterizes the river's propagation.

In Chapter 2, we analyzed bedload SGN using a physical model developed for this purpose. We modeled the bedload SGN on a scale that extends from bedload particle size up to the entire geometry of the river. The novelty of this model is that it accounts for the propagation of the SGN noise using propagation laws calibrated in the field for each modeled river. The sensitivity analysis of this model confirmed that the SGN is sensitive to the propagation of the acoustic signal, as observed in the field measurements (Chapter 1). We used a field dataset of 12 acoustic and bedload flux measurements to model SGN in different rivers. Comparing the field measurements with the modeled values showed that the model can
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predict up to 60% of measurements within a factor of 3. We tested the model with different assumptions, and the result showed that the model is also highly sensitive to parameters which are challenging to measure in the field, such as the impact velocity of bedload particles with the riverbed. In conclusion, this model demonstrates how several parameters and processes in the river other than bedload flux control bedload SGN. In particular, the effect of propagation of the acoustic signal.

Following the field and theoretical results on the effect of propagation, we proposed in Chapter 3 an approach to correct the measured SGN and eliminate the propagation effect.

Instead of using the measured signal directly, this approach uses a new parameter: the SGN source signal (i.e. the signal emitted at riverbed level, before being propagated in the river, at different cross-sectional positions. We assumed a simplified geometry of the river, with independent areas of bedload SGN sources distributed along the cross-section. Doing so, the physical problem is represented by a system of linear equations. We then used the Non-Negative Least Square (NNLS) algorithm to solve this system. We tested the inversion model on field data (Giffre river), where acoustic profiles and direct bedload sampling (Elwha sampler)

were measured at two different periods with low and high bedload fluxes. The results showed that the inversed SGN sources profile better reproduced the sampled bedload flux profile than the measured acoustic profile. Following these encouraging results, we applied the inversion model to the entire dataset of the global calibration curve. Consequently, we proposed an "inversed" calibration curve that correlates bedload flux to inversed acoustic power (crosssectional averages).

In Chapter 4, we focused on monitoring bedload continuously with a fixed bank hydrophone. We can distinguish two objectives for this chapter. The first was to check the feasibility to use the passive acoustic method to monitor bedload flux in the river without any bedload sampling calibration procedures. The second was to test the effect of the inversed calibration curve on bedload flux estimation. We carried out this study on the Drac river next to Grenoble City in southeastern France. We conducted continuous acoustic measurements over a period of 3 years and calibrated it with acoustic mappings and the global calibration curves. Both calibration curves have been tested (inversed and measured). We then used bathymetric surveys data existing between the hydrophone station and the Saint-Egrève dam to estimate another sediment budget. Comparing the bathymetric survey volumes to the transported volumes calculated from hydrophone measurements, the use of the "inversed" calibration curve showed a better agreement than the use of the "standard" calibration curve.
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The volume calculated without inversion overestimated, by a factor of 3, the sediment budget established with bathymetric data.

The same study has been tested on the Romanche river and confirms that it is better to use the inversed calibration curve for rivers with good propagation.

To conclude, the take-home message of the thesis can be summarized in the following few points. The first contribution is a more robust global calibration curve, allowing a reliable estimation of bedload flux in rivers of different characteristics. Several protocols have been applied to measure bedload fluxes with hydrophones in field experiments. Today, hydrophones can be used as an operational tool to monitor bedload fluxes (punctually and continuously).

Even if uncertainties are still difficult to quantify, the different works done in this thesis help in understanding the causes of some uncertainties. Particularly, the major role acoustic wave propagation has been showed (theoretically and physically). Inverse methods can be developed and improved in order to gain confidence in passive acoustic measurements. Using such methods in the Drac and Romanche experiments, we were able to show that sediment budgets based on passive acoustic measurements were similar to bathymetric sediment budgets. To our mind, these results should motivate the scientific community to multiply the use of hydrophones to develop knowledges on bedload transport.

Future works

Additional validation of calibration curves.

This thesis presents two global calibration curves (measured and inversed) used for bedload flux estimation. We compared the effect of these curves using long-term continuous measurements on the Drac and Romanche rivers. The results showed a better performance of the inversed calibration curve. However, when considering the blind test of punctual measurements on different rivers, variable performances can be observed for each calibration curve depending on the tested river and the quality of the measured data. Then a conclusion about the superiority of the inverse calibration curve can't be definitive. Hence, the bias of calibration curves' performance to the characteristics of the river needs more investigation.

This leaves several doors open for more testing and validation of bedload flux estimation using acoustic measurements. This area of research requires additional field data on rivers with different characteristics (propagation environment, size, bedload GSD…).

The difficulty in such work lies in obtaining reliable measurements of bedload flux for validation. If using punctual acoustic and bedload flux measurements on different rivers, this method requires data over a wide range of bedload fluxes to have a solid understanding of the effect of each calibration curve under different conditions. If using continuous monitoring, as we did on the Drac and Romanche, direct measuring of bedload flux with a high temporal
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resolution is not possible in this case. Instead, the use of bathymetric surveys can estimate the transported volume over a long-term period. However, this method is limited by the high cost and uncertainty due to low temporal resolution. In addition, such a method is affected by the transport in the suspension of fine sediments, which should be carefully considered.

Characterization of propagation in rivers.

In this manuscript, we presented the advantage of the inversion model, such as locating bedload flux distribution and correcting the attenuation of the acoustic signal due to propagation. The main obstacle of acoustic inversion is the characterization of the propagation environment of the river. In our study, we used an active test to characterize the propagation following [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF]. Recall that an active test consists of deploying a loudspeaker in the river, which emits an acoustic noise and then we measured the emitted noise at different positions in the river. We assumed that this effect is uniform in the studied river. However, the propagation process depends on several factors which could be highly heterogeneous in the river, even at a small scale, such as the flow turbulence, bed roughness, and riverbed geometry. This is what has been confirmed by field observation.

An example of active tests carried out on the Drac river can be seen in Figure 5. Such observation opens the discussion on the need for improved protocols to characterize the spatial variability of propagation and its effect on acoustic inversion.

In addition, one of the main questions is how to characterize the propagation on the close field measurements. As shown in Figure 5.2b the measurements are limited to medium to far-range measurements (a few meters up to tens of meters). Yet it is in the first few meters where the signal is more attenuated. Due to the difficulties in controlling the exact location of the hydrophone position relative to the loudspeaker, it is difficult to obtain reliable measurements just next to the loudspeaker.

Finally, during our field measurements, we were able to perform active tests on low and medium-flow events on different rivers. The results showed no significant variation in the propagation environment for the same measuring site. Nevertheless, it was difficult with our material and followed protocol to characterize the propagation in high-flow events, mainly in steep rivers, due to the difficulty in deploying the materials and high hydraulic noise compared to the emitted signal (signal to noise ratio). This prohibited us from understanding the evolution of the propagation environment in such events.

Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Conclusion

In conclusion, additional research and understanding of this process is required due to the importance of propagation process on the bedload SGN.

Study the effect of sand on SGN

Modeling and field results showed that the presence of sand could affect the SNG and its calibration with bedload flux. For example, the field measurements in chapter 1 show that part of the measurements with significant variability around the calibration curves are characterized by the presence of important sand fractions in the bedload samples. Moreover, the acoustic model in chapter 2 also showed the change of nature of the impactee could highly influence SGN in the presence of sand. Understanding the effect of sand requires proper measurements of these sediments as bedload transport in different mixtures (with and without gravels). Therefore, the effect of sand on SGN was one of the objectives to study in this thesis. However, field campaign measurements showed that the bedload sampler net and the clogging effect How to use this model?

1.

The curve is decomposed into 12 classes (column 1).

2.

Column 2 gives the cumulative percentage of each size class: it is either fixed or calculated from the coefficient Cn given in column 4.

3.

Column 3 gives the diameters delimiting the upper bound of each class: except for Dm (default 2mm), D50, and D84 (which are the input data), these values are calculated from the coefficient Cn of column 4.
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Hydraulics

The hydraulics is computed with the Ferguson equation which is written:

𝑈 𝑢 * =
2.5 𝑅/𝐷 84 √1 + 0.15(𝑅/𝐷 84 ) 5/3

B1

Where u* is the shear velocity, and R is the hydraulic radius.

Bedload flux

Bedload is computed with the Recking (2013) equation which has been fitted and validated with field data sets. It is written:

Φ = 14 ⋅ 𝜏 * 2.5 1 + ( 𝜏 𝑚 * 𝜏 * ) 4 B2
Where * is computed for D84 and Φ = 𝑞 𝑠𝑣 /√𝑔(𝑠 -1)𝐷 84 3 is the dimensionless solid discharge (Einstein, 1950). The shields stress  m * is a parameter delimiting partial (grains are partially at rest, their movement being reduced around small bed undulations) and full-bedload mobility (grains move continuously over a nearly flat bed). This term is morphology dependent but can roughly be approximated by m*=1.5S 0.75 for all kind of rivers (another formulation incorporating D84/D50 seems however better adapted for riffle pools rivers [START_REF] Recking | A generalized threshold model for computing bed load grain size distribution[END_REF] .

Bedload grain size distribution

The Generalized Threshold Model GTM [START_REF] Recking | A generalized threshold model for computing bed load grain size distribution[END_REF] used to calculate bedload GSD starting from river bed GSD, and other hydraulic conditions is presented in section C.1.

This model considers that we know the critical Shields stress c,Ref* for a given reference diameter Dref, and extends this information to each particle size class. Here we consider the mobility of diameter D84 with a critical Shields stress given by [START_REF] Recking | Theoretical development on the effects of changing flow hydraulics on incipient bed load motion[END_REF]: 

τ

  Figure 0.1 a) Damage after the October 2020 flood event in the Vesubie valley in the south of France. b) Comparison of the flooded area before and after the flood. (www.lefigaro.fr)

*

  Figure 0.3 a) Different pressure difference samplers (Poleto and Charlesworth, 2010), b) Birkbeck slot sampler (Liébault et al., 2010)

Figure 0 .

 0 Figure 0.5 a) Spherical mode of propagation of the acoustic wave (in red). b) Cylindrical mode of propagation. r is the distance between the noise source and the hydrophone.

  Chapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone at 4 and 8 s. If we apply the Fast Fourier transform (FFT) to the entire recording, this gives us only the frequency values of all noises that occurred during the 15 seconds, but we lose track of time information (Figure 0.7b).On the other hand, The STFT algorithm breaks the recording into smaller segments (order of tens of a millisecond)and the Fourier analyzes is done for each segment. Then, the result is a variation of the spectrum with time (Figure 0.7c and Figure 0.7d).

Figure 0

 0 Figure 0.6 A summary of the frequency distribution of different noise sources in the rivers[START_REF] Geay | Mesure acoustique passive du transport par charriage dans les rivières [Passive Acoustic measurement of bedload transport in rivers[END_REF]. In blue is the surface aggitation PSD signal, In red is bedload SGN PSD signal for different particles diamters. The grey areas correspond to water turebulance noise under different diployments of the hydrophone.

Figure 0 .

 0 Figure 0.7 a) Pressure variation on acoustic measurement in the river, the measurement is contaminated by two intense surface agitation next to the hydrophone (in black). b) The PSD of the measured signal by applying FFT on the entire measurement. c) The PSDs of the measured signal by applying STFT method. d) Time-frequency representation of the STFT method

  which was associated with the variability of bedload flux. The authors used a physical sampler to compare the measured acoustic noise with bedload flux. The bedload flux and acoustic noise showed a comparable pattern only on the right part of the measured cross-section (Figure 0.8). The characteristics of the used material (such as the microphone's directivity) have been suspected of significantly influencing the quality of the measured signal.

Figure 0 . 8

 08 Figure 0.8 Bedload flux profile compared to acoustic noise profile measured by Bedeus and Ivicsis (1963). The results show that the two profiles are not coherent at the right bank. Johnson and Muir (1969) tested a similar system in a 12 m-long and 0.45 m-wide flume experiment. Measurements without sediment injection at different flow discharges have shown

  on two rivers, Smite Brook and Afon Dysinni, in the United Kindom. The tested rivers are less than 10 m wide; one is sand-bedded, while the other is gravel-sand mix bed. Acoustic measurements were averaged over a period of 30 min and then compared with sampled bedload flux. The results show a general trend of increased average acoustic noise with bedload flux but with an important scatter of the data. Again, the scatter in the data was attributed to the lack of proper device streamlining and hydraulic noises. Nevertheless, The acoustic noise varied widely between the two rivers for the same bedload flux Figure0.10, and the authors reached the conclusion that a calibrated law in one river is not valid in the other. This finding demonstrates the difficulty of deriving an inter-site calibration curve, even just for two rivers. In addition toDevelopment of a Passive Acoustic Method for Bedload Monitoring in RiversChapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone their field experiments, Richards and Milne performed a flume experiment to investigate the self-generated noise SGN generated by sand bedload. They found that for the same bedload flux, the presence of sand increased the self-generated noise SGN.

