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An estimation of the sand suspension in alpine rivers during a dam flushing event

A significant amount of sand is transported in piedmont gravel-bed rivers that can often be guessed because of the large quantity of sand found in gravel bars. It is however very difficult to evaluate sand fluxes in such rivers because of the concomitant gravel bedload transport and silt and clay suspension (generally assimilated as washload). Also, actual methods to sample sand suspension and surrogate methods such as acoustics remain difficult to apply because of the large velocities and high washload concentrations observed during floods. In this paper, we estimated sand suspension in two gravel-bed alpine rivers during a flushing event (in May 2018 in the Isère River and in June 2019 in the Arc River). Two systems to measure sand flux were evaluated and compared through some simple modelling: a Delft bottle and a peristaltic pump associated to measurements of the flow velocity (ADCP or radar). The objective is to test and validate the pumping system, which is easier to deploy and to collect multiple samples but not as accurate as isokinetic samplers. If the Delft bottle may underestimate the sand flux for high flow velocities, there is a large risk of overestimation using a peristaltic pump since the intake velocity is often much smaller than the flow velocity. Eventually, such experiments allowed us to propose a first evaluation of the sand flux in alpine rivers during a flushing event. It was found that sand fluxes during these events were of the same order of magnitude than Suspended Particulate Matter (SPM) fluxes evaluated from the hydro-sedimentary stations.

INTRODUCTION

A significant amount of sand is transported in piedmont gravel-bed rivers. To the authors knowledge, there is however very few measurements made because of the experimental difficulties. Indeed, sand suspension is difficult to evaluate because of the spatial and temporal variation of sand concentration throughout the river cross-section. Moreover, in alpine rivers, high velocities and the concomitant gravel bedload transport and silt and clay suspension (generally assimilated as washload) significantly limit the possibility to sample. It is also more complex to apply surrogate techniques such as acoustics, which need anyway to be calibrated with samples (Gray andGartner, 2009, Topping and[START_REF] Topping | Long-term continuous acoustical suspended-sediment measurements in rivers -theory, application, bias, and error[END_REF]. As a consequence, the presence of sand fluxes is often only guessed because of the large quantity of sand found in gravel bars [START_REF] Bridge | Description and interpretation of fluvial deposits: a critical perspective[END_REF][START_REF] Camenen | Estimation of the volume of a fine sediment deposit over a gravel bar during a flushing event[END_REF].

Following the first attempt by Camenen et al., 2018b, in a secondary channel, we proposed here to measure sand suspension in gravel-bed alpine rivers using a peristaltic pump. Such system would be easier to deploy and to collect multiple samples. However, it is not as accurate as isokinetic samplers [START_REF] Gray | Measuring suspended sediment[END_REF]. To be able to validate the pumping system, it is compared to a Delft bottle, which allows a time-averaged and isokinetic sample. Two test cases are presented: the first one using an ISCO sampler on the Isère River during a dam flushing event in May 2018, the second one using an Albin Pump ALP17 on the Arc River during a dam flushing event in June 2019. A discussion is provided on the validity of the peristaltic pumps especially in case of non-isokinetic sampling for high pressure heads when measuring from a bridge. Also, based on the same measurements, a first evaluation of the sand flux in the two alpine rivers is provided for specific dam flushing events.

FIELD MEASUREMENTS

Location of the field measurements

The Arc-en-Maurienne and Isère rivers are constricted alpine rivers characterized by a nival hydrologic regime and marked by an intense input of fine sediments from the catchment. The two experimental sites are on bridges located, respectively (see Figure 1):

• in the Arc River at Ste-Marie-de-Cuines, 10 km downstream of St-Jean-de-Maurienne with a mean slope of 0.6%. The experiment was conducted during a flushing event of the three run-of-the-river dams on 18th June 2019; • in the Isère River at Pont-de-Grésy, 10 km downstream of Albertville with a mean slope of 0.2%. The experiment was conducted during the flushing event of the Aigueblanche dam.

