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What hydraulic information can be gained from remotely sensed observations of a river's surface?

In this study, we analyze the relationship between river bed undulations and water surfaces for an ungauged reach of the Xingu River, a first-order tributary of the Amazon river. This braided reach is crosscut more than 10 times by a ENVISAT (ENVironmental SATellite) track that extends over 100 km. Rating curves based on a modeled discharge series and altimetric measurements are used, including the zero-flow depth Z 0 parameter, which describes river's bathymetry. River widths are determined from JERS (Japanese Earth Ressources Satellite) images. Hydrodynamic laws predict that irregularities in the geometry of a river bed produce spatial and temporal variations in the water level, as well as in its slope. Observation of these changes is a goal of the Surface Water and Ocean Topography satellite mission, which has a final objective of determining river discharge. First, the concept of hydraulic visibility is introduced, and the seasonality of water surface slope is highlighted along with different flow regimes and reach behaviors. Then, we propose a new single-thread effective hydraulic approach for modeling braided rivers flows, based on the observation scales of current satellite altimetry. The effective hydraulic model is able to reproduce water surface elevations derived by satellite altimetry, and it shows that hydrodynamical signatures are more visible in areas where the river bed morphology varies significantly and for reaches with strong downstream control. The results of this study suggest that longitudinal variations of the slope might be an interesting criteria for the analysis of river segmentation into elementary reaches for the Surface Water Ocean Topography mission that will provide continuous measurements of the water surface elevations, the slopes, and the reach widths.

CONTEXT OF THE ISSUE

Although the discharge of streams and rivers is an important component of the water cycle and represents a vital issue for societies worldwide, the runoff of the largest global basins is still poorly monitored, and the number of gauges and access to these data are decreasing across the world [START_REF] Bjerklie | Estimating discharge in rivers using remotely sensed hydraulic information[END_REF][START_REF] Vörösmarty | Global threats to human water security and river biodiversity[END_REF]. New generations of satellite and sensors offer the epotential to overcome this lack of in situ data for hydrological sciences [START_REF] Calmant | Monitoring continental surface waters by satellite altimetry[END_REF][START_REF] Alsdorf | Tracking fresh water from space[END_REF].