Figure 0 .

 0 Figure 0.10 The field results of[START_REF] Richards | Problems in the calibration of an acoustic device for the observation of bedload transport[END_REF] on two different rivers.

  by using natural sediments (Figure 0.11c), which considerably improved the results (Figure 0.11d) for large particles.

Figure 0 .

 0 Figure 0.11 a) Glass spheres used for drum experiment and b) the corresponding results for different diameters. c) Natural sediment used for the drum experiment, and d) and the corresponding results

  Figure 0.12 a) Relation between mean total acoustic power and the number of moving particles for the flume experiment. b) correlation between average acoustic power and bedload flux on the Trinity river[START_REF] Barton | Passive Acoustic Monitoring of Coarse Bedload in Mountain Streams[END_REF] 

  the bedload GSD from recorded SGN. The proposed model has been tested on the Isére River Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Chapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone next to Grenoble city. The results of GSD inversion showed comparable results with the sampled GSD using TR-2 sampler (Figure 0.14). Nevertheless, Geay et al. (2018b) tested the GSD inversion model of Petrut et al. (2018) on different rivers, and the results showed an important overestimation of the model GSD. This overestimation has been explained by the effect of propagation, which attenuates SGN at high frequencies. The conclusion of this study has emphasized the need to better consider acoustic signal propagation for monitoring bedload SGN in rivers.

Figure 0 .

 0 Figure 0.13 The measured section of Geay et al. (2017) which is equipped with a hydrophone, geophone network and three slot samplers.

  Figure 0.15 The results of GSD estimation using Petrut et al. (2018) model on different rivers(Geay et al., 2018b).

a

  unique power law (called "global calibration curve") for all the considered rivers. Regardless of the variability in the dataset (Figure 0.16a), this novel result can be considered the first successful attempt to correlate SGN to bedload flux independently from the river characteristics. Another data recently obtained by Le Guern et al. (2021) on the Loire River Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Chapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone (sand-bedded river) using related protocol. The latest authors found closely similar calibration curve as Geay et al. (2020) global calibration curve. Although the drifted hydrophone method reduced the effect of propagation, the results of Geay et al. (2020) showed that measured SGN is still highly influenced by the specific propagation environment of the measured rivers. This is particularly visible when comparing the spectral content of the measured SGN with the bedload GSD (Figure 0.16b). Unlike the theoretical study and lab experiment, the central frequency of the measured SGN didn't show any correlation with the D50 of bedload particles. Instead, the central frequency was well correlated with the local riverbed slope of the river, which can be considered a proxy of the propagation environment of the river (check Figure 0.17).

Figure 0 .

 0 Figure 0.16 a) Global calibration curve of Geay et al. (2020). b) the correlation of spectral content of the field measurements with the bedload diameters and river local slope.

  [START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF] proposed a protocol for in-situ characterization of the transmission loss (TL) function in rivers, which is called "active acoustic test". This test consists in using a sound source deployed in the river (e.g., a waterproof loudspeaker) and measuring the resulting acoustic noise (𝑃𝑆𝐷 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ) at different distances from the source. Knowing the spectral content of the emitted signal (𝑃𝑆𝐷 𝑠𝑜𝑢𝑟𝑐𝑒 ), it is possible to track the decrease of acoustic power with distance per frequency band. The measurement data are then used to fit the frequency-dependent attenuation function 𝛼(𝑓) (in 𝑚 -1 ) in the propagation model (Figure 0.17a) : 𝑃𝑆𝐷 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (𝑟, 𝑓) = 𝑃𝑆𝐷 𝑠𝑜𝑢𝑟𝑐𝑒 (𝑓). 𝐺(𝑟)𝑒 -2𝛼(𝑓)𝑟 0.9 where 𝐺(𝑟) is the geometrical spreading function (spherical or cylindrical). The frequency-dependent attenuation coefficient 𝛼(𝑓) can be linearly related to the frequency (Jensen et al., 2011): 𝛼 = 𝛼 ⋋ • 𝑓/𝑐 𝑓 0.10 where 𝑐 𝑓 is the celerity of sound in water and 𝛼 ⋋ is a dimensionless attenuation coefficient. Geay et al. (2019) measured the attenuation coefficients in different rivers (Figure 0.17b). For all measured rivers, a relatively high attenuation coefficient has been calculated at low frequency (<1 kHz), which has been related to the cut-off frequency as explained above (section 0.2.3.2). Above the cut-off frequency, the attenuation coefficient increases with frequency (observed up to a few tens of kHz, no data beyond). The dimensionless attenuation coefficient 𝛼 ⋋ has been calculated for frequencies the above cut-off frequency for all rivers and shown in Figure 0.17c. The results show that the attenuation coefficients vary by several orders of magnitude for different rivers. When trying to relate the attenuation coefficient with the river characteristics, the average values of 𝛼 ⋋ has been best correlated with the local slope of the measured rivers (Figure 0.17d). Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Chapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone In my thesis, I will use the average values of 𝛼 ⋋ calculated following the active test protocol of Geay et al. (2019) to characterize the propagation environment of all studied river.

Figure 0 .

 0 Figure 0.17 Results from Geay et al. (2019) a) The fit of the loudspeaker measured acoustic power to the spherical and cylindrical propagation models. b) Calculated frequencydependent attenuation coefficient 𝛼 for several rives, c) with the corresponding dimensionless attenuation coefficient 𝛼 𝜆 for each river. d) The values of 𝛼 𝜆 averaged over frequency range versus the local slope for each river.

  campaign on multiple rivers to measure bedload SGN simultaneously with bedload flux sampling. The second chapter develops a physical model for theoretically investigating the main field parameters that control SGN. The third chapter tests a solution for tackling the problem of acoustic wave propagation in the river, which consists in inverting the measured SGN, or in other words, considering the SGN signal at bedload position instead of the actual measured SGN at the hydrophone position. Finally, Chapter 4 consider the findings of the previous chapters and test them on continuous monitoring of bedload flux in the river using a fixed hydrophone. Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Chapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone Chapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone

Figure 1

 1 Figure 1.1: a) hydrophone and acquisition system mounted on floating river board. (b) Simultaneous acoustic measurements with bedload sampling using Elwha sampler on the Severaisse river, c) Comprehensive diagram for cross-sectional drifting of the hydrophone.

  presented in Figure.1.3 show a dispersion of estimated bedload flux with variable order of magnitude and range from one river to another.

Figure.1. 3 :

 3 Figure.1.3: Comparison between measured specific bedload flux with those estimated using different empirical equations. The numbers below the bars correspond to the number of equations that calculated zero bedload flux for the corresponding river. Most formulas overestimate the bedload flux, while some formulas calculate zero flux. This observation is coherent with Recking et al. (2012), which compared different empirical formulas with instantaneous bedload flux measurements.

  Figure 1.4. In some measurements, another riverboard has been used depending on the operating team (Figure 1.6b).

Figure 1 . 4

 14 Figure 1.4 Measuring system for acoustic mapping method (drifted hydrophone) composed of floating riverboard, hydrophone and acquisition system.

Figure 1 . 6

 16 Figure 1.6 The two floating riverboards used with the associated acquisition system.

Figure 1

 1 Figure1.7. Comparison of Geay et al. (2020) (in black, Eq .1.3 in the manuscript) calibration curve with the updated calibration curve (in blue, Eq .1.5 in the manuscript). The blue circles mark the new dataset. The dashed blue line is the factor of three for the updated calibration curve.

Figure 1 .

 1 Figure 1.8 the calibration curves obtained with the Severaisse data (in red ) and with the other data excluding the Severaisse points (in blue). Despite the decrease in correlation when excluding the Severaisse (from 𝑅 2 = 0.72 to 0.64), the fitted variables 𝑎 and 𝑏 are not significantly different, what was confirmed by a ANOVA F-test (as in section 1.9.2). Moreover, this intra-site calibration obtained for the Severaisse is well-fitted with a correlation coefficient of 𝑅 2 = 0.92, confirming that the average cross-sectionala acoustic power is an excellent proxy to monitor bedload flux in this river. The calibration curve is also consolidated by another data recently obtained by Le Guern et al. (2021) in a totally different flow environment. They measured 12 cross-sections of unit bedload rates using BTMA sampling, and acoustic power drifted from a boat in a 500 m wide section of the Loire river having a 0.0002 slope and bedload median grain size diameter ranging between 0.3 mm and 3.1 mm. The calibration curve of Le Guern et al. (2020) is presented in Figure 1.8. Despite the slightly different river characteristics, the two calibration curves are closely similar in the measured range of bedload flux. The results suggest that the hydrophone application to monitor bedload transport could be extended to a wider range of the fluvial system.

b

  Figure 1.10: Illustration for the integration with different values of beta. b) Variation of the calibration curve with beta. For 𝜷=1, the calibration curve is equivalent to the calibration curve of Eq. 1.5.

Figure 2 . 2

 22 Figure 2.2 Calculations of acoustic noise of two impacting spheres. (a) 𝑒 @1𝑚 of two spheres of 10 mm diameter, for 𝑈 𝑐 = 0.1 𝑚. 𝑠 -1 . (b) Integrated energy as a function of particle diameter for 𝑈 𝑐 = 0.1 𝑚. 𝑠 -1 (bottom curve), 𝑈 𝑐 = 1 𝑚 𝑠 (middle curve), and 𝑈 𝑐 = 10 𝑚. 𝑠 -1 (top curve). The computations were done for two colliding spheres of the same diameter (𝐷 𝑘 = 𝐷 𝑏𝑒𝑑,𝑙 ), of density 𝜌 𝑠 = 2600 𝑘𝑔. 𝑚 -3 , 𝐸 = 55 𝐺𝑝𝑎 and 𝜗 = 0.2. The angle of collision (𝜃) was set to 0 ° with the vertical. The density of water 𝜌 𝑓 and velocity of sound in water 𝑐 𝑓 were set to 1000 𝑘𝑔. 𝑚 -3 and 1480 𝑚. 𝑠 -1 respectively.

  Chapter 2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers losses in rivers (Figure 2.3. Acoustic wave propagation processes in rivers: (1-2) reflection/transmission, (3) diffraction, and (4) absorption.). In this work, the geometry of the river is simplified with a water section bounded by two riverbanks and two horizontal interfaces (water-air and water-riverbed). On these two interfaces, the waves can undergo reflection, absorption, or diffraction. These processes are controlled by the angle of incidence, wavelength, geometry, and roughness of the interfaces.

Figure 2 . 3 .

 23 Figure 2.3. Acoustic wave propagation processes in rivers: (1-2) reflection/transmission, (3) diffraction, and (4) absorption.

  for testing the model's ability to reproduce measured bedload SGN. Out of 25 field measurements, only 12 have been used, with the other measurements lacking active acoustic measurements or detailed bedload grain-size distribution. The rivers used are mainly located in the French Alps, and their slopes vary between 0.05 % and 2.5 %. During each experiment, bedload SGN and bedload flux have been monitored in addition to other fluvial measurements such as water level and surface velocity.

Figure 2 .

 2 Figure 2.4a illustrates the cross-sectional variation of the measured (𝑃 𝑥 ) and modeled acoustic powers for the cylindrical (𝑃 𝒙 𝒄 ) and spherical (𝑃 𝒙 𝒄 ) model for the Giffre river (GI). It shows that the model reproduces coherent spatial variation of the acoustic power, with power peak at the right position on the river cross-section (𝒙 = 25), where bedload transport is concentrated. The cylindrical and spherical models appear to form upper and lower bounds of an envelope around the measurements, respectively. The cylindrical model power is five times greater than the spherical model on the right bank. This difference increases to one order of magnitude towards the left bank (𝒙 = 8).Figure 2.4b compares the spectral components of the average cross-sectional spectral power measured (𝑝̅ ) with the cylindrical (𝑝̅ 𝑐 ) and spherical (𝑝̅ 𝑆 ) models. This figure shows that both measured and modeled spectrums peak at the same frequency (around 2 𝑘𝐻𝑧) with a slight shift of the cylindrical model towards lower frequency.