One point of interest of these sites is that dam flushing events are conducted regularly allowing the performance of in-situ experiments at a specified date known in advance. For the Arc River dam flush, the date is defined a few months in advance; for the Aigueblanche dam flush on the Isère River, the trigger of the dam flushing event is determined by hydrological conditions, and so the date is known one week in advance only. Topographic, bathymetric and flow measurements are regularly carried out during and around these flushing events. Bedload transport was assessed on the same site on the Arc River using a bedload sampler from a bridge [START_REF] Camenen | Tentative measurements of bedload transport in an energetic alpine gravel bed river[END_REF]. 

Hydro-sedimentary measurements

For each of the experimental sites, the discharge time series is recorded at hydrometric stations located 8 km upstream at Pontamafrey, and on site at Pont-de-Gresy, respectively (see Fig. 2). Fine suspension concentration time series are also available thanks to a calibrated turbidity-meter deployed at each station. Additional local flow measurements were made either using an ADCP (Sontek M9) or Surface Velocity Radar (Decatur SVR). Local water depths were calculated using a pressure sensor fixed on the frame of the Delft bottle (approximately 10 cm above the bed). For each of the sites, a bathymetry profile of the cross-section was measured using ADCP measurements or bathymetric measurements using a theodolite (Leica TC205).

It should be noted the event on the Isère River in May 2018 actually included three days of flushing only (from 06/05/2018 05:00 to 09/05/2018 08:30). During this period, the bottom gates of the Aigueblanche dam were opened. Then, the reservoir was filled until 11/05/2018 and the flood passed by the surface gates. 

Sand flux measurements

Some bedload measurements were made during the Isère campaign using a ToutleRiver2 sampler with a 0.2 mm mesh together with acoustic (hydrophone) measurements [START_REF] Zanker | Combe de Savoie -Estimation du charriage pendant la chasse d'Aigueblanche 2018 [Combe de Savoie -Bedload flux estimation during the Aigueblanche dam flushing event of May 2018[END_REF]. Comparisons made with the same sampler with a 1 mm mesh showed some large differences both in the mass collected and the Grain Size Distribution. Based on the results by [START_REF] Geay | An estimate of bedload discharge in rivers with passive acoustic measurements: Towards a generalized calibration curve[END_REF][START_REF] Zanker | Combe de Savoie -Estimation du charriage pendant la chasse d'Aigueblanche 2018 [Combe de Savoie -Bedload flux estimation during the Aigueblanche dam flushing event of May 2018[END_REF], evaluated that bedload measurements could be underestimated by an order of magnitude.

For both campaigns, a Delft bottle was deployed from the bridge using a jib-crane. samples were collected for a 5 to 10 min duration at different position above the bed (10 to 60 cm). The Delft bottle will be used as a reference although some limits have been discussed, such as the underestimated collection of the finest sand particles [START_REF] Beverage | Comparison -us p-61 and delft sediment samplers[END_REF]. At velocities above 2.5 m/s, [START_REF] Dijkman | Investigations on suspended sediment samplers based on measurements in the Danube River[END_REF], pointed out that errors may increase significantly since a larger part of the sediments are flushed through the device. However, the Delft Bottle provides a better time-averaging than systems collecting the entire mass of water and sediments such as the P61 [START_REF] Beverage | Comparison -us p-61 and delft sediment samplers[END_REF].

Samples using a peristaltic pump were collected simultaneously by fixing the pipe on the side of the Delft bottle, facing the flow. During the Isère campaign, an ISCO sampler was used whereas an Albin Pump ALP17 was used on the Arc River, the later being more powerful than the former. Indeed, one important issue for the peristaltic pump is the sampling intake velocity that is strongly limited by the height above the river surface. The ISCO sampler could hardly reach an intake velocity of U n ≈ 0.4 m/s whereas the depth-averaged flow velocity was U ≈ 2.5 m/s. For the campaign on the Arc River with the Albin pump, the maximum pumping velocity was used (U n ≈ 0.8 m/s) for a depth-averaged flow velocity varying between 2 and 3 m/s. Based on Gray and Landers, 2014, one could expect a significant over-estimation of the sand concentrations using the pumping systems for both campaigns. Samples taken from both pumps were of 0.5 l approximately; the whole volume was analysed in the laboratory following Dramais et al., 2018's recommendation, i.e. with a sand separation before analysis according to US standards. However, with the Albin Pump, one could sample large volumes to reduce the uncertainties.