Satellite measurements have led to interesting results for continental hydrosystems, including surface water monitoring via altimetry throughout global watersheds [START_REF] Koblinsky | Measurement of river level variations with satellite altimetry[END_REF][START_REF] Morris | Variation of Great Lakes water levels derived from Geosat altimetry[END_REF][START_REF] Smith | Estimation of discharge from three braided rivers using synthetic aperture radar satellite imagery: Potential application to ungaged basins[END_REF][START_REF] Smith | Satellite remote sensing of river inundation area, stage, and discharge: A review[END_REF][START_REF] Birkett | Contribution of the TOPEX NASA radar altimeter to the global monitoring of large rivers and wetlands[END_REF][START_REF] Mercier | Interannual lake level fluctuations (1993-1999) in Africa from topex/poseidon: Connections with ocean-atmosphere interactions over the Indian Ocean[END_REF][START_REF] Maheu | Water level fluctuations in the Plata basin (South America) from topex/poseidon satellite altimetry[END_REF][START_REF] Kouraev | Ob' river discharge from topex/poseidon satellite altimetry (1992?2002)[END_REF][START_REF] Berry | Global inland water monitoring from multi-mission altimetry[END_REF]Calmant & Seyler, 2006;[START_REF] Crétaux | Lake studies from satellite radar altimetry[END_REF][START_REF] Frappart | Preliminary results of {ENVISAT} ra-2-derived water levels validation over the Amazon basin[END_REF][START_REF] Zakharova | Amazon river discharge estimated from topex/poseidon altimetry[END_REF][START_REF] Alsdorf | Measuring surface water from space[END_REF][START_REF] Roux | Daily water stage estimated from satellite altimetric data for large river basin monitoring/estimation de hauteurs d'eau journalières a partir de données d'altimétrie radar pour la surveillance des grands basins fluviaux[END_REF][START_REF] Birkinshaw | Using satellite altimetry data to augment flow estimation techniques on the Mekong river[END_REF][START_REF] Papa | Interannual variability of surface water extent at the global scale[END_REF][START_REF] Roux | Producing time series of river water height by means of satellite radar altimetry-a comparative study[END_REF][START_REF] Lee | Characterization of terrestrial water dynamics in the congo basin using {GRACE} and satellite radar altimetry[END_REF][START_REF] Da Silva | Water level dynamics of Amazon wetlands at the watershed scale by satellite altimetry[END_REF], large flood extent estimation based on synthetic aperture radar (e.g., [START_REF] Hess | Delineation of inundated area and vegetation along the amazon floodplain with the SIR-C synthetic aperture radar[END_REF][START_REF] Bates | Reach scale floodplain inundation dynamics observed using airborne synthetic aperture radar imagery: Data analysis and modelling[END_REF]Alsdorf, Bates, Melack, Wilson, & Dunne 2007a;[START_REF] Schumann | Deriving distributed roughness values from satellite radar data for flood inundation modelling[END_REF][START_REF] Kim | Integrated analysis of palsar/radarsat-1 insar and envisat altimeter data for mapping of absolute water level changes in Louisiana wetlands[END_REF][START_REF] Hostache | Assimilation of spatially distributed water levels into a shallow-water flood model. part II: Use of a remote sensing image of Mosel River[END_REF], optical imagery [START_REF] Pandey | Water level estimation by remote sensing for the 2008 flooding of the Kosi River[END_REF] or microwave sensors imagery [START_REF] Papa | Monitoring flood and discharge variations in the large Siberian rivers from a multi-satellite technique[END_REF][START_REF] Prigent | Changes in land surface water dynamics since the 1990s and relation to population pressure[END_REF], large-scale change in water mass distribution [START_REF] Lettenmaier | Hydrology: Water from on high[END_REF][START_REF] Ramillien | Global time variations of hydrological signals from grace satellite gravimetry[END_REF][START_REF] Ramillien | Detection of continental hydrology and glaciology signals from GRACE: A review[END_REF][START_REF] Smith | Remote sensing of volumetric storage changes in lakes[END_REF][START_REF] Chen | The 2009 exceptional Amazon flood and interannual terrestrial water storage change observed by GRACE[END_REF][START_REF] Xavier | Interannual variability in water storage over 2003-2008 in the Amazon basin from GRACE space gravimetry, in situ river level and precipitation data[END_REF]Frappart, Seoane, & Ramillien, 2013a;Frappart, Ramillien, & Ronchail, 2013b;[START_REF] Ramillien | Application of the regional water mass variations from grace satellite gravimetry to large-scale water management in africa[END_REF], water quality [START_REF] Koponen | Water quality classification of lakes using 250-m modis data[END_REF], and solid discharge data [START_REF] Martinez | Increase in suspended sediment discharge of the amazon river assessed by monitoring network and satellite data[END_REF] or even groundwater tables data [START_REF] Meijerink | Remote sensing applications to hydrology: Groundwater[END_REF][START_REF] Pfeffer | Low-water maps of the groundwater table in the central Amazon by satellite altimetry[END_REF].