Figure 2 . 4

 24 Figure 2.4 Measurements and model results for the Giffre River, a) Acoustic power map (𝑃 ̅ 𝑥 ), b) Average Cross-sectional PSD (𝑝̅ ).

Figure 2 .

 2 Figure 2.5 a) Measured average cross-sectional acoustic powers values versus modeled values for different rivers; b) Measured central frequencies values versus modeled values for different rivers. Two modeled values are presented for each river, corresponding to different models of propagation (spherical and cylindrical models) Lower values obtained with the spherical model are due to the 1/r 2 term in the geometrical attenuation function 𝑇𝐿 1 . This term dominantly reduces the acoustic power with distance in comparison to the cylindrical model where 𝑇𝐿 1 is proportional to 1/r. The results show that the accuracy of the model differs significantly from one site to another. To quantify the global model performance, we define the model acoustic power error

Figure 2 . 6

 26 Figure 2.6 Measured average cross-sectional acoustic powers values versus modeled values (Spherical model) for different rivers. a) The error bars represent the variability induced by the uncertainties related to the field measurement of bedload flux and acoustic powers. b) Comparision of model results using different impact velocity equations presented in Table 2.3. c) Comparison of model results using different hypotheses on the nature of the riverbed impacted by bedload particles.

3 . 3 .

 33 Doing so, the model results obtained additional dependency on the impactee diameter (𝐷 𝑏𝑒𝑑,𝑙 ). The results obtained with our model are presented in Figure2.6a c which show a noticeable decrease in acoustic power (up to two orders of magnitude) for three rivers: Arve (A1, A2), Romanche (RO), andDevelopment of Passive Acoustic Method for Bedload Monitoring in RiversChapter 2: Optimization of passive acoustic bedload monitoring in rivers by signal inversion Selves (Sel) Rivers. These rivers are characterized by a non-negligible sand fraction in the bedload GSD. Regardless of which of the above assumption predicts more accurate SGN, the high variation in the acoustic power in some rivers introduces another element for the potential model uncertainty. So, both bedload and river bed GSD should be carefully described to compute the SGN.

  Finally, this global relation between the modeled SGN and Development of Passive Acoustic Method for Bedload Monitoring in Rivers Chapter 2: Optimization of passive acoustic bedload monitoring in rivers by signal inversion 𝜏 𝐷 50 * could be used for possible numerical correction of the model; however, it requires further validation with additional experiments.

Figure 2

 2 Figure 2.7. Variation of the correction coefficient between acoustic power ratio (modeled over measured) and the parameters 𝜏 𝐷 50 * , 𝜏 𝐷 84 * , S, h, 𝛼 𝜆 and 𝑞 𝑠 .

Figure 2

 2 Figure 2.9 (a) First-order SI in function of the model parameters. The horizontal line is a threshold below which the influence of a parameter is considered as negligible. (b) Total-order SI in function of the model parameters.

Figure 2

 2 Figure 2.10 Summary of the input parameters used for the model. The color indicates the range for the total SI resulting from the sensitivity analysis.

Figure 2 .

 2 Figure 2.11 Random rivers modeling resutls compared to the global calibration curve of Nasr et al. (2022b) in black

For

  frequencies above the cut of frequency, a transmission loss function (𝑇𝐿) is defined to assess the attenuation of bedload SGN wave signal in river. The 𝑇𝐿 function depicts the power losses of an acoustic signal propagated from an acoustic source position to any position in the river. Experimental work by Geay et al. (2019) proposed that the propagation function is a combination of a geometrical spreading function 𝑇𝐿 1 , and a frequency-dependent function 𝑇𝐿 2 that describes the losses of acoustic waves due to the scattering and absorption effects of the river: 𝑇𝐿(𝑓, 𝑟) = 𝑇𝐿 1 (𝑟). 𝑇𝐿 2 (𝑓, 𝑟) 3.2

Figure 3 .

 3 Figure 3.1 illustrates the attenuation of an acoustic signal by the spherical transmission loss function for a uniform square unit area acoustic source 𝓈 (𝜇𝑃𝑎 2 • 𝐻𝑧 -1 • 𝑚 -2 ). This realistic source 𝓈 was constructed with the Nasr et al. (2021) model for a bedload mixture composed of grains uniformly distributed in the range [1-100 mm], with a specific flux of 1000 g/s/m, and for a river with 1% slope and 1m water level. A value of α λ 𝑠 = 0.1 is used, and two additional values α λ 𝑠 = 0.01 and 0.001 are also considered for r= 2m. Figure 3.1b presents the power spectral density PSD (obtained by Fourier transform) of the source 𝓈 (in blue) and the propagated signal 𝓅 (in red). The losses with increasing distance due to the geometrical transmission loss function 𝑇𝐿 1,s is evident when comparing the different curves at 2, 5, and 10 m. Simulations at r=2m with different α λ 𝑠 values also illustrate different losses at higher frequencies, captured by the 𝑇𝐿 2 function (Eq. 3.5).Moreover, we observe a total shift of spectrum to the lower frequencies with distance due to the 𝑇𝐿 2 function and the increasing attenuation coefficient with frequency (Eq. 3.5). The

Figure 3 .

 3 Figure 3.1 a) representation of a surfacic acoustic source with multiple particle-particle impacts. b) The power spectral density of the modelled source signal (r=1 m), with the propagated signals to r=2,5, and 10 m. The green vertical lines represent the central frequency of each PSD.

Figure 3 . 2

 32 Figure 3.2 Comprehensive presentation of the inversion problem geometry.

Figure 3 .

 3 Figure 3.3 shows the cross-sectional distribution of the frequency-integrated source power 𝑃 𝓈 𝑚 (𝜇𝑃𝑎 2 • 𝑚 -2 , in blue line) and simulated measured power 𝑃 𝓅 𝑛 (𝜇𝑃𝑎 2 , in red line) for

Figure 3 . 3

 33 Figure 3.3 Numerical test results of the inversion model for a) single, b) double, c) triple channel configuration. The figures present the variation of acoustic power for the source (𝝁𝑷𝒂 𝟐 • 𝒎 -𝟐 ) and for simulated SGN profile (𝝁𝑷𝒂 𝟐 ) in the river cross-section.

  measuring site is located next to Grenoble city (45°11'55. .0"N 5°46'11.4"E) on a pedestrian's footbridge crossing the river. The local average slope for the measured section is 0.05% with 60 m width, and the annual average flow is 180 𝑚 3 • 𝑠 -1 . The riverbed is composed of gravel with average 𝐷 50,𝑏𝑒𝑑 = 23 𝑚𝑚 measured with the Wolman (1954) sampling protocol for the exposed riverbed. During the time of measurement, in the 25 th of August 2022, the average flow was 110 𝑚 3 • 𝑠 -1 . Under this flow condition the Isere river was characterized by low hydraulic noises generated by the flow turbulence at low frequencies

Figure 3 .

 3 Figure 3.5b plots the measured acoustic power profile 𝑃 𝓅 𝑛 (in red line), calculated with Eq.3.12a between frequencies of 500-21000 Hz. The measured spectrums show different intensities depending on the distance from the active source. No significant variation in the spectral distribution is observed with propagation due to the relatively low attenuation coefficient in the Isere river. The results of the inversed power profile (𝑃 𝓈 𝑚 ̂) are plotted in Figure 3.5b (black line).The results show that the inversion model successfully captures the active source location between x=47and x=49 (𝑚 = 21). However, some residual sources have been modeled mainly around the active source location and at other locations in the river. As in the numerical test

Figure 3 .

 3 Figure 3.4 a) Representation of the geometry of sources and acoustic measurements on the Isere river. b) measured acoustic power (𝜇𝑃𝑎 2 , continuous black line) and the inversed source power (𝝁𝑷𝒂 𝟐 • 𝒎 -𝟐 , , continuous red line). The dashed red line corresponds to the reconstructed acoustic power profile using the inversed source profile and Eq. 9. c) measured spectrum at each position in the river (𝝁𝑷𝒂 𝟐 • 𝑯𝒛 -, continuous fadedlines). The color index indicats the distance of the measurement from the source which increases from blue to red. The mean inversed spectrum (𝝁𝑷𝒂 𝟐 • 𝑯𝒛 -• 𝒎 -𝟐 , in red line) corresponds to the spectrum at location47- 49 m (n=21). The green spectrum corresponds to the median of the lake measured spectrum with the dotted line corresponds to 5% and 95% percintiles.

Figure 3 .

 3 2. The length of the sources is extended between 𝑦 =-150 m and 𝑦 =150 m accounting for the assumed infinite length of the SGN source. Two active tests have been carried out to characterize the propagation environment in the Giffre River during the two measurement days in 2018 and 2021. The attenuation coefficients estimated for the spherical model are α λ 𝑠 = 0.006 and α λ 𝑠 = 0.004 for 2018 and 2021 respectively. The attenuation coefficient is measured up to a maximum frequency of 20

Figure 3 .Figure 3 .

 33 Figure 3.5 presents the punctual measurements and the averaged profile for bedload flux and acoustic measurements for both experiments. The left and right riverbanks are located

Figure 3 .

 3 Figure 3.6c and 3.6d present (black line) the inversed power profile 𝑃 𝓈 𝑚 ̂(𝜇𝑃𝑎 2 • 𝑚 -2 )

Figure 3 . 5

 35 Figure 3.5 Measured bedload flux a) in 2018 experiment and b) in 2021 experiment. The measured acoustic power a) in 2018 experiment b) in 2021 experiment.

Figure 3 . 6

 36 Figure 3.6 Mean measured PSD (in red) and inversed PSD (in black) for 2018 and 2021 in: a) 2018 and b) 2021. Mean measured power (in red) and inversed power (in black) for c) 2018 and d) 2021 experiments. Relative profiles for e) 2018 and f) 2021, in magenta is the relative bedload flux profile To study the effect of inversion on the acoustic power-bedload flux relation, the measured bedload flux value at each window n is plotted in Figure 3.7 against the corresponding value of measured acoustic power (in black) and inversed acoustic power (in red) for both 2018 (circle) and 2021 (square) experiments. Depending on the experiment, we can differentiate two different trends for the measured acoustic power.
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 43 Isere experiments have shown that extraneous noise sources might appear with different intensities due to uncertainty and perturbations in the measured acoustic profile. Meanwhile, the data collected on the Giffre river shows variabilities in acoustic measurements as well as the bedload flux measurements (Figure3.7). Thus, the inversion results of the Giffre application should consider the potential errors due to measuring variability. These uncertainties have been calculated byGeay et al. 

Figure 3 . 7

 37 Figure 3.7 Local values of bedload flux vs local values of measured acoustic power (in black) and inversed acoustic power (in red)

Figure 3 .

 3 6c and 3.6d. This explains the two different qs=f(P) fits obtained for the Giffre river in Figure 3.7. In addition, the high power coefficients (1.39-3.42), are also a consequence of the overestimation of the actual source energy. The global calibration curve of bedload flux obtained by Geay et al. (2020) is based on the average cross-sectional acoustic power values ( 𝑃 ̅ 𝓅 in 𝜇𝑃𝑎 2 ). The effects discussed here have probably contributed to part of the variability obtained when they fit their P(qs) function. On the other hand, Figure 3.7 shows that reducing these effects by inversing the acoustic power gives access to a better adjustment of the data obtained under different transport conditions. This offers a good potential for improving the global calibration curve proposed by Geay et al (2020), by adjusting a new function after inversing their whole data set. In this context, we used the inversion model on the dataset of Geay et al. (2020), which consists of 25 experiments of simultaneous bedload flux and acoustic measurements collected in 14 different rivers, covering

Figure 3 .

 3 Figure 3.8 shows the global calibration curve using the cross-sectional average measured acoustic power 𝑃 ̅ 𝓅 (in red) and the inversed calibration curve using the

Figure 3 . 8

 38 Figure 3.8 Comparison of global calibration curve fitted with measured cross-sectional average acoustic power (in red), and the readjusted curve fitted with cross-sectional average inversed acoustic power(in black) 

Figure 3 . 9

 39 Figure 3.9 Comparison between measured specific bedload flux and estimated bedload flux using the equation presented in Figure 3.8. The blue circle is the estimation from the inversed calibration curve.

Figure 3 .

