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Introduction

Acoustic Backscattering Systems (ABS) such as Acoustic Doppler Current Profilers (ADCP) and Acoustic Doppler Velocimeters (ADV) are intensively used among the oceanographic, coastal and nearshore research as versatile measuring tools for a wide range of studies addressing bio-geochemico-physical processes [START_REF] Hamilton | Acoustic backscatter measurements of estuarine suspended cohesive sediment concentration profiles[END_REF][START_REF] Gilboy | An intercomparison of current measurements using a vector measuring current meter, an acoustic Doppler current profiler, and a recently developed acoustic current meter[END_REF][START_REF] Kim | Estimating bottom stress in a tidal boundary layer from acoustic Doppler velocimeter data[END_REF][START_REF] Elgar | Quality control of acoustic Doppler velocimeter data in the surfzone[END_REF][START_REF] Betteridge | Evaluation of a Triple-Axis Coherent Doppler Velocity Profiler for Measuring Near-Bed Flow: A Field Study[END_REF]). More recently, these instruments are increasingly employed in river, channel flow, lake and reservoir studies [START_REF] Lane | Three-dimensional measurement of river channel flow processes using acoustic Doppler velocimetry[END_REF], Lopez and Garcia 1999[START_REF] Hurther | Shear stress statistics and wall similarity analysis in turbulent boundary layers using a high-resolution 3-D ADVP : Ocean current measurement[END_REF][START_REF] Nikora | Flow turbulence over fixed and weakly mobile gravel beds[END_REF], Blanckaert and DeVriend 2004, 2005[START_REF] Bricault | Rétrodiffusion acoustique par une suspension en milieu turbulent: application à la mesure de profils de concentration pour l'étude de processus hydro-sédimentaires[END_REF], Hurther et al. 2007) for which current speed, discharge, suspended sediment concentration, water-depth or bedtopography information are aimed. The main advantage of acoustical devices is their ability to measure the flows characteristics in high turbidity conditions where optical tools can not be employed. Furthermore, unlike LDV or PIV systems, acoustical devices can be easily deployed in the field as autonomous instruments. Finally there is a tendency to choose ABS for suspension flow studies [START_REF] Thorne | A review of acoustic measurement of small-scale sediment processes[END_REF] as the backscattered intensity can be inverted for sediment concentration estimations [START_REF] Hamilton | Acoustic backscatter measurements of estuarine suspended cohesive sediment concentration profiles[END_REF][START_REF] Shen | Application of an acoustic particle flux profiler in particle-laden open-channel flow[END_REF][START_REF] Admiraal | Laboratory measurement of suspended sediment concentration using an Acoustic Concentration Profiler (ACP)[END_REF][START_REF] Fugate | Determining Concentration and Fall Velocity of Estuarine Particle Populations using ADV, OBS and LISST[END_REF][START_REF] Hurther | Turbulent particle flux and momentum statistics in suspension flow[END_REF][START_REF] Bricault | Rétrodiffusion acoustique par une suspension en milieu turbulent: application à la mesure de profils de concentration pour l'étude de processus hydro-sédimentaires[END_REF]. This capability can be combined with velocity measurements in order to provide sediment flux profile estimates. The present study proposes improvements in pulse-to-pulse coherent velocity profiling and sediment concentration profiling at turbulent scales using a single emitter combined with a versatile hardware system. This system allows for quasi-simultaneous multi-frequency profiling in a co-located sample volume. The ability to perform erosion flux profiling in the benthic region of highly turbulent suspension flows is validated.