Several statistical methods for estimating river discharge associating space-borne data and ground-based ancillary data have been proposed [START_REF] Bjerklie | Estimating discharge in rivers using remotely sensed hydraulic information[END_REF][START_REF] Leon | Rating curves and estimation of average water depth at the upper Negro River based on satellite altimeter data and modeled discharges[END_REF][START_REF] Papa | Interannual variability of surface water extent at the global scale[END_REF][START_REF] Getirana | Water discharge estimates from large radar altimetry datasets in the Amazon basin[END_REF][START_REF] Tarpanelli | Toward the estimation of river discharge variations using {MODIS} data in ungauged basins[END_REF][START_REF] Birkinshaw | Daily discharge estimation at ungauged river sites using remote sensing[END_REF] among others). The forthcoming Surface Water and Ocean Topography (SWOT) mission, which is dedicated to the observation of global water storage and fluxes, will provide water surface measurements of continental water bodies at a decimetric vertical accuracy over river areas of 1 km 2 and rivers wider than 100m. Studies have recently proposed primary methods for estimating river discharge from SWOT data, such as datasets consisting of water river surface elevation, widths and slopes [START_REF] Durand | Estimating reach-averaged discharge for the River Severn from measurements of river water surface elevation and slope[END_REF][START_REF] Garambois | Inference of effective river properties from remotely sensed observations of water surface[END_REF]Gleason & Smith, 2014;[START_REF] Gleason | Retrieval of river discharge solely from satellite imagery and at-many-stations hydraulic geometry: Sensitivity to river form and optimization parameters[END_REF], as well as an intercomparison [START_REF] Yoon | Improved error estimates of a discharge algorithm for remotely sensed river measurements: Test cases on Sacramento and Garonne Rivers[END_REF]Durand et al. Moderate revisions). However, when retrieving discharge values from open channel flow equations that are constrained by the sole water surface elevation (WSE) observations, the difficulty of measuring the bathymetry and roughness of the river channels from spaceborne or airborne satellites must be considered.

In this context, [START_REF] Garambois | Inference of effective river properties from remotely sensed observations of water surface[END_REF] Using rating curve parameters calibrated by [START_REF] Paris | Stage-discharge rating curves based on satellite altimetry and modeled discharge in the Amazon basin[END_REF] (cf., Section 2.2), the objectives of the present paper are twofold:

-Investigate the hydraulic meaning of state-of-the-art altimetric WSE measurements.

-Test whether a real braided river with seasonal overbanking dynamics can be modeled using a single-thread effective representation and calibrated roughness.

We use a hydrodynamic model (cf., Sections 3.1 and 3.2) to investigate the consistency of river bed undulations derived from stage-discharge rating curves and the spatial and temporal variability of water surface slopes derived from ENVISAT satellite altimetry for a braided reach of the Xingu river, which is a first-order tributary of the Amazon River. This river is crosscut more than 10 times by a single ENVISAT track that extends over a hundred kilometers, thereby providing direct access to instantaneous WSE and slopes approximations (downstream finite difference) and their temporal variations and indirect access to a longitudinal river bed elevation for this reach of the Xingu River based on the method of [START_REF] Paris | Stage-discharge rating curves based on satellite altimetry and modeled discharge in the Amazon basin[END_REF]. The water surface width of the reaches and their variations with the hydrological cycle cannot be inferred using current altimetry products. Therefore, the reach widths are obtained from SAR (Synthetic Aperture Radar) imagery mosaics derived from the JERS mission of the Global Rain Forest Mapping project. A simple and effective representation of braided river sections/reaches based on real "state-of-the-art data" is proposed.

High-resolution observations of the variations in elevation and slope of the WSE worldwide is a goal of the future-wide swath altimetric mission SWOT, which will be launched in 2021 by National Aeronautics and Space Administration and CNES (Centre National d'Études Spatiales), which has a final goal of determining river's discharges (see [START_REF] Biancamaria | Preliminary characterization of SWOT hydrology error budget and global capabilities[END_REF]Biancamaria, 2016). This study aims to constitute a low-resolution baseline for hydraulic analyzes and inverse methods that use higher resolution data such as those expected from SWOT. 