 3 Figure 3.10 Relation between the local slope of the river and the attenuation coefficient for the cylindrical model (left) and spherical model (right)

  were computed between April 2019 -January 2022. Additionally, bathymetric surveys carried on repeatedly between 1993-2019 in a deposition zone (dam lake) have estimated the mean bedload transport rate at 17 000 m 3 /year [11 000-24 000 m 3 /year]. Calibration of the bank signal with acoustic mapping but without signal inversion led to a transport rate of 65000 m 3 /year. Analysis of the of hydrophone data over the measuring period with the full protocol (acoustic mapping and signal inversion) led to an average annual sediment flux of 26 000 m 3 /year April 2019-January 2022. This result is close to the estimations with bathymetry and is encouraging, despite new validation tests are clearly needed.

(

  hydrophone measurements). The results show that the inversed acoustic power profiles are more consistent than the measured acoustic profiles when compared with the sampled bedload flux profiles. Following these results,Nasr et al. (2022a) updated the calibration curve by using inversed acoustic power profiles instead of the directly measured profile. Meanwhile, the improvement of this inverse model on bedload flux estimation has not been shown yet.

Figure 4 .

 4 1a and 4.1b and is very similar to any standard calibration procedure. Such as gauging stations, water level (proxy) is continuously recorded to estimate water discharge thanks to punctual discharge measurements (e.g., with aDcp) and to a site-specific discharge rating curve. In the case of a fixed hydrophone (e.g., on the river bank), the measurement of SGN acoustic power 𝑃 𝑏𝑎𝑛𝑘 (inDevelopment of Passive a Acoustic Method for Bedload Monitoring in RiversChapter 4: Continuous Bedload Monitoring with Bank Hydrophone µ𝑃𝑎 2 ) acts as a continuous proxy, allowing high-resolution monitoring of the bedload flux in rivers (1 in Figure4.1b). The fixed hydrophone measurements are calibrated with the average cross-sectional acoustic power 𝑃 ̅ (in µ𝑃𝑎 2 ) measured by the acoustic mapping technique (2).The average cross-sectional acoustic power allows for estimating the bedload flux using the global calibration curve (3) (section 2.3). Doing so, over different hydraulic conditions, it is possible to develop a rating curve relating the bedload flux 𝑄𝑠 (in g/s) with the bank-measured acoustic power. Finally, continuous estimation of the bedload flux is possible using the sitespecific rating curve and the continuously measured acoustic power (4).

Figure 4 . 1

 41 Figure 4.1 Comprehensive diagram for the calibration and continuous monitoring by bank hydrophone
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 433 Passive a Acoustic Method for Bedload Monitoring in Rivers Chapter 4: Continuous Bedload Monitoring with Bank Hydrophone Calibration curves From the measured 𝑃 ̅ and the global calibration curve, it is possible to estimate the specific bedload flux 𝑞 ̅ 𝑠 (g/s/m). The global calibration curve introduced by Geay et al. (2020), and later tested and updated by Nasr et al. (2022b) consists of a dataset of 42 acoustic and bedload flux measurements on 14 different rivers, mainly in the French Alps. The tested rivers cover a wide range of properties (e.g., slope, water velocity, bed roughness), bedload intensity, and granulometry. The calibration curve correlates the cross-sectional acoustic power with the specific bedload flux of the river reach as follows:

Figure 4 . 2

 42 Figure 4.2 Shceme the hydrophone stations and acoustic mapping position on the Drac river.

Figure 4 .

 4 Figure 4.3 a) HS1 station acquisition system b) bank hydrophone installation in the PVC tube to the river.

Figure 4 . 4

 44 Figure 4.4 Acoustic mapping with riverboard on the Drac river. The hydrophone is placed in the water from the front part of the riverboard.

Figure 4 . 5 , 5 .

 455 and is limited between the hydrophone stations and the confluence with the Isere river (6 km downstream of the stations). We consider that in this sector, diachronic analysis of the bathymetric survey gives a reliable estimate of the transported material, because it is a deposition zone downstream controlled by the Saint-Egrève Dam (at the confluence with the Isere river). Of course, we Development of Passive a Acoustic Method for Bedload Monitoring in Rivers Chapter 4: Continuous Bedload Monitoring with Bank Hydrophone cannot exclude that part of the material pass the bathymetric surveys zone, and uncertainties exist on the estimated volumes, especially for the sand fraction. The evolution of the reach has been treated in 3 main segments (Figure 4.5). Using the geometry of the segments and the deposition/erosion rates, the volumetric annual sediment budget (m 3 /year) has been estimated with the range of values presented in Figure 4.For the reach between the hydrophone stations and the Drac Bridge, an average annual deposition of 6000 m³/year has been estimated. However, downstream of the Drac bridge, the calculation has been carried out on two separate time intervals, before and after 2008. Before 2008, the estimated deposition is 14000 m³/year between the Drac bridge and ILL weir and 2000 m³/year downstream the ILL weir up to the confluence with the Isere River. Meanwhile, in May 2008, the gate of the ILL weir has been blocked by sediments due to an intense flood that occurred at this time. The sediment deposition in this period reached the level of the weir, which reduced its control effect on the upstream profile of the river and allowed more sediment deposition downstream of the weir. After 2008, the sediment deposition has been estimated to be 5000 and 8000 m³/year upstream and downstream of the ILL weir respectively. Using these data, the annual average sediment flux at the hydrophones position was estimated to be 20 000 m³/year [13 000 -28 000].The studies and the data used are detailed in a technical report (Burgeap 2022), which is also available in the supplementary material.

Figure 4 . 5 A

 45 Figure 4.5 A summary of the sediment budget estimated downstream of the hydrophone stations In addition to the riverbed evolution, the grain-size distribution (GSD) of the deposits (subsurface layer of the riverbed) has been determined on dried river bars during low water levels distributed over the studied river reach. The results presented in Figure 4.6 show that sediments are mainly composed of gravels with D50≈ 20 𝑚𝑚.Regardless of the deposited volume, the nature of the deposited sediments is important to be compared with the calculated volume from hydrophone measurement. As mentioned SGN is due to the transport bedload transport of sediments. This type of transport is dominated by larger particles. Then, the fine particles transported by suspension don't contribute to the measured SGN. The results of subsurface GSD in Figure4.6 show the presence of around 15% of sediment with less that 0.5mm. The volume estimated above is reduced by 15% to 17

Figure 4 . 6

 46 Figure 4.6 Riverbed sub-surface grain-size distribution measurements results

Figure 4 .

 4 Figure 4.7a, presents the measured flow discharge for the period of acoustic measurement. The spectrogram of bank acoustic measurement for both stations is presented in Figure 4.7b. The visual comparison shows a good correspondence between the acoustic power response and the increase in discharge. Analyzing the spectrogram shows a continuous acoustic noise for frequencies below 1.5 kHz and above 35 kHz. The noise at lower frequencies corresponds to the noise generated by surface water agitation and flow turbulence around the hydrophone[START_REF] Geay | Mesure acoustique passive du transport par charriage dans les rivières [Passive Acoustic measurement of bedload transport in rivers[END_REF], while the noise at higher frequencies corresponds to the electric noise of the instruments.

5 . 3 )

 53 Figure 4.7 a) temporal variation of discharge monitored at Fontaine station. The black markers indicate the date of acoustic mapping. b) The spectrogram measured by HS1 and HS2 stations. The black bands correspond to missing acoustic data. The red markers show an example of electric noise. c) Acoustic power variation calculated between fmin=2 kHz and fmax=30 kHz.

Figure 4 .

 4 Figure 4.9a shows an example of an acoustic mapping measurement carried out in 03/05/2021. Each black point corresponds to an acoustic power 𝑃 𝑗 measured by one drift at 𝑥 𝑗 with 4 repetitions on each position. The average acoustic power profile (in blue) shows a power peak next to the left bank and then a power recession until the right bank. This power profile suggests a concentrated bedload flux next to the left bank.

Figure 4 .

 4 9b and 4.9c present the relative profile respectively for measured and inversed acoustic power for the 03/05/2021 measurement (in bold lines). The comparison shows close profiles; however, the relative Development of Passive a Acoustic Method for Bedload Monitoring in Rivers Chapter 4: Continuous Bedload Monitoring with Bank Hydrophone values of the inversed profile are higher next to the left bank and lower or equal to zero next

Figure 4 .

 4 Figure 4.9 a) Results of acoustic mapping acoustic power and inversed acoustic power for 03/05/2021 measurements. The relative profile for b) measured acoustic power, c) and inversed acoustic power.

Figure

  Figure 4.10 The rating curves between sediment flux and bank acoustic power for a) HS1 and b)HS2. In blue is the rating curve for Qs estimated from Eq. 3, and in red HS2 is the rating curve for Qs* estimated from Eq. 3.

Figure 4 .

 4 Figure 4.11 calculated a) bedload flux and b) bedload volume using the fixed hydrophone measurements.

  sound propagation in the river to correct the SGN signal measured by the acoustic mapping Development of Passive a Acoustic Method for Bedload Monitoring in Rivers Chapter 4: Continuous Bedload Monitoring with Bank Hydrophone method. Bedload fluxes are then estimated thanks to a calibration curve relating the inversed acoustic signals to specific bedload fluxes.

Figure 4 .S5Figure 4 .

 44 Figure 4.12 Longitudinal profile for the modeled reach and sections

  sediments, bathymetric surveys have been carried out between March 2019 and March 2022 upstream the Gavet dam (between 500 m upstream of the dam and the confluence with Eau d'Olle). The deposited volume has been estimated from the differential between the Digital Terrain Model (DTM) obtained from both bathymetric surveys. The deposited volume upstream the dam is estimated to be 12,300 m 3 between March 2019 and March 2022. However, this volume is assumed only due to the period after the filling of the dam started in 2020.

Figure 4 .

 4 Figure 4.14 Study area on the Romanche River 4.7.2.2 Acoustic and discharge data A hydrophone station similar to that installed on the Drac river has been installed on the left bank next to Le Bourg-D'Oisans village (11 km upstream the dam). The hydrophone station is operating since April-2020. Due to technical problems the station didn't record in two periods in 2020 (14 May-8 Jun and 31 July-14 November) and in 2022 between 27 January-.20 Mars For this reason, in addition to the acoustic measurements we will use the measured discharge as a continuous proxy of bedload flux during missing hydrophone data periods. The discharge on this reach has been monitored by the "Pont Rouge" hydrometric station installed 6 km downstream the hydrophone station (Figure 4.14). The time series of discharge and acoustic bank measurements are presented in Figure 4.15.In 2020 and 2021 19 acoustic mappings have been carried out from a bridge located 100 meters downstream of the hydrophone station. The inversed acoustic profile has been calculated for each of the acoustic mappings using the dimensionless attenuation coefficient α λs =2•10 -4 estimated from 4 active acoustic tests (compared to α λs =7•10 -4 for the Drac river).

Figure 4 .

 4 Figure 4.15 Temporal variation of discharge monitored at "Pont Rouge" station. The black markers indicate the date of acoustic mapping. b) The spectrogram measured by the hydrophone station. c) Acoustic power variation calculated between fmin=2 kHz and fmax=30 kHz.

Figure 4 .Figure 4 .Figure 4 .

 444 Figure 4.16a, which shows a very good correlation (R 2 =0.9). The correlation with discharge showed a high variability when considering both data of 2020 and 2021 acoustic mappings. It is suspected that the floods in August and October of 2020 mobilized the sediment stocks upstream the studied section. For that the bedload flux has been correlated with the discharge over two separate periods (2020 and 2021). The correlation equation of discharge with bedload flux are presented in Figure 4.16b and Figure 4.16c, which also shows a relatively good correlation.

Figure 5 .

 5 Figure 5.1 A scheme synthesis of the thesis

Figure 5 .

 5 Figure 5.1). For that, we proposed an inversion model that calculates the source SGN signals, emitted along the cross-section. The main input parameters are the measured SGNs and a propagation model in the river. Measured SGNs are made of several measurements of SGN

  2 where we can see the measured signal of the loudspeaker at different positions (Figure 5.2a) and different distances (Figure 5.2b). These two figures show the non-homogenous propagation of the loudspeaker acoustic signal in the X-Y direction and the variability of the measured data.

Figure 5 .