Acoustic intensity inversion for fine-scale suspension concentration profiling

We start from the expression of the output signal I(r) of a monostatic ABS that is proportional to the acoustic intensity backscattered by a cloud of suspended particles located at a distance r from the transducer [START_REF] Thorne | A review of acoustic measurement of small-scale sediment processes[END_REF]. This expression is valid under the assumption of incoherent and first order (multiple scattering is neglected) scattering processes:
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Where R, T v , P 0 , r 0 , k, a t , ψ, r, τ, α w , ζ s , a s , f m , ρ s , C, are the transducer constant, the hardware constant, the reference pressure at a reference distance, the reference distance, the wavenumber of the emitted ultrasound, the radius of the transducer, the transducer directivity function, the distance from the transducer, the duration of the emitted pulse train, the water attenuation constant, the sediment attenuation constant, the mean radius of the insonified particles, the mass concentration of the particle suspension. In order to simplify the previous expression, we define three new variables as follows:
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Where j is the index of the gate located at r=r j . A j is the range dependent system parameter, A s is the acoustic sediment parameter and J j is the desired local sediment mass concentration affected by the non-linear sediment attenuation effect along the travel path of the acoustic pulse train. As will be shown below, this effect is at the origin of significant instabilities in the estimated concentration profile [START_REF] Thorne | A review of acoustic measurement of small-scale sediment processes[END_REF].

In this study we consider that A s is independent of range, since the studied suspension flows are all constituted of particles with mono-dispersed size distributions. Also note that I(r) corresponds to the ABS output signal that is proportional to the mean square backscattered pressure. In section 4 we will investigate whether this expression can be applied to estimate suspension concentration at turbulent flow scales. In the following two subsections we discuss the principles and performances of different inversion methods of Eq. ( 2) in order to extract the suspension concentration in benthic regions of highly turbulent suspension flows.

Iterative inversion method: principle and limitations

The iterative inversion method has been proposed by [START_REF] Soulsby | Dynamics of Marine Sands, a manual for practical applications[END_REF]. In order to invert the normalized intensity J j (see Eq. ( 2)) at a given point j, it is necessary to know the sediment concentration profile between the transducer and this point. Therefore, an iterative resolution from one point to the consecutive one is necessary: knowing the concentration at the first measuring point of the profile, the intensity attenuation between this point and the next one can be deduced. This implies a negligible attenuation between the transducer and the first point in order to determine the concentration at this first point, i.e.: 1 1 J C = . This boundary condition is a source of significant inversion errors when measuring in highly turbulent benthic suspension regions. The point to point iterative procedure becomes:

∫ = + + + 1 ) ( 4 1 1 j r j r S dr r C j j j j e J J C C ζ ( 3 )
Another difficulty in Eq. ( 3) is the incapacity to determine the exact value of the attenuation integral between two consecutive points in the profile. The integral can only be approximated by a numerical scheme. Using a rectangular method for the integral approximation, Eq. ( 3) becomes :
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As a result the iterative inversion method relies on the assumptions of negligible intensity attenuation due to the suspension between the transducer and the first point of the profile, and the discrete numerical estimate of the attenuation integral between consecutive points. In most cases errors linked to these two assumptions are cumulative. Indeed, if the concentration profile is monotonic along the transducer axis, the sign of the error in the estimation for each integral will be the same. This leads to an increase of the error with distance from the transducer. Furthermore, the integral estimate error propagates with the iteration steps. Thus even the smallest error at one point generates errors at all following points in the profile. This is particularly severe when an error is made at the first point where attenuation is assumed to be negligible, because it will cause errors over the entire profile. The estimated suspension concentration will tend towards zero or infinity when the error is negative or positive, respectively. Therefore, this method is not well suited for attenuating media found in highly turbulent benthic suspension flows.