UNGAUGED BRAIDED RIVER REACH WITH LONG ALTIMETRIC RECORDS

Study zone

From its headwaters in the Andes mountains to its delta at Atlantic Ocean, the Amazon drains an area of approximately 6.1 × 10 6 km 2 and has an average discharge on the order of 2.10 5 m 3 .s -1 (e.g., [START_REF] Richey | Sources and routing of the Amazon river flood wave[END_REF]. The Xingu River, which has a drainage area of approximately 5.3 × 10 5 km 2 and an average discharge on the order of 9.10 3 m 3 .s -1 , is a first-order southeast tributary at its confluence with the Amazon.

The study zone consists of an ungauged braided reach of the Xingu River where six virtual stations (VS) have been defined according to ENVISAT measurements (Figure 1). This reach was selected for the following reasons:

• It is an ungauged reach; thus, it represents a challenging point for hydrological and hydraulics research;

• It is crosscut more than 10 times by a single ENVISAT track, which is quite rare;

• Several important contributions are available for the Amazon basin where the reach of the Xingu River is located: calibrated hydrological model MGB [START_REF] Paiva | Large-scale hydrologic and hydrodynamic modeling of the amazon river basin[END_REF], altimetric dataset (Santos da [START_REF] Da Silva | Water level dynamics of Amazon wetlands at the watershed scale by satellite altimetry[END_REF], and fairly accurate altimetric rating curves [START_REF] Paris | Stage-discharge rating curves based on satellite altimetry and modeled discharge in the Amazon basin[END_REF].

As highlighted by Santos da Silva et al. ( 2012), ENVISAT altimetric data are convenient for the study of continental water bodies that present vertical errors and are typically located between 0.12 and 0.4 m in the Amazon basin. The six virtual stations derived from the ENVISAT dataset in the study area define five reaches for a total length of 72 km along the Xingu River (Table 1). A significant tributary is not observed for this river section. The series encompass the entire ENVISAT mis- 

Q(t) = K w h 5∕3 S 1∕2 , ( 1 
)
where h is the water depth, w is the width of the rectangular cross section, K is the Strickler friction coefficient, and S is the slope of the water line. The rating curve general expression used by Paris et al.

(2016) for a given river cross section abscissa x is as follows:

Q(x, t) = a(x) [ Z(x, t) -Z 0 (x) ] b(x) , ( 2 
)
where a, b, and Z 0 are the rating curve parameters optimized with an algorithm based on a Markov chain Monte Carlo method in a Bayesian framework (the Shuffled Complex Evolution Metropolis-UA) by [START_REF] Vrugt | Effective and efficient algorithm for multiobjective optimization of hydrologic models[END_REF]) with a cost function based on the difference between calculated and MGB discharges.

Assuming the equivalence with the Manning Equation 1, the likely rating curve parameters from Equation 2 are a = W K s 1/2 , and Z 0 that is the river bed elevation that references the same geodetic system as the altimetric series. [START_REF] Paris | Stage-discharge rating curves based on satellite altimetry and modeled discharge in the Amazon basin[END_REF] showed that the rating curve parameters for which the coefficients were optimized over 8 years of ENVISAT and Jason-2 measurements were consistent with the in situ ADCP (Acoustic Doppler Current Profiler) measurements, and especially the mean river bed elevation Z 0 , which had an error of about 5% compared with the area-to-width ratio of the ADCP cross sections.

Additionally, these rating curves are not mission specific, and the rated discharge can be estimated with WSE data gained from in situ measurements or altimetric missions.

EFFECTIVE MODEL OF A BRAIDED RIVER REACH

In this section, an effective model M eff with averaged hydraulic parameters is defined. Indeed, the definition of river reach boundaries with average hydraulic properties is somehow imposed by the spatial scale of the WSE observations from the satellite. Note that the definition of a river reach is an important step for forward hydraulic modeling but also for inverse methods, such as for discharge retrieval (e.g., [START_REF] Garambois | Inference of effective river properties from remotely sensed observations of water surface[END_REF][START_REF] Durand | Estimating reach-averaged discharge for the River Severn from measurements of river water surface elevation and slope[END_REF] via conditioning inverse problem complexity. One goal of the current contribution is to investigate a simple and effective representation of braided river section/reaches so that flow dynamics can be analyzed for a relatively coarse bathymetry derived from altimetric rating curves [START_REF] Paris | Stage-discharge rating curves based on satellite altimetry and modeled discharge in the Amazon basin[END_REF].