In order to better understand and validate our measurements, they were compared to a sediment transport model [START_REF] Camenen | A general formula for noncohesive suspended sediment transport[END_REF] and they were used to build a sediment rating curve as proposed by [START_REF] Camenen | A simple physically-based model for predicting sand transport dynamics in the Lower Mekong River[END_REF] 

Model

The sand concentrations were estimated using the Camenen and Larson, 2008, equations. For a steady current, they yield an exponential profile for concentration since the sediment diffusivity s is assumed constant over the water depth :

C(z) = C R exp - W s s z (1)
where W s is the settling velocity of the sand particles of diameter d s , and C R is a reference concentration expressed as follows :

C R = µ1.5 × 10 -3 ρ s exp(-0.2D s )θ exp -4.5 θ cr θ ( 2 
)
with µ is the sand content in the bed layer, D s = [g(ρ s /ρ -1)/ν 2 ] 1/3 d s the dimensionless grain size (g: acceleration of gravity; ρ s : sediment density; ν: kinematic viscosity), θ = τ /[(ρ s -ρ)gd s ] the Shields number (τ : bed shear stress; ρ: water density) and θ cr its critical value for inception of movement. The sediment diffusivity is calculated as follows :

s = 1 6 κu * h (3) 
where κ = 0.41 is the Von Karman constant, u * = (τ /ρ) 1/2 the friction velocity and h the mean water depth.

Vertical sand concentration

In Fig. 3, we plotted vertical sand flux profiles φ(z) = u(z)C(z) obtained both from the model (using different values for the bed sand content µ and specific hydraulic conditions) and from experimental data (Delft bottle and pumping systems). The time-averaged streamwise velocity u(z) was evaluated assuming a logarithmic velocity profile with a roughness length k s = 2d 90 = 0.15 and 0.05 m, for the Arc and Isère sites, respectively (d 90 : grain diameter for which 90 % of the distribution has a smaller particle size, based on measurements made on the side of the main channel using the Wolman pebble count procedure). C(z) was evaluated using Eqs. 1, 2, and 3 using a sand diameter d s = 0.27 and 0.20 mm, for the Arc and Isère sites, respectively. These values correspond to the average median grain size diameter of all Grain Size Distribution (GSD) of the Delft bottle samples. One should note that pump samples generally yielded a finer GSD.

For the Isère campaign, one can observe concentrations twice larger using the ISCO sampler compared to the Delft bottle (Fig. 3a). The Delft bottle was used outside its range of validity (U ≈ 2.5 m/s); we extrapolated the efficiency coefficient k and thus assumed k ≈ 1). This could lead to some underestimation of the sand flux by the Delft bottle and a bias (underestimation of the fin fraction of the GSD) (Dijkman, 1978, Beverage and[START_REF] Beverage | Comparison -us p-61 and delft sediment samplers[END_REF]. Despite this limit of our reference, our results confirm a potential impact of the non-isokinetic sampling as discussed by [START_REF] Gray | Measuring suspended sediment[END_REF] Tehy estimated an overestimation approximately equal to 50% for an intake velocity 5 times smaller as the flow velocity and a grain size d s ≈ 0.2 mm. Another issue from the ISCO sampler is that the sample is filled directly while some delay exists for coarsest particles due to their settling velocity. The model is able to yield satisfactory results assuming a bed composed of 15% of sand (i.e; for µ = 0.15, or with µ = 0.30 considering ISCO data). It behaves correctly showing a lower flux close to the bed (z/h < 0.1).