Explicit inversion method: principle and limitations

This method has been proposed by Lee and Hanes (1993). It relies on the analytical solution to Eq. ( 2) starting from the natural logarithm of this equation. After operating an adequate change of variable, its derivative with range r can be integrated and becomes:
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As for the iterative inversion method it is assumed that intensity attenuation due to sediments between the transducer and the first point in the profile is negligible, i.e. that:

1 1 J C = .
Furthermore, the integral of the normalized intensity J(r) also has to be approximated by a discrete numerical scheme. However, in this method, the numerical resolution of Eq. ( 5) will remain explicit for any type of numerical scheme that approximates the integral (rectangular or trapezoidal methods). It has to be noted that inversion instability problems are similar for all type of numerical scheme. Adopting the same rectangular scheme for the integral approximation in both inversion methods, the local suspension concentration becomes:
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The problems here arise from the error affecting the denominator of Eq. ( 6). Both terms in the denominator are subject to errors. The error in the denominator term originates from the assumption 1 1 J C = whereas the error in the second denominator terms is caused by the integral approximation.

When the assumption 1 1

J C =
is not valid at the first gate, the application of Eq.( 6) will lead to underestimated concentrations whereas the errors in the approximations of the normalized intensity J(r) will induce a singularity in the estimated concentration profile. Before the singularity, the inverted concentration will be overestimated. After the singularity it will become negative before reaching zero asymptotically with distance r from the transducer. The previous analysis considered both effects separately. When both are taken into account the prediction of the total effect on the estimated concentration profile becomes impossible. Finally, as for the iterative inversion method, the error propagates via the integral of the normalized intensity J(r) between the second gate and the gate j. Thus a perturbation at one any gate of the profile will affect the subsequent concentration estimates.

A novel bi-frequency inversion method

In order to reduce the instabilities in the estimated concentration profiles we propose a bi-frequency inversion method. Starting from the following relation:
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The concentration profile can be estimated from :
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Where j i J , corresponds to the normalized intensity at frequency i for r=r j . The advantages of this inversion are immediate. First, the boundary condition 1 1
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at the first gate is no longer necessary to perform the inversion. The absence of integrals eliminates the errors caused by their numerical estimates. The propagation of the local errors via the integrals disappears. As a result, the local concentration estimations are independent from all others.

Results

Figure 1 shows an example of the inverted suspension concentration profile in an Oscillating Grid Turbulence (OGT) experiment conducted at LEGI Grenoble. The suspension is constituted of fine sand particles of mean diameter equal to 126μm. The vertically oscillating grid is located at 35cm from the transducer. The generated suspension is in a steady equilibrium state meaning that the mean particle settling flux is in balance with the mean ascendant turbulent erosion flux. The transducer is aligned with the vertical direction being normal to the grid plane. The three inversion methods have been applied to the acquired mean profiles of normalized intensity. Previously, all system and acoustical parameters have been determined by a rigorous calibration procedure [START_REF] Bricault | Rétrodiffusion acoustique par une suspension en milieu turbulent: application à la mesure de profils de concentration pour l'étude de processus hydro-sédimentaires[END_REF]. The acoustically determined suspension profiles have been compared to local measurements obtained with a calibrated OBS (D&A instruments). All three of the above inversion methods were applied to the acquired mean profiles of normalized intensity after all system and acoustic parameters were determined by a rigorous calibration procedure [START_REF] Bricault | Rétrodiffusion acoustique par une suspension en milieu turbulent: application à la mesure de profils de concentration pour l'étude de processus hydro-sédimentaires[END_REF]. The results for the iterative and explicit methods are calculated for a carrier frequency of 2 MHz. The bi-frequency inversion uses the frequencies of 1.67MHz and 2Mhz obtained quasisimultaneously with the same wide-band transducer. The same transducer has been used for the iterative and explicit inversions. The spatial resolution in the vertical direction is set to 3mm with a Pulse Repetition Frequency of 1KHz. 32 consecutive pings (or shots) are averaged together for one incoherent acoustic intensity estimate. This setting allows the resolution of the Taylor micro-scale in the investigated suspension flow (Hurther and Lemmin 2007). For the results obtained from iterative and explicit methods (Eqs (4) and ( 6)), the increasing divergence of the estimated concentration profiles from the OBS measurements is obvious (Fig. 1). These trends confirm the previously discussed limitations of the standard inversion methods for highresolution profiling in highly turbulent suspension flows. The bi-frequency inversion results (Eq.( 8)) and the OBS measurements are in good agreement over the entire profile. The bi-frequency inversion results into stable concentration profiles even when intensity attenuation by the suspension is significant throughout the water column.