Cross-sectional representation

As shown in Figure 1, the five reaches studied in this paper are braided.

Because detailed data on the exact bathymetry of the reaches and given by the JERS imagery is affordable (cf., [START_REF] Garambois | Inference of effective river properties from remotely sensed observations of water surface[END_REF][START_REF] Durand | Estimating reach-averaged discharge for the River Severn from measurements of river water surface elevation and slope[END_REF]. However, a variable spatiotemporal roughness coefficient is required in this study, and it is discussed in Sections 4 and 5. Based on the cross section definition and to ensure that the roughness hence the discharge will be a continuous function of the water elevation Z, let us define the Strickler coefficient K(Z) for each virtual station as follows:

K s (Z) = ⎧ ⎪ ⎨ ⎪ ⎩ K 𝑙𝑜𝑤 K low + (K 𝑖𝑛𝑡𝑒𝑟 -K 𝑙𝑜𝑤 ) tanh(Z -Z 𝑡ℎ1 ) K inter + ( K ℎ𝑖𝑔ℎ -K 𝑖𝑛𝑡𝑒𝑟 ) tanh(Z -Z 𝑡ℎ2 ) Z < Z 𝑡ℎ1 if Z 𝑡ℎ1 < Z < Z 𝑡ℎ2 Z 𝑡ℎ2 < Z.
(

) 3 
with Z th1 and Z th2 representing respectively the thresholds of the water elevation for low-intermediate and intermediate-high flows, respectively, as defined for the downstream cross section VS#1 (Figure 3).

Therefore, the following three flow regimes are defined: low, medium, and high flow (Equation 3). When a threshold is reached for VS#1 WSE, we consider that this threshold also applies to each upstream cross sections (resolution from downstream to upstream cf., Section 3.2, ). The roughness calibration is detailed in Section 4.3.

Gradually varied steady-state flows

The time scale of observations-monthly-does not allow to observe fast temporal dynamics; thus, we assume permanent states of the river reaches at each observation time. For permanent flows, the Saint-Venant equations reduce to the backwater curve equation:

𝜕 x Q = 0. ( 4 
) 𝜕 x h = I -J 1 -Fr 2 .
(5)

where Q[m 3 .s -1 ] is the cross-sectional discharge, h[m] is the water depth determined from the river bed averaged across the channel, I = -𝜕 x Z 0 is the river bed slope [m.m -1 ], and The systems of Equations 4 and 5 are first-order differential equations in x; therefore, one boundary condition is necessary for each variable Q and h. When the flow is sub-critical (Fr 2 < 1), a downstream boundary condition is required, that is, at the outlet of the domain. We used a high-order Runge-Kutta numerical scheme to accurately solve these systems of differential equations.

J = Q|Q| K 2 s A 2 R

RESULTS

Water surface variability observed by altimetry

The analysis of the WSEs and slopes, from 76 ENVISAT overpasses selected between 2002 and 2010, is presented in Figure 4. The hydrograms presented in Figure 4 demonstrate the alternation between wet and dry seasons of an average hydrological year, with one clear annual flood peak in March and low waters in September (Figure 4a). Such a regime is typical for large river systems located in tropical areas (cf., [START_REF] Birkett | Contribution of the TOPEX NASA radar altimeter to the global monitoring of large rivers and wetlands[END_REF]. The elevation difference between the lowest and the highest WSE varies from 4 m for VS#5 to 5.7 m for VS#1, as shown by the blue envelope in Figure 4b. These variations are consistent with the 4.4-m variation depicted by the stage series at Sao-Miguel X5, which is the closest gauge to the study area (located ˜200 km downstream) and has the same months of high and low flows (http//hidroweb.ana.gov.br).