 5 Figure 5.2 a,b) Active test resutls on the Drac river. c) River cross-section

  the slope, g is the acceleration of gravity, s and  are the sediment and water density. For the given flow condition characterized by a Shields stress *, the method first computes a maximum transported diameter corresponding to quantile DM of the bed surface grain size distribution, such that subscript M is:

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

4 Field application 1.4.1 Data collection

  

	calibrated the acoustic-bedload relationship. This
	was achieved with 25 measurements collected in 14 different rivers, mainly in the French Alps,
	covering a wide range of properties (e.g., slope, water velocity, and bed roughness), bedload
	intensity, and granulometry. The result showed that the average cross-sectional acoustic
	power 𝑃 ̅ (Eq. 1.2) mainly correlates with the river's average specific bedload flux 𝑞 ̅ 𝑠 with the
	following power relation (R²=0.57):.	
	𝑞 ̅ 𝑠 = 2.55 × 10 -9 𝑃 ̅ 0.78	1.3
	where 𝑃 ̅ is in µ𝑃𝑎 2 and 𝑞 ̅ 𝑠 in 𝑔/𝑠/𝑚. The theory supporting the relation between
	bedload flux and acoustic power has been presented by Nasr et al. (2021).	
	1.To illustrate the interest in this technics, we collected 17 sets of simultaneous bedload
	sampling and acoustic recording in 10 measuring sites located in eight rivers. The data were
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	Chapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone
	collected with new operators unfamiliar with the method. Four of these sites are new sites
	measured for the first time. For the other sites, the flow conditions were very different from
	those used for building Eq. 1.3. In some rivers, discharge was available at a gauging station;
	otherwise, it was estimated by measuring the cross-section water depth and the surface
	velocity with a hand-held radar (Radar-Mate Cometec). The riverbed grain-size distribution
	(GSD) was measured on emerging dried bars or directly on the riverbed using the Wolman
	(1954) sampling protocol. The river width (𝑊), measured width (𝑊 𝑚 ), riverbed local slope (S),
	riverbed median diameter (𝐷 50,𝑏𝑒𝑑 ), average water depth (d), average water surface velocity
	(𝑉 𝑠 ), and discharge (Q) during measurements are shown in Table 1.1 for each site.
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	Chapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone	
	To numerically assess the results, a variance-explained accuracy measure based on
	the cross-validation (𝑉𝐸𝑐𝑣) parameter is introduced (Li, 2017). The advantage of the accuracy
	measure 𝑉𝐸𝑐𝑣 is that it is unit/scale, data mean, and variance independent according to its
	definition. For a power model, 𝑉𝐸𝑐𝑣 is calculated based on the logarithmic values as follows:
	𝑉𝐸𝑐𝑣 = (1 -	∑ (log (𝑞 ̅ 𝑠,𝑗 /𝑞 ̂𝑠_𝑆𝐺𝑁,𝑗 )) 𝑛 𝑗=1 ∑ (log (𝑞 ̅ 𝑠,𝑗 /𝑞 ̿ 𝑠 )) 2 𝑗=1 𝑛	2	) × 100%,	1.4
	where 𝑛 = 17 is the total number of measurements, 𝑞 ̿ 𝑠 is the mean value of all
	measured 𝑞 ̅ 𝑠 . The calculated value of 𝑉𝐸𝑐𝑣 is 80.5%, suggesting a good prediction	
	.				
					3 and
	are compared with direct measurements 𝑞 ̅ 𝑠 in Table 1.1 and Figure 1.2. The visual comparison
	shows a good agreement, with 70% of the predicted values within a factor of 3.	
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  1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone Table 1.1 Measured river characteristics. Where 𝑊 is the river width, 𝑊 𝑚 is the measured width, 𝑆 is the local slope, 𝐷 50,𝑏𝑒𝑑 is the bedload 50% percentile diameter, 𝐷 50 is the bedload 50% percentile, ℎ is the average water depth, 𝑄 is the average discharge, and 𝑉 𝑠 average water surface velocity.; * are sites measured for the first time

	River	Symbol	Location		Bedload sampler	𝑾 \𝑾 𝒎 (m)	𝑺 (m/m)	𝑫 𝟓𝟎,𝒃𝒆𝒅 (mm)	𝑫 𝟓𝟎 (mm)	𝒉 (m)	𝑸 (m 3 /s)	𝑽 𝒔 (m/s)
	Arc	Arc *	Chamousset		TR-2	48\38	0.002	33.7	28.3	1.6	149	1.9
	Arve	Arv	Les Bossons		Elwha	13.7\11.8	0.0075	69	1.6	1.22	30	2.1
	Giffre	Gif	Samoëns		Elwha	27.5\22.4	0.003	17	3.0	0.72	27.7	1.4
	Grand-	GLF	La Faurie		Elwha	13.5\5.6	0.007	30	5.7	0.61	8.6	1.39
	Buëch	GSJ *	Saint Julien Beauchêne	en	Elwha	15.5\11.8	0.017	37	31.5	0.92	32	30
		RBO	Le Bourg d'Oisans Centre	Elwha	32\26	0.0013	20	1.2 0.9	1.18 1.64	53 71.9	1.6 1.9
	Romanche	RPR *	Le Bourg d'Oisans Rouge	Pont	TR-2	36\33	0.0013	18	5.5 26.0	1.46 1.59	67 74	1.4 1.5
	Sarenne	Sar *	Le Bourg d'Oisans 3Ponts	Elwha	11\6.6	0.0013	4	1.7	0.52	4.2	0.8
									28.9	0.75	16.8	2.28
									31.5	0.78	20.1	2.73
	Séveraisse	Sev	Villar Loubière		Elwha	12.5\11	0.0105	40	20.3	0.91	21.2	2.76
									36.1	1.01	24	2.68
									42.6	0.81	20.9	2
	Moselle	Mos	Bainville-aux-Miroirs	H-S	40 \14	0.0011	31	--	2.6 2	83 60	2 1.88

Development of a Passive Acoustic Method for Bedload Monitoring in Rivers

  

	Chapter 1: Passive Acoustic Monitoring of Bedload with Drifted Hydrophone
	Figure 1.2: Comparison between measured specific bedload flux and acoustic estimate 𝑞 ̅ 𝑠_𝑆𝐺𝑁
	with Eq. 1.3
	.
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  1: Passive Acoustic Monitoring of Bedload with Drifted HydrophoneTable1.2 Results of field measurements. Where 𝑃 ̅ is the average cross-sectional acoustic power, 𝑞 ̅ 𝑠 is the measured specific bedload flux, 𝑞 ̅ 𝑠_𝑆𝐺𝑁 is the estimated specific bedload flux withEq. 1.3. 

River Nb bedload samples Nb sampling position Nb of drifts Nb drifts position Drift Length (m) Hydro -phone depth Drift duration (sec)

  

									𝑷 ̅ (𝟏𝟎 𝟏𝟐 𝝁𝑷𝒂 𝟐 )	𝒒 ̅ 𝒔 (g/s/m)	𝒒 ̅ 𝒔_𝑺𝑮𝑵 (g/s/m)
	Arc	45	18	137	24	25	0.5	15	316.1	149.2	520.4
	Arve	34	11	75	13	20	0.5	12	9.5	85.3	33.8
	Giffre	31	15	91	13	20	0.4	17	38.5	28.7	100.8
	Grand-	21	6	106	11	14	0.3	11	0.6	1.3	4.1
	Buëch	33	11	102	11	16	0.55	7	2137	2130	2311.7
		35	11	68	17	20	0.5	15	41.7	51.6	107.3
	Romanche	28 29	13 14	95 162	16 18	37 30	0.5 0.5	23 22	51.1 32.7	94.9 117.1	125.5 88.7
		35	14	139	18	30	0.5	20	34.6	58.5	92.7
	Sarenne	14	8	28	7	15	0.3	20	1	38.8	5.7
		39	10	98	11	17	0.5	9	76.8	189.2	172.6
		40	10	133	12	17	0.5	7	452	956.7	687.9
	Séveraisse	30	11	130	11	17	0.5	7	139.7	289.8	275.4
		33	11	121	11	17	0.5	7	401.1	900.3	626.7
		18	9	90	11	17	0.5	8	294.8	661.1	529.6
	Moselle	16 19	7 7	27 27	9 9	--	0.4 0.4	15 13	353.6 159.3	377.5 92.9	610.4 327.7
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		dataset in the
	upper range (up to 2000 𝑔/𝑠/𝑚 compared to 380 𝑔/𝑠/𝑚) and with less total dispersion
	(𝑅 2 =0.76 compared to 𝑅 2 =0.56 ), we propose to update the calibration curve (Eq. 1.3) by
	considering both datasets (42 measurements). Using the reduced major axis regression
	(RMA), is recommended when both X and Y data have uncertainties (which is the case here
	for 𝑃 ̅ and 𝑞 𝑠 ̅ ), we obtain :	
	𝑞 ̅ 𝑠 = 4.2 × 10 -9 𝑃 ̅ 0.76	1.5
	For this equation, 78% of all measurements are within a factor of 3. The Pearson
	correlation coefficient on the log values of 𝑃 ̅ and 𝑞 𝑠 ̅ for this relation is 𝑅 2 =0.72. Both calibration
	curves of equation 1.3 and equation 1.5 are presented with the entire dataset in Appendix
	section 1.9.2 (Figure 1.7).	
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	Some or all data, models, or code that support the findings of this study are available
	from the corresponding author upon reasonable request. Bedload flux measurements, acoustic
	measurements, and recordings samples for each river are uploaded to (Nasr, Mohamad;
	Johannot, Adele; Geay, Thomas; Zanker, Sebastien; Recking, Alain (2022), "Passive Acoustic
	Monitoring of Bedload with Drifted Hydrophone", Mendeley Data, V1, doi:
	10.17632/ddfgdxtrpm.1)
	.
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	We mainly used HTI-99 hydrophones (Figure 1.4 and Figure 1.5a), which are
	omnidirectional hydrophones designed for high-frequency monitoring. They are characterized
	by a flat frequency response between 2 Hz-125 kHz (Figure 1.5b). The frequency response of
	the hydrophone is defined as the sensitivity variation as a function of measuring frequency
	(𝑓, in Hz). The data on the Moselle river was measured using HTI-96 hydrophone which is
	characterized by lower frequency of response 2 Hz-50 kHz (Figure 1.5c)
	The sensitivity 𝑆 ℎ of the used hydrophones are presented in Table 1.3.
	Table 1.3 Used hydrophone types and sensitivity iin the field campaign
	Hydrophone	𝑆 ℎ	Measurements
	HTI96-681906	-190.2	Both Moselle"Mos"
	HTI99-931089	-199.8	
			Arc, first "RPR" and second
			"RBO" measurement
	HTI99-785062	-200.1	All other measurements
	Figure 1.5 HTI-96 and HTI-99	20 log ( 𝑉 𝑜𝑢𝑡,1 𝑝 ⁄ ),	1.6

hydrophones with the calibration sheets Development of Passive Acoustic Method for Bedload Monitoring in Rivers Chapter 2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers 1.9.1.2 Acquisition system

  

Development of Passive Acoustic Method for Bedload Monitoring in Rivers Chapter 2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers 1.9.1.3 Conversion from volts to pressure signal Knowing

  the characteristics of the used hydrophone and acquisition system, it is possible to convert the recorded .wav file 𝑦 (in Volts) to a pressure signal 𝑝 (in Pa) as follows:

	𝑝 =	𝑦. 𝑘 10 20 𝑆 ℎ +𝐺	1.9
	where 𝑆 ℎ , 𝐺 , and 𝑘 are the hydrophone sensitivity, acquisition system gain factor, and
	conversion factors, respectively. This transformed pressure signal makes it possible to
	compare measurements using hydrophones and acquisition systems of different
	characteristics.		
	1.9		

.2 Statistical comparison of the datasets

  

	Figure 1.7 plots the 𝑞 𝑠 ̅ and 𝑃 ̅ values obtained in our field campaign (circled in blue) with
	those obtained by Geay et al. (2020). The new bedload values complement the existing data
	set in the upper range (up to 2000 𝑔/𝑠/𝑚. compared to 350 𝑔/𝑠/𝑚. in 2018). and visually, they
	confirm the relation obtained by Geay et al. (2020).
	Here we will compare both datasets statistically. Statistical analysis requires first
	defining the appropriate regression method, and defining which of the RMA or LS (Least
	square) regression is better is a difficult question (Smith 2009), which is beyond the scope of
	this work. In this study, we choose the RMA regression (RMA; Harper 2016), recommended
	when both X and Y data have uncertainties (which is the case here for 𝑃 ̅ and 𝑞 𝑠 ̅ ). The final
	equation 𝑞 𝑠 ̅ =𝑓(𝑃 ̅ ) is symmetric (i.e. a single line defines the bivariate relationship), but the LS
	regression would have led to different and asymmetric results (section 1.9.4). Table 1.4
	presents the regression 𝑞 𝑠 ̅ =a𝑃 ̅ 𝑏 obtained for each data set. In both datasets, there is a
	statistically significant relationship between 𝑞 𝑠 ̅ and 𝑃 ̅ at 95% confidence interval (p-value of
	regression is less than 0.05). Coefficients a and b obtained for the new campaign are 0.6 • 10 -9

Table 1 .