For the Arc campaign, it was not as easy to plot all results in a single figure since hydrodynamics conditions were varying a lot during the measurements (Fig. 3b). However, one can observe that the quantity of sand available in the system significantly increased during the flushing event. Indeed, measurements made the day before the flushing event were correctly reproduced by the model using µ = 0.1 (data points for which Φ < 2 kg/m 2 /s) whereas measurements made during the flushing event were roughly reproduced using µ = 0.5 (data points for which Φ > 5 kg/m 2 /s). Surprisingly, no clear differences were observed between Delft bottle results and Albin Pump results although the later intake velocity was 2 to 3 times smaller than the flow velocity. Based on Gray and Landers, 2014, it would yield an overestimation of the concentration by 20% approximately. But sampling uncertainties may hinder this possible bias. Also, one should have in mind that time-averaging for pump samples was much smaller for our specific case. Samples from the Delft bottle were generally coarser. This could be related to the bias linked to a sediment loss of the finest sand particles. We found however coarse particles (d > 1 mm), which were not sampled by the pumping system. The settling velocity W s of these particles remains much smaller than the intake velocity (W s ≈ 0.2 m/s for d = 2 mm); we were also careful to wait for some steady regime before sampling to avoid possible bias linked to direct sampling such as for the ISCO sampler as discussed before. So, we suspect this bias in the grain size distribution to be linked to too low intake velocity in respect to the flow velocity.

Sand fluxes during the flushing events

As proposed by [START_REF] Camenen | A simple physically-based model for predicting sand transport dynamics in the Lower Mekong River[END_REF], it is possible to build a sediment rating curve based on the stage-discharge relationship, the cross-section bathymetry of the station, and sediment characteristics. Such model could be adjusted using a coefficient for the sediment transport formula, which was made here using a "calibrated" sand content in the bed µ as discussed above. Sand transport rating curves for both Isère River at Pont-de-Grésy and Arc River at Ste-Marie-de-Cuines are presented in Fig. 4 using µ = 0.15 and 0.5, respectively. For the Isère River case, since the river section is not homogeneous with a deeper channel close to the right bank, sand flux calculations were made using either section-averaged parameters (Q sbm and Q ssm for the bedload and suspended load fluxes, respectively) or after distributing bed shear stress throughout the cross-section (ΣQ sbi and ΣQ ssi for the bedload and suspended load fluxes, respectively) to take into account water depth variability [START_REF] Camenen | Assessment of methods used in 1D models for computing bed-load transport in a large river: the Danube River in Slovakia[END_REF]. For the specific case of the Isère River, one can observe huge differences with an order of magnitude. The only suspended load measurement available shows that the second rating curve (with distributed bed shear stresses) is in a better agreement with data. For bedload, measurements indicate a relatively low bedload transport. However, this value is highly uncertain for this case. Indeed, results were quantitatively and qualitatively very sensitive to the mesh size of the net: gravel material was mostly sampled using a 1 mm mesh, and sand was prevailing using a 0.1 mm mesh [START_REF] Zanker | Combe de Savoie -Estimation du charriage pendant la chasse d'Aigueblanche 2018 [Combe de Savoie -Bedload flux estimation during the Aigueblanche dam flushing event of May 2018[END_REF]. As discussed before, Zanker, 2019, evaluated an underestimation by a factor 10 based on hydrophone measurements.

For the Arc River case, we used the cross-section-averaged parameters since the cross-section is more homogeneous. The sediment rating curve (with µ = 0.5) yields relatively good results for the flushing period. The data point at Q = 45 m 3 /s is indeed overestimated but it corresponds to measurements done the day before the flushing event with a much lower sand content (µ ≈ 0.1 in Fig. 3b). The bedload rating curve appears to be unrealistic; it should be noted however that we did not take into account hiding effects. Thanks to the sediment rating curves, assuming they are valid for the total flushing period, it is possible to evaluate the total sand load over the event (see Tab. 1). One can observe a total suspended-load of sand of 16 000 and 40 000 tons for the Arc and Isère flushing events, respectively.

Such values can be compared to Suspended Particulate Matter (SPM) fluxes estimated at the hydro-sedimentary stations. These measurements are based on a calibrated turbidity-meter positioned on the side of the river. Because of the relatively low velocities and the sensitivity of turbidity to grain size (inversely proportional to d, see [START_REF] Foster | The impact of particle size controls on stream turbidity measurements; some implications for suspended sediment yield estimation[END_REF], we assessed it measures fine SPM only, i.e. excluding sand. Indeed, one important hypothesis for such hydro-sedimentary station is that concentration is homogeneous throughout the river section, which is not the case for sands. In the case of the Grésy station, we assumed a linear relationship between turbidity and concentration (C SP M = αT where T is the turbidity expressed in g/l and α = 1.2 a calibration coefficient), mostly validated on low concentrations. Indeed, we suspected water samples taken during the event to often include sands that could bias the calibration (Camenen et al., 2018a). We obtained a total fine SPM flux of approximately 30,000 and 130,000 tons for the Arc and Isère flushing events, respectively (180,000 tons for the whole Isère flood event). As discussed previously, the May 2018 event on the Isère River actually included three days of flushing only. For both cases, these values are consistent with what is usually observed during dam flushing events [START_REF] Antoine | Estimation des flux de matières en suspension lors des chasses hydrauliques de l'Arc de 2006 à 2011[END_REF], Némery et al., 2013).