Improving high-resolution velocity estimations using bi-frequency Doppler noise suppression

Velocity profile estimations based on the pulse-to-pulse coherent Doppler phase shifts between the emitted and backscattered acoustic pulse trains are subject to important errors due to inherent Doppler noise in the phase of the backscattered wave (Hurther and Lemmin 2007). The effect on the mean velocity estimation is negligible whereas mean turbulent quantities such as the normal turbulent intensities, the TKE, the turbulent velocity spectra, TKE dissipation rate, are particularly affected [START_REF] Garbini | Measurement of fluid turbulence based on pulsed ultrasound techniques. Part 1. Analysis[END_REF][START_REF] Voulgaris | Evaluation of the acoustic Doppler velocimeter (ADV) for turbulence measurements[END_REF], Hurther and Lemmin 2001[START_REF] Blanckaert | Means of noise reduction in acoustic turbulence measurements[END_REF]. Starting from the expression of the velocity corresponding to the time derivative of the phase shift between emitted and backscattered acoustic pulse trains (Hurther and Lemmin 2007):
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the phase can be decomposed into the term ( ) t rˆ representing the instantaneous spatially average particle displacement within the sample volume, added to the undesired Doppler phase noise term ) (t γ . The contribution of the noise term in the turbulent spectrum is shown in Fig. 2 (circles) for a carrier frequency at 1.25 MHz in the highly turbulent oscillating grid experience described in section 1.4. The measurement location is at z/z 0 =0.67 (i.e. 8 cm from the center of the grid) using the reference distance for OGT defined by [START_REF] Matsunaga | Quantitative properties of oscillating-grid turbulence in a homogeneous fluid[END_REF]. The velocity spectra are calculated from the Fourier transform of the temporal autocorrelation function of the velocity signal:
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The parameter npp in Fig. 2 indicates the number of samples over which the consecutive velocity estimations are averaged using the pulse-pair algorithm described in Hurther and Lemmin (2001). As can be seen in Fig. 2 for f > 3Hz, the slope of the velocity spectra presented by the circles deviates from the expected -5/3 slope (dashed line). The lower decay with frequencies above 3 Hz is due to the Doppler noise effect represented by the term γ in Eq. ( 9). When integrated over the frequency band of the system, this undesired effect results into a velocity variance added to the variance of the particle velocity averaged over the sample volume:
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This undesired effect is the principal for the limited TKE and TKE dissipation rate measurements in field studies [START_REF] Garbini | Measurement of fluid turbulence based on pulsed ultrasound techniques. Part 1. Analysis[END_REF][START_REF] Voulgaris | Evaluation of the acoustic Doppler velocimeter (ADV) for turbulence measurements[END_REF][START_REF] Blanckaert | Means of noise reduction in acoustic turbulence measurements[END_REF], Hurther and Lemmin 2001). As will be shown below, the bi-frequency method reduces this effect and at the same time allows high temporal resolution necessary for reliable TKE dissipation estimations. The bi-frequency method consists of estimating the quasi-instantaneous velocities with two different carrier frequencies at the same time (for the turbulent scales under investigation) and in co-located same sample volume:
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where V 1 and V 2 are the instantaneous velocities measured nearly simultaneously with the carrier frequencies, f c =f 1 and f c =f 2 , respectively. Each velocity component is composed of the sum of the same spatially averaged velocity and the respective noise contributions. The time-averaged noise contributions are negligible and therefore
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. The white noise characteristics induce the following simplification in the crossed spectrum:
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The associated normal Reynolds stress term can be estimated from the covariance as:
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where the Doppler noise effect is suppressed. If the above reasoning is correct, the crossed-velocity spectrum should decay with a -5/3 slope over a much wider frequency band than the auto-velocity spectra presented in Fig. 2. The -5/3 slope should be constant until it reaches a frequency limit beyond which it should decay faster because of spatial averaging effects. The turbulent cross-spectrum is represented by triangles in Fig. 2 for comparison with the turbulent auto-spectrum. Both spectra are in good agreement up to 3 Hz. The corrected cross-spectrum preserves a -5/3 slope in the inertial subrange until a frequency close to 20Hz. For frequencies above this limit, the spectrum decays with a rate higher than the typical Kolmogorov trend due to spatial averaging effects. The effect of the bi-frequency Doppler noise suppression method on the mean TKE profile and the TKE dissipation rate is shown in Figs. 3a and3b, respectively. The bi-frequency method can be compared to the Doppler noise suppression method proposed by [START_REF] Garbini | Measurement of fluid turbulence based on pulsed ultrasound techniques. Part 1. Analysis[END_REF] where the crossed spectrum is calculated from the velocity signals at two consecutive locations in the profile:
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. The bi-frequency method is tested for frequency shifts of 180KHz and 240KHz between the two carrier frequencies. All measurements are compared to the semi-theoretical models for normalized TKE and TKE dissipation rate valid in highly turbulent OGT [START_REF] Matsunaga | Quantitative properties of oscillating-grid turbulence in a homogeneous fluid[END_REF].