 1 4: Calibration curves 𝑞 𝑠 ̅ =a𝑃 ̅ 𝑏 fit for different dataset using reduced major axis regression (RMA).

	Dataset	a (10 -9 )	b	𝑹 𝟐	Equation Nr.
	Geay et al. (2020)	2.55	0.78 0.57	number 1.3
	All data (2017-2021)	1.2	0.76	0.72	1.5
	New campaign	0.6	5 0.82 0.76	1.10
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2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers 1.9.3 Comparing with site-specific calibration curves In this section and the sections below in this chapter, we analyze the combined dataset of Geay et al. (

Table 1

 1 

.1 (e.g., 𝑞 ̅ 𝑠 , 𝑑, 𝐷 50 , 𝐷 84 , 𝐷 𝑏𝑒𝑑,50 , 𝐷 𝑏𝑒𝑑,84 , 𝑆, 𝑉 𝑠 ) in addition to other factors, such as the measured non-dimensionless attenuation coefficient for the spherical model (𝛼 𝜆𝑠 , check Development of Passive Acoustic Method for Bedload Monitoring in Rivers Chapter 2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers section 2.3.5) and the characteristic diameters (𝐷 84 , 𝐷 𝑏𝑒𝑑,84

Table 1

 1 

	Parameter	SRC	Multivariate model		𝑹 𝟐	Equation nb.
	𝑞 ̅ 𝑠 (g/s/m)	0.71	𝑃 ̅ = 20 • 10 10 𝑞 𝑠 ̅ 1.09			0.72	1.13
	𝛼 𝜆𝑠	-0.29	𝑃 ̅ =0.66 × 10 10 𝑞 𝑠 ̅ 1.19 𝛼 𝜆𝑠	-0.15	0.76	1.14
	𝑉 𝑠 (m/s)	0.25	𝑃 ̅ =0.63 × 10 10 𝑞 𝑠 ̅ 0.94 𝛼 𝜆𝑠	-0.21 𝑉 𝑠	2.3	0.8	1.15
	𝐷 84 (m)	0.2	𝑃 ̅ =0.42 × 10 10 𝑞 𝑠 ̅ 0.92 𝛼 𝜆𝑠	-0.21 𝑉 𝑠	1.8 𝐷 84 0.17

.6: The standardized regression coefficients (SRC) and multi-variable calibration curve for the three most important parameters. Equations are fitted using Least Square (LS) regression method with 𝑷 ̅ as the dependent parameter.
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	1.9.7 Notations	
	Notation	Description	Unit
	α λ𝑠	dimensionless attenuation coefficient for the spherical	-
	𝛽	model integration width reduction factor	
	ℎ	average water depth	
	𝐷 50	bedload median diameter	𝑚
	𝐷 50,𝑏𝑒𝑑	riverbed median diameter	
	𝑓	frequency	𝐻𝑧
	𝑓𝑐	central frequency	𝐻𝑧
	𝑓 𝑚𝑎𝑥	maximum integration frequency	𝐻𝑧
	𝑓 𝑚𝑖𝑛	minimum integration frequency	𝐻𝑧
	𝑖	drift index	-
	𝑃(𝑥)	average acoustic power profile	𝜇𝑃𝑎 2
	𝑃 ̅	average cross-sectional acoustic power	𝜇𝑃𝑎 2
	𝑃 𝑖	acoustic power measured for drift 𝑖	𝜇𝑃𝑎 2
	𝑃𝑆𝐷 𝑖	measured power spectral density for drift 𝑖	𝜇𝑃𝑎 2 • 𝐻𝑧 -1
	𝑄	average discharge	
	𝑞 ̅ 𝑠	measured average cross-sectional bedload flux	𝑔 • 𝑠 -1 • 𝑚 -1
	𝑞 ̅ 𝑠_𝑆𝐺𝑁	average cross-sectional bedload flux calculated from	𝑔 • 𝑠 -1 • 𝑚 -1
		global calibration curve	
	𝑆	riverbed local slope	𝑚/𝑚
	𝑉𝐸𝑐𝑣	variance-explained accuracy measure	-
	𝑉 𝑠	average water surface velocity	
	𝑊	width of the river	𝑚
	𝑊 𝑚	Measured width of the river	𝑚
	𝑥	cross-sectional position	𝑚
	𝑥 𝑖	cross-sectional position for drift 𝑖	
	𝑥 𝑙	left integration limit	𝑚
	𝑥 𝑝	position of peak acoustic power	𝑚
	𝑥 𝑟	right integration limit	𝑚

2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers Chapter 2: A

Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers

  This chapter deals with the development of a physical model for bedload SGN. With this model, we investigate parameters and processes that highly control SGN in rivers. The first part of this chapter is an article published in the Journal of Geophysical Research (JGR) and can be found in https://doi.org/10.1029/2021JF006167. The Appendix in this chapter corresponds to the supporting information of the published article. Detailed modelling results are presented in Supplementary Materials 2 at the end of the manuscript.

Authors: M. Nasr, T.

Geay, S. Zanker, and A. Recking 

  recent work,[START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF] proposed an experimental protocol for determining the propagation function 𝑇𝐿 of SGN as a combination between geometrical spreading function 𝑇𝐿 1 and a function 𝑇𝐿 2 for the losses due to scattering and absorption effect of the river

(equation 2.14) :

𝑇𝐿(𝑓, 𝒙; 𝒙 𝒊𝒋 ) = 𝑇𝐿 1 (𝒙; 𝒙 𝒊𝒋 ). 𝑇𝐿 2 (𝑓, 𝒙; 𝒙 𝒊𝒋 ) 2.14

of Passive Acoustic Method for Bedload Monitoring in Rivers

  

	Chapter 2: A Physical Model for Acoustic Noise Generated by Bedload Transport in Rivers	
	𝑇𝐿 2 (𝑓, 𝒙; 𝒙 𝒊𝒋 ) = 𝑒 -2α(f)𝑟	2.16

[START_REF] Geay | Acoustic wave propagation in rivers: an experimental study[END_REF]

, the second propagation function (𝑇𝐿 2 ) models the attenuation of the acoustic signal induced by all other effects with an exponential term: Development

Table 2 .

 2 1 Summary of rivers characteristics used for model evaluation[START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF] 

	River	Symbol	W (m)	S (%)	h (m)	𝒒 𝒔 ̅̅̅ (g/s.m)	𝑹 𝒒𝒔 ̅̅̅̅ (%)	D50 (mm)	D50,bed (mm)	D84,bed (mm)	𝛂 𝛌 𝒄	𝛂 𝛌 𝒔
		A1			1.35	157	44	1.4				
	Arve		14	0.75						120	0.125	0.07
		A2			0.9	60	24	1.4				
		GB1			0.65	31	44	41				
	Grand-Buëch		13.5	0.8						66	0.032	0.02
		GB2			0.69	17	50	19				
	Giffre	GI	31	0.3	0.9	328	32	6.8		38	0.04	0.02
	Isére (Campus)	IC	60	0.05	2.8	33	40	2	23.5	36.5	0.003	0.5 -4
	Romanche	RO	33	0.1	1.2	54	35	0.9		60	0.004	0.001
		SA1			0.44	32	43	3.3				
	Sarenne		8	0.13					4	8	0.005	0.0018
		SA2			0.49	32	46	5.8				
	Selves	Sel	10	2.5	1	14	27	2.9	128	256	0.26	0.19
	Séveraisse (Villar Loubiére)	Svl1 Svl2	12.5	1.1	0.7 0.75	75 41	45 75	5.2 11.3		75	0.13	0.1
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		Measured		Cylindrical Model	Spherical Model
	Symbol	𝑷 ̅	𝒇 𝒄	𝑅 𝑃 ̅	𝑷 ̅ 𝒄	𝒇𝒄 𝒄	𝑷 ̅ 𝒔	𝒇𝒄 𝒔
		(10 12 µ𝑃𝑎 2 )	(kHz)	(%)	(10 12 µ𝑃𝑎 2 )	(kHz)	(10 12 µ𝑃𝑎 2 )	(kHz)
	A1	14.8	4.1	23	20.1	3.3	7.82	3.5
	A2	3.2	5.5	17	0.25	6.8	0.13	7.9
	GB1	6.4	5.0	20	68.7	3.0	13.14	3.3
	GB2	10.4	5.0	9	31.9	3.1	6.48	3.5
	GI	518.0	5.6	6	663	3.1	135.81	3.6
	IC	12.5	14.8	11	168	11.0	18.56	11.2
	RO	31.9	16.3	9	102	6.9	14.75	10.4
	SA1	3.4	17.6	9	96	9.9	17.00	14.5
	SA2	5.2	14.7	9	91.6	9.0	14.71	11.0
	Sel	0.3	3.7	15	0.21	2.7	0.08	2.7
	Svl1	29.4	3.7	13	40.5	2.7	10.23	2.9
	Svl2	12.6	4.0	9	23.1	2.8	6.00	2.9

Table 2.2 Measured and modeled average cross-sectional acoustic power and central frequency

Table 2 .

 2 3 Different impact velocity formulas used for model testing

	Investigator	Impact Velocity Formula	Comment	Equation
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	2.8 Appendix :								
	2.8.									
	Generated	by	Bedload	Transport	in	Rivers	",	Mendeley	Data,	V2,

Model results presented in this paper have been deposited (NASR, Mohamad; Recking, Alain; ZANKER, Sébastien; GEAY,

Thomas (2021)

, "A Physical Model for Acoustic Noise https://doi.org/10.17632/4H8F482V45.2). Experimental data used for testing the model are available

(Geay, Thomas; Zanker, Sébastien;[START_REF] Frédéric | Bedload monitoring under conditions of ultra-high suspended sediment Refernces concentrations[END_REF] Misset, Clément (2020)

, "Passive acoustic measurement of bedload transport: towards a global calibration curve?", Mendeley Data, V2, https://doi.org/10.17632/ZNRZCHC6WJ.2

1 Generation of sound by two impacting spheres

  

Table 2 .

 2 4 Parameters used for sensitivity analysis and typical values used in modeling. Results of first-order SI and total-order SI in columns5 and 6, respectively. 

	Parameters	Range of values	Typical values used	Units	First-order SI	Total SI	Total SI (%)
	Attenuation coefficient 𝜶 𝝀	10 -4 -1	-	𝒏𝒆𝒑𝒆𝒓𝒔	0.09	0.71	21.7
	Water Level (𝒉)	0.5-5	-	𝒎	0.02	0.68	20.78
	Slope (𝑺)	0.05-1.5	-	%	-	0.39	11.9
	Impact angle( 𝜽)	0 -90	-	degree	0.02	0.36	11
	Standard deviation (𝝈)	0.01-10	-	𝒌𝒈. 𝒎 -𝟑	-	0.33	10.08
	Median Diameter (D50)	1-150	-	𝒎𝒎	-	0.27	8.25
	Bedload flux 𝒒 ̅ 𝒔	1-1000	-	𝒈. 𝒔 -𝟏	0.015	0.25	7.64
	Solid Density (𝝆 𝒔 )	1800-2750	2600	𝒌𝒈. 𝒎 -𝟑	-	0.2	6.11
	Water Density (𝝆 𝒇 )	960-1025	1000	𝒎. 𝒔 -𝟏	-	0.081	2.47
	Modulus of elasticity (𝑬)	10-70	55	𝑮𝑷𝒂	-	-	-
	Sediment Poisson's ratio (𝝑)	0.15-0.2	0.2	-	-	-	-
	Celerity of Sound in Water						
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  2: Optimization of passive acoustic bedload monitoring in rivers by signal inversion riverbed grain size distribution (with a model proposed byRecking (2013a), the hydraulics with[START_REF] Ferguson | Flow resistance equations for gravel-and boulder-bed streams[END_REF] equation, and bedload with the Recking, (2013b) equation . Bedload GSD was computed with the Generalized Threshold Model (GTM;[START_REF] Recking | A generalized threshold model for computing bed load grain size distribution[END_REF]). All of the used models and equations are presented in Supplementary Materials 2 at the end of the manuscript. The range of values are summarized in Table2.5 below.