Our estimation for the total sand suspension flux during the events eventually indicates values of the same order of magnitude (a factor 3 smaller). Thus, sand suspension would be far from being negligible in the total load. Such result is confirmed by the large amount of sand observed over gravel bars. Indeed, sand content in surface deposits varies from 50% to 70%. 

CONCLUSION

Sand suspension measurements were achieved using peristaltic pumps and a Delft bottle, the later being used as a reference. A bias (overestimation) was clearly observed linked to the nonisokinetic sampling if the intake velocity was much smaller than the flow velocity. This is the main limit of peristaltic pumps that are often not powerful enough to reach high intake velocities. Submerged pumps are much more efficient to maintain an iso-kinetic velocity in such environment but are more fragile towards coarse particles [START_REF] Recking | Measurement of sand transport with a submerged pump: presentation of the results of a test campaign carried out on the Is 're River in July 2019[END_REF]. Also, if this difference is less than a factor 2, this bias may be masked by other sampling uncertainties. Indeed, Gray and Landers, 2014, found for sediments finer than 0.5 mm a maximum overestimation of 30% for a velocity ratio U/U n ≤ 2. This could validate the use of peristaltic pumps for sand sampling if the pressure head is not too large. Indeed, such pumps allow a much more efficient sampling since they do not require a long manipulation to sample (no need to get the sampler out of water to collect the sample). Additional validation is however needed to confirm these first results. Sand suspension measurements in alpine rivers (Arc, Isère, France) were eventually presented suggesting that large concentrations of sand can be observed in such rivers during flushing events. Eventually, we found that sand fluxes during flushing events are of the same order of magnitude of SPM fluxes. As a consequence, it points out the limits of the turbidity-meter station network set in many rivers to establish a fine sediment budget. At least, the turbidity-meter should be calibrated specifically for each significant events. Indeed, a turbidity-meter station cannot include sand suspension properly because of the low sensitivity of turbidity to coarse particles. A major issue is thus to be able to measure continuously sand concentrations, acoustics being one of the possible surrogate techniques [START_REF] Topping | Long-term continuous acoustical suspended-sediment measurements in rivers -theory, application, bias, and error[END_REF].
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 1 Figure 1. Location map of the two experimental sites: Ste-Marie-de-Cuines and Pont-de-Grésy (Isère catchment upstream of Grenoble).

Figure 2 .

 2 Figure 2. Discharge time series and main experimental sampling: (a) Isère River at Pont-de-Grésy in May 2018, (b) Arc River at Ste-Marie-de-Cuines in June 2019 (sediment samplings are indicated for an arbitrary water discharge).
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 3 Figure 3. Comparison between modelled and measured vertical sand flux profile assuming different sand contents of the bed (µ): (a) Isère River at Pont-de-Grésy, (b) Arc River at Ste-Marie-de-Cuines.

Figure 4 .

 4 Figure 4. Estimation of the sand rating curves during flushing events: (a) Isère River at Pont-de-Grésy, (b) Arc River at Ste-Marie-de-Cuines.

Table 1 .

 1 Estimation of the total sand suspension M sand and SPM M SP M fluxes during the flushing events (Q max : maximum water discharge, ∆t: duration of the event).

	station	date	Qmax	∆t	MSP M	M sand
			(m 3 /s)	(days)	(tons)	(tons)
	Isère River at Pont-de-Grésy	May 2018	270	7.0	1.3×10 5	4.0×10 4
	Arc River at Ste-Marie-de-Cuines	June 2019	150	0.5	2.7×10 4	1.6×10 4
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