For both quantities (Figs. 3a and3b), good agreement is found between the theoretical model (black line) and the two corrected profiles using bi-frequency suppression. The Garbini method underestimates the quantities, because the TKE contained in the isotropic turbulent flow scales of size smaller than the distance separating two consecutive sample volumes is also suppressed. The standard mono-frequency estimate based on the auto-spectrum reveals important noise contributions throughout the profile.

Acoustic profiling of turbulent erosion flux

In order to test the capabilities of the ABS in simultaneous and co-located velocity and suspension concentration measurements at turbulent scales (settings at 32 Hz and 3mm), mean turbulent erosion flux versus mean sediment concentration were calculated from data collected in a fully turbulent openchannel suspension flow at EPFL Lausanne [START_REF] Bricault | Rétrodiffusion acoustique par une suspension en milieu turbulent: application à la mesure de profils de concentration pour l'étude de processus hydro-sédimentaires[END_REF]. For the same particles, the flow conditions were varied over a wide range of flow discharge, Reynolds number, Shields number and relative bed roughness. The slope of the obtained curves has been compared to the settling velocity calculated by the modified Stokes formula valid in turbulent flows (Soulsby 1998). Figs. 4a, 4b and4c show the results for three different flow conditions. We obtained a good linearity between ascendant mean erosion flux and the mean sediment concentration for all the points in the three profiles and the slopes of the fitted curves are in very good agreement for all flow conditions. Finally, the correspondence with the theoretical value of 3.9 mm/s for the settling velocity is encouraging.

Conclusion

This study proposes two novel bi-frequency methods to perform quasi-simultaneous and co-located velocity and suspension concentration profiling at turbulent scales using Acoustic Backscattering Systems working in the MHz range. The first method improves the stability of the inverted suspension concentration profile in situation where intensity attenuation due to sediments cannot be ignored such as found in highly turbulent benthic regions. However, the method is currently still limited to suspensions with mono-dispersed size distributions. The second method allows for an effective suppression of the Doppler noise contribution in the turbulent inertial subrange using the decorrelation of the Doppler noise at two slightly different ultrasound frequencies. As a result, profiles of mean turbulent quantities such as normal intensities, TKE, turbulent spectra, TKE dissipation rates can be estimated more accurately. Finally, the ABS ability to combine velocity and concentration profiling is demonstrated by estimating turbulent erosion flux in highly turbulent suspension flows. 
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