				, and	𝐻 ̂𝑏(𝐷 𝑘 ) =
	3𝐶 𝑑 𝜌 𝑓 𝐻 𝑏 (𝐷 𝑘 ) 2𝜌 𝑠 𝐷 𝑘 𝑐𝑜𝑠𝑡𝑎𝑛 -1 𝑆 ⁄	,. The particle hop height (𝐻 𝑏 ) is given by Sklar & Dietrich
	(2004) as a function of the excess transport stage (𝜏 𝑠𝑡𝑎𝑔𝑒 *	):
	𝐻 𝑏 (𝐷 𝑘 ) = 1.44𝐷𝜏 𝑠𝑡𝑎𝑔𝑒 *	0.5 (𝐷 𝑘 )	2.33
	Sklar & Dietrich (2004) proposed a formula of impact velocity as a function of particle
	streamwise velocity (𝑉 𝑏 ), hop height (𝐻 𝑏 ), and hop length (𝐿 𝑏 ):
		𝑈 𝑐 (𝐷 𝑘 ) =	3𝐻 𝑏 𝑉 𝑏 𝐿 𝑏	2.34
	The latest formula has been later reformulated as a function of excess transport stage
	(𝜏 𝑠𝑡𝑎𝑔𝑒 ) by Auel et al. (2017 b) using their own experimental data:
	𝑈𝑐 = 0.84√𝐷 𝑘 𝑔𝑅𝜏 𝑠𝑡𝑎𝑔𝑒 *	0.18	2.35
	In addition to the above equations, Gimbert et al. (2019) obtained different equations
	by varying the number of cobbles moving between 10 to 100 and particles, for identical
	transport stages.		
	𝑈𝑐 = 0.16√𝐷 𝑘 𝑔𝑅𝜏 𝑠𝑡𝑎𝑔𝑒 -0.06	2.36
	2.8.4 Modeling random rivers	
	It is of interest to check if this model is abel to explain the global calibration cruve

(Chapter 1). Instead of modling the limited dataset measured in the field. We built a data set of 1000 artificial but realistic rivers characterized by random selection and combinations of river width W, slope S, water level d, grains diameters 𝐷 50 and 𝐷 84 . For each run, we built the Development

Table 2 .

 2 5 Summary of random values generated to run the acoustic model for random rivers

	Parameter Definition (unit)	[Min-Max]	Comment
	𝑊	River width (m)	[10-30]	Random Values
	𝑆	River slope (m/m)	[0.005-0.015]	Random Values
	ℎ	Water height (m)	[0.3-2]	Random Values
	𝐷 50𝑏𝑒𝑑	Riverbed median diameter (mm)	[9-200]	Random Values
	𝐷 84𝑏𝑒𝑑	Riverbed 84% percentile diameter (mm)	[20-600]	D84b=𝛿 D50b; where 𝛿 is random [2-3]
	𝐺𝑆𝐷 𝑏𝑒𝑑	Riverbed Grains size distribution	-	Constructed using a model proposed by Recking (2013a) presented in S3.1
	𝑄 𝑠	Total bedload flux (g/s)	[1-4000)	Calculated using Recking (2013a)
	𝐷 50	Bedload median diameter (mm)	[1-200]	Calculated using GTM model proposed
	𝐷 84	Bedload 84% percentile diameter (mm)	[2.44-350]	by Recking (2016)
	𝐺𝑆𝐷	Bedload Grains size distribution	-	Constructed using a model proposed by Recking (2013a)
	𝛼 𝜆𝑐	Cylindrical attenuation coefficient (nepers/m)	[0.025-0.18]	Calculated using the in section 4.9.1
	𝛼 𝜆𝑠	Spherical attenuation coefficient (nepers/m)	[0.01-0.15]	Calculated using the in section 4.9.1

  as defined for SGN, propagation is calculated as a function of area double integral with variable 𝑟 (Eq.3.6b).

	𝓅(f, r) = s(𝑓) • 𝑇𝐿(𝑓, 𝑟),	3.6
	𝑥 𝑠2 ,𝑦 𝑠2	
	𝓅 (𝑓, 𝑥 ℎ𝑦𝑑 , 𝑦 ℎ𝑦𝑑 , 𝑧 ℎ𝑦𝑑 ) = ∬	𝓈(𝑓, 𝑥, 𝑦) • 𝑇𝐿(𝑓, 𝑟(𝑥, 𝑦))𝑑𝑥𝑑𝑦
	𝑥 𝑠1 ,𝑦 𝑠1	

  2 • 𝑚 -2 , in blue line) and simulated measured power 𝑃 𝓅 𝑛 (𝜇𝑃𝑎 2 , in red line) for

	different configurations, such that:		
	𝑓 𝑚𝑖𝑛 𝑃 𝓈 𝑚 = ∫ 𝑓 𝑚𝑎𝑥	𝓈 𝑚 (𝑓) 𝑑𝑓	3.12a
	𝑓 𝑚𝑎𝑥		
	𝑃 𝓅 𝑛 = ∫ 𝑓 𝑚𝑖𝑛	𝓅 𝑛 (𝑓) 𝑑𝑓	

Table 3 .1

 3 Comparison of measured bedload 𝑫 𝟓𝟎 with estimated bedload equivalent diameter using measured and inversed PSD.

	Experiment	2018	2021
	Sampled 𝐷 50 (mm)	6.8	3
	𝐷 𝑒𝑞 from measured PSD (mm)	26.8	12.2
	𝐷 𝑒𝑞 from inversed PSD (mm)	11.6	5.8
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  The global calibration curve are fitted using the combined datasets of[START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF] andNasr et al. (2022b). 3: Optimization of passive acoustic bedload monitoring in rivers by signal inversion

	Development of Passive Acoustic Method for Bedload Monitoring in Rivers Development of Passive Acoustic Method for Bedload Monitoring in Rivers			
	Chapter 3: Optimization of passive acoustic bedload monitoring in rivers by signal inversion Chapter 3: Optimization of passive acoustic bedload monitoring in rivers by signal inversion
	3.9.3 Global calibration curves 3.9.4 Notations 𝓈 source PSD per unit area				𝑃𝑎 2 • 𝐻𝑧 -1 • 𝑚 -2
	Notation 𝓈 𝑚 ̂	Description inversed PSD per unit area				Unit 𝑃𝑎 2 • 𝐻𝑧 -1 • 𝑚 -2
	𝛼 𝓢	frequency-dependent attenuation coefficient sources PSD vector			𝑚 -1 𝑃𝑎 2 • 𝐻𝑧 -1 • 𝑚 -2
	𝒶 𝓢 ̂	attenuation factor inversed PSD vector					-𝑃𝑎 2 • 𝐻𝑧 -1 • 𝑚 -2
	α λ 𝜎	dimensionless attenuation coefficient condition number				--
	α λ𝑐 𝑇𝐿	dimensionless attenuation coefficient for the cylindrical model transmission loss function			--
	α λ𝑠 𝑇𝐿 1	dimensionless attenuation coefficient for the spherical model geometrical spreading function			--
	𝓐 𝑇𝐿 2 𝓐 + 𝑉𝐸𝑐𝑣 𝓐 -𝑊 𝓐 𝑡 𝑊 𝑀 Arve Arc 𝑐 𝑓 𝑥 ℎ𝑦𝑑 Giffre 𝐷 𝑦 ℎ𝑦𝑑 Faurie 𝐷 50 Grand-Buëch La 𝐷 𝑒𝑞 𝑧 ℎ𝑦𝑑	𝑺 (m/m) attenuation matrix 𝜶 ⋋ 𝒔 scattering and absorption function 𝑷 ̅ 𝓹 (𝟏𝟎 𝟏𝟐 𝝁𝑷𝒂 𝟐 ) pseudo-inverse of the matrix 𝓐 variance-explained accuracy measure (𝟏𝟎 𝟏𝟐 𝝁𝑷𝒂 𝟐 / 𝑷 ̅ 𝓼 inverse of the matrix 𝓐 width of the river 𝒎 𝟐 ) 0.002 2*10 -4 316.1 13.4 transpose of the matrix 𝓐 width of the sources 0.0075 0.06 9.5 0.62 celerity of sound in water hydrophone x coordinate 0.003 0.005 38.5 1.54 particle diameter hydrophone y coordinate 0.007 0.02 0.6 0.04 bedload median diameter bedload equivalent diameter hydrophone x coordinate	𝒒 ̅ 𝒔 sampled (g/s/m) 149.2 85.3 28.7 1.3	𝒒 ̅ 𝒔 = 𝒇(𝑷 ̅ 𝓹 ) ----(g/s/m) -𝑚 520.4 -𝑚 33.8 𝑚 • 𝑠 -1 𝑚 100.8 𝑚 𝑚 4.1 𝑚 𝑚 𝑚	𝒒 ̅ 𝒔 = 𝒇(𝑷 ̅ 𝓼 ) (g/s/m) 362.9 43.5 81.9 6.1
	Grand-Buëch Saint Julien 𝑒 𝝐	0.017 energy spectrum density *0.11 2137 model error vector	518.21	2130	2311.7 µ𝑃𝑎 2 • 𝑠 • 𝐻𝑧 -1 -	4561
	Romanche Bourg-d'Oisans 𝑓 Figure 3.11 Global calibration curve using measured acoustic power (in red) and inversed 0.0013 41.7 1.56 51.6 107.3 frequency 𝐻𝑧 2*10 -4 51.1 2.48 94.9 125.5 𝑓𝑐 central frequency 𝐻𝑧	82.4 113.7
	Romanche Pont acoustic power (in black). 0.0013 𝑓 𝑚𝑎𝑥 maximum integration frequency 32.7 3.8*10 -4 Rouge 34.6 𝑓 𝑚𝑖𝑛 minimum integration frequency	2.57 1.79	117.1 58.5		88.7 92.7	𝐻𝑧 𝐻𝑧	116.7 90.7
	Sarenne	𝑖	0.0013 bedload sample index 4.6*10 -4	1	0.02	38.8		5.7	-	4.3
	𝑘	diameter class index	76.8	6.65	189.2		172.6	-	220
	𝑞 𝑠	specific bedload flux	452	43.64	956.7		687.9 𝑔 • 𝑠 -1 • 𝑚 -1	825.1
	Séveraisse 𝑞 ̅ 𝑠	0.0105 average specific bedload flux 0.058 139.7	20.46	289.8		275.4 𝑔 • 𝑠 -1 • 𝑚 -1	489
	𝑚	source index	401.1	64.75	900.3		626.7	-	1083.7
	𝑀	number of sources	294.8	27.3	661.1		492	-	596.4
	Moselle 𝑚 𝑁	0.0011 measurement index 0.011 159.3 353.6 number of measurements	27.2 11.63	377.5 92.9	305	568	--	330	596
	𝑛	measurement index						-
	𝑃 𝓅	integrated measured power					𝑃𝑎 2
	𝑃 𝓅 𝑛 ̂	integrated modeled measured power				𝑃𝑎 2
	𝑃 𝓈	integrated source power				𝑃𝑎 2 • 𝑚 -2
	𝑃 𝓈 ̂	integrated inversed power				𝑃𝑎 2 • 𝑚 -2
	𝑃 𝓈 ̅̅̅	average of all sources power in the river			𝑃𝑎 2 • 𝑚 -2
	𝓅	measured PSD					𝜇𝑃𝑎 2 • 𝐻𝑧 -1
	𝓟	measured PSD vector					𝑃𝑎 2 • 𝐻𝑧 -1
	𝓟 ̂	modeled PSD vector					𝑃𝑎 2 • 𝐻𝑧 -1
	𝑟	distance source-hydrophone					𝑚
	s	PSD for a point source				𝑃𝑎 2 • 𝐻𝑧 -1
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Table 4 .1

 4 Acoustic mapping dates and the corresponding water discharge (Q), bank acoustic power (𝑃 𝑏𝑎𝑛𝑘 ) , and measured river width (W). 𝑃 ̅ and 𝑃 * ̅̅̅ are the average cross-sectional values of acoustic power and inversed acoustic power, respectively. 𝑄 𝑠 and 𝑄 𝑠 * are the estimated bedload flux from acoustic power and inversed acoustic power, respectively.

	Date	Station	Q (m 3 /s)	𝑃 𝑏𝑎𝑛𝑘 (10 12 µPa 2 )	𝑃 ̅ (10 12 µPa 2 )	𝑃 * ̅ (10 12 µPa 2 /m 2 )	W (m)	𝑄 𝑠 (g/s)	* 𝑄 𝑠 (g/s)
	14-May-20		167	169.4	322.9	12.7	46	29000	
	20-May -20		185	21.6	186.8	7.4	44	18200	
	28-May-20		188	5.5	195.5	8.9	46	19700	
	02-June-20 08-June-20	HS1	137 174	0.3 2.3	12.4 63.7	0.5 2.6	46 46	2400 8400	
	15-June-20		136	1.6	28.1	1	44	4300	
	29-June -20		97	0.5	4.3	0.2	44	1000	
	27-July-20		123	0.2	55.2	2.1	46	7500	
	03-May-21		78	4.5	5.1	0.2	48	1300	
	19-May21		87	90.0	77.7	2.3	48	10200	
	27-May-21		129	88.0	119.3	4.7	50	14800	
	31-May-21		148	56.6	95.4	3.4	50	12400	
	10-June-21	HS2	206	134.6	273.1	9.4	48	26700	
	14-June-21		202	129.5	230.5	8	44	21500	
	29-June-21		153	61.4	69.1	2.4	50	9700	
	16-July-21		90	10.0	20.7	0.6	48	3700	
	28-July-21		82	5.8	9.3	0.2	48	2000	
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	4.4.

8 Rating curves and transported volumes

  With the calibration curves (Eq.4.3 and Eq.4.4) and the measured and inversed average cross-sectional power values presented in Table4.1 the specific bedload flux (g/s/m) during the period of acoustic mapping has been estimated. Then the bedload flux (g/s) has been calculated over the width (W) of the river, with 𝑄 𝑠 and 𝑄 𝑠 * corresponding to bedload flux estimated from measured and inversed acoustic power respectively. For each acoustic mapping measurement, the average acoustic power measured by the bank hydrophone 𝑃 𝑏𝑎𝑛𝑘 (in µPa 2 ) has been calculated by averaging the 𝑃 𝑏𝑎𝑛𝑘,𝑖 measured during the acoustic mapping period. The values of 𝑄 𝑠 , 𝑄 𝑠 * 𝑃 𝑏𝑎𝑛𝑘 are presented in Table4.1.

Table 4

 4 .2 compared with the results obtained from hydrophone measurements. The results presented in the table leads to the same comparison as with the bathymetric data. In all of the years, the volumes estimated from hydrophone without applying inversion are by far overestimating the transported bedload volumes.

Conversely, the volume estimated from inversion fall in the range of bedload volume calculated Development
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  4: Continuous Bedload Monitoring with Bank Hydrophone using the hydro-sedimentary model. Moreover, when considering the results per year, we can notice that the hydrophone reproduces the inter-annual variability of transported volume between 2019 and 2021. Once again, this is not a validation, but it is encouraging to see that despite the large data variability and uncertainties in the predictive tools, the results are consistent.

Table 4 .

 4 2. Results of hydro-sedimentary model on 5 cross-sections.

	Section	Slope (%)	W (m)	Transported volume (m3 per period) 2019 (April-December 2020 2021
	S1	0.17	45	7 900	10 300	18 100
	S2	0.25	58	17 300	22 000	40 000
	S3	0.21	58	10 600	13 300	25 000
	S4	0.23	48	24 100	32 100	54 800
	S5	0.19	56	17 800	24 600	38 500
	Mean [min-max]	0.21	53	15 500 [7 900-24 100]	20 400 [10 300-32 100]	35 200 [18 100-54 800]
	Volume calculated from hydrophone without inversion 𝑉 𝑠	47 000	67 000	88 000
	Volume calculated from hydrophone with inversion 𝑉 𝑠 *	18 000	23 000	38 000

of Passive a Acoustic Method for Bedload Monitoring in Rivers Chapter

  4: Continuous Bedload Monitoring with Bank Hydrophone >1%). It should be noted that even in rivers with good propagation environments, the presence of local turbulence next to the hydrophone installation due to obstacles (e.g., rocks, trees) can significantly affect the measured signal.

propagation of acoustic sound in rivers. Under these conditions, additional attention and effort should be paid to ensure that the measured signal represents SGN in steep slope rivers (slope Development

Table 4 .

 4 3 Estimated volume results obtained using the calibration curves presented in Figure4.14. The volumes estimated using bank measurements in 2020 are not representative due to the missing recordings in this period.

			Transported volume (m 3 per period)
		Calibration curve	Apr 2020-	Apr 2021-	Total
			March 2021	March 2022	Apr 2020-Mar 2022
		𝑄 𝑠 = 𝑓(𝑃 𝑏𝑎𝑛𝑘 )	4 900	12 600	17 800
	𝑉 𝑠				
		𝑄 𝑠 = 𝑓(𝑄)	8 900	13 600	22 500
	* 𝑉 𝑠	𝑄 𝑠 * = 𝑓(𝑃 𝑏𝑎𝑛𝑘 ) 𝑄 𝑠 * = 𝑓(𝑄)	3 200 5 800	7 900 8 500	11 000 14 300
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  Chapter 4: Continuous Bedload Monitoring with Bank Hydrophone Figure 4.17 Results of bedload flux and volume calculated using acoustic and discharge data, with and without inversion.
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	4.7.3 Notations	
	Symbol	Description	unit
	α λs	dimensionless attenuation coefficient for the spherical model	-
	𝑓	frequency	𝐻𝑧
	𝑓 𝑚𝑎𝑥	maximum integration frequency	𝐻𝑧
	𝑓 𝑚𝑖𝑛	minimum integration frequency	𝐻𝑧
	𝑃 𝑏𝑎𝑛𝑘	bank measured acoustic power	µ𝑃𝑎 2
	𝑃 ̅	cross-sectional average measured acoustic power	µ𝑃𝑎 2
	𝑃 * ̅̅̅	cross-sectional average inversed acoustic power	µ𝑃𝑎 2 • 𝑚 -2
	𝑃 𝑥	measured acoustic power profile	µ𝑃𝑎 2
	𝑃 𝑥 *	inversed acoustic power profile	µ𝑃𝑎 2 • 𝑚 -2
	𝑄	flow discharge	𝑚 3 • 𝑠 -1
	𝑞 𝑠	specific bedload flux calculated from the calibration curve	𝑔 • 𝑠 -1
			• 𝑚 -1
	𝑞 𝑠 *	specific bedload flux calculated from the inversed calibration	𝑔 • 𝑠 -1
		curve	• 𝑚 -1
	𝑄 𝑠	total bedload flux calculated from the calibration curve	𝑔 • 𝑠 -1
	𝑄 𝑠 *	total bedload flux calculated from the inversed calibration	𝑔 • 𝑠 -1
		curve	
	𝑉 𝑠	bedload transported volume from the calibration curve	𝑚 3
	𝑉 𝑠 *	bedload transported volume from the inversed calibration	𝑚 3
		curve	
	𝑊	river width	𝑚

Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Conclusion

  

Rodrigues, Florent Gimbert, Magali Jodeau, et Xavier Olny pour avoir siégé comme membres de mon comité de thèse. Mes rencontres avec eux m'ont permis d'avoir un regard objectif sur l'avancement du travail ainsi que de profiter de conseils et d' avis toujours trés constructifs. Je poursuivrai en remerciant mes rapporteurs de thèse Dieter Rickenmann et Benoît Camenen pour le temps qu'ils ont consacré à la lecture de mon manuscrit, ainsi que pour leurs commentaires et suggestions. Je remercie chacun des autres membres du jury parmi lesqules Eric Barthélémy, Philippe Belleudy, Magali Jodeau et Arnaud Burtin. Le succès de cette thèse tient en grande partie aux efforts importants déployés lors des nombreuses mesures faites sur le terrain. A ce titre, je remercie tout particulièrement Adèle Johannot, ma co-bureau, qui a, dans le cadre de son stage à l'INRAE, participé à l'ensemble de ces mesures ainsi qu'au traitement des échantillons de charriage. Sa contribution à leur application sur le Drac et la Romanche a été une aide precieuse. Mes remerciements sont aussi destinés à l'équipe de BURGEAP, en particulier Jules Le Guern, Bénédicte Coudreus et Tony Cumin, qui ont eux aussi participé à de nombreuses mesures sur le terrain. De plus, cette équipe a contribué de manière significative à l'application sur le Drac et le Romanche par des mesures acoustiques ainsi que par leurs études et rapports préparés sur ces applications. Je n'oublie pas Jean-Paul Travers qui a participé pendant son stage à l'INRAE aux mesures de terrain ainsi qu'au traitement du signal des données acoustiques.Sans pouvoir citer ici chacune des personnes ayant participé aux mesures de terrain, je les remercie toutes grandement.Je tiens à remercier mes collègues doctorants, stagiaires ou CDD qui ont partagé mon quotidien et apporté à chaque fois qu'ils l'ont pu, leurs conseils avisés. C'est ici aussi l'occasion de remercier mes parents et plus largement ma famille qui, sans avoir pu être physiquement présente, a été une motivation et un réconfort nécessaire de tous les instants. Je terminerai en remerciant ma fille, Jasmine, pour m'avoir accordé quelques moments de tranquillité et de silence lors des nombreuses périodes de télétravail. Enfin, je remercie grandement et tout particulièrement ma femme, Amandine. Ce qui n'aurait pu être qu'un remerciement de forme est une réelle reconnaissance pour son soutien quotidien, ses encouragements et la confiance inébranlable qu'elle a eu en moi et qui m'a permis d'aller au bout de ses trois années de thèse dans les meilleures conditions.

Remerciements

Je voudrais ici remercier tous ceux qui ont contribué à cette thèse de manière directe ou indirecte. En premier lieu, je voudrais remercier mes directeurs Alain Recking, Thomas Geay, et Sébastien Zanker. Présents et impliqués, ils ont largement contribué à l'aboutissement et à la réussite de cette thèse. Je tiens ensuite à remercier Stéphane

Supplementary materials 1: Results of field measurements

This section presents the raw measurements of bedload flux and acoustic power and the constructed average profile in Figures S2-S18. The average profiles are constructed following [START_REF] Geay | Passive Acoustic Measurement of Bedload Development of a Passive Acoustic Method for Bedload Monitoring in Rivers Refernces Transport: Toward a Global Calibration Curve?[END_REF].
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Supplementary Materials 2

Construction of an artificial data set for random rivers

This section presents all the models, and empirical formula that have been used to generate realistic random rivers used in the acoustic modeling of Chapter 2 section 2.8.4 the manuscript.

River bed grain size distribution

The model used for computing the bed grain size distribution was scaled on a data set of 100+ GSD in Recking 2013. The inputs are the sand content Fs, and diameters D50 and D84/D50, and the GSD is computed with the following coefficients: For instance, if for the given flow condition (characterized by *) we computed M=40, it means that the maximum size which is present in bedload is the diameter D40 of the bed surface material. In Eq.B4:

 <1 simulates a sandy bed with nonzero transport when */ c* is vanishingly small.

 =1 simulates linear dependence between grain size DM and shear stress.

 >1 simulates non-linear dependence; in particular, a high value ( >10) simulates nearequal mobility in a paved bed.

Once the maximum transported size DM is defined, it is assumed that all sizes smaller than DM and present at the bed surface are also in motion. Then, for each of size Di <DM (once again, in reference to the bed surface grain size distribution), the model simulates the fraction which in really mobile (partial transport), with:

Where 0 is the fraction we consider minimum (default is 0 =0.01, i.e. at least 1% of a given size class is mobile), and where the exponent  imposes the maximum and decay rate of i when coarser and coarser bed materials are considered:

- weak implies that the material is partially mobile in a given size class.

- strong implies full mobility of the size class as soon it is solicited by the flow This term is supposed to be flow dependent and is computed with:

The term 0 is 0.1 by default, and the terms 1 and 2 depend on the sediment mobility.Typical values obtained from comparison with available flume and field data are =0.5-2 and 2=2-20.

Here we used intermediate values =1 and 2=10 (progressive mobilization of each class with increasing shear stress).
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Supplementary materials 3: Results of acoustic inversion