Such a difference in water level dynamics between the VS#5 and VS#1, which are only separated by approximately 40 km and do not present water inflow from a tributary, must be attributed to a significant change in river morphology such as in the cross-sectional area and/or in the bed slope.

The water surface slopes, which were calculated from the WSEs at two virtual stations divided by the flow distance, range between 3 and 35 cm/km. The water surface slopes of the last two reaches of the studied domain were the highest (Figure 4d). More importantly, the monthly averages of the slopes highlighted a seasonality in water surface slope variability for the reaches as plotted in Figure 4c. The water surface slopes are less undulated over the whole studied domain for higher flow conditions (cf., Figure 4c,d). For example, in March, the slope difference between the steepest and the flattest reach is about 12 cm/km, 2016); (c) monthly average for the water surface slope for each reach between two VS; and (d) mean, minimum and maximum (green envelope) water surface slope whereas in August, this slope difference is about 30 cm/km. In other words, the spatial variability of the river morphology is more filtered by the water surface profile for higher flow conditions (in March), which can be depicted here according to altimetric measurements of the WSE.

Hydraulic characterization of reach behavior using 8 years of altimetric records

Free surface flow dynamics are controlled by boundary conditions (inlet(s), outlet(s), and basal friction) and the river morphology, that is, longitudinal variations of the river bed slope and/or cross-sectional area. For reaches between VS#11 and VS#6 and VS#6 and VS#5, water surface slopes tend to decrease when water level decreases and vice versa (Figure 4c). A decrease in the water surface slope for lower flows may indicate stronger downstream control. On the contrary, for the reach between VS#5 and VS#3, the water surface slope tends to increase when the water level decreases. Hence, the flow behavior may change between the lowest and the highest flow regime, from an unsubmerged to submerged weir flow behavior for those three reaches.

No particular trend can be depicted from the variations in water surface slope for the other longer reaches between VS#12 and VS#11 and VS#3 and VS#1. The most downstream reach, which is between VS#11 and VS#12, is the longest reach of this study. This lack of visible variability may have been caused by spatial resolution that was too coarse for such long reaches. As shown in Section 4.4, the spatial resolution of the altimetric dataset and the hydraulic model used in this paper allows us to depict water surface variability along the study domain and within contrasted flow regimes. Using analogous terminology for meteorological radars and hydrologic visibility of rainfall fields [START_REF] Pellarin | Hydrologic visibility of weather radar systems operating in mountainous regions: Case study for the Ardeèche catchment (France)[END_REF], we define hydraulic visibility, the potential to depict a hydrological response, and hydraulic variabilities within a river section or network via remote sensing.

The flow behavior and downstream control effects are significantly linked to a channel's geometry. The river bed slope breaks around near VS#5, and the river cross-sectional area and shape variability may have an influence on flow dynamics. The effective river top width in Figure 2 for a low river effective width varies slightly at approximately 1,000 m with a +30% variation for VS#11 and VS#5. For high flows, a sharp effective width constriction appears from upstream to downstream in the studied domain, and rapid constrictions of river top widths have also been reported by [START_REF] O'loughlin | Hydraulic characterization of the middle reach of the Congo River[END_REF] for the Congo River. For the Xingu, the effective high-flow top-width varies from 2,240 to 1,240 m at a 6-km flow distance between VS# 5 and VS#3.

Calibration/validation of the effective hydraulic model

A permanent flow line is simulated for each satellite pass by solving the backwater curve Equation 5. For each reach, we use the discharge calculated from the altimetric rating curves. The WSE measured by ENVISAT at VS#1 downstream of the studied domain is used as boundary condition for the water depth (because the estimated bathymetry parameter elevation Z 0 is available). The roughness distribution along the river reach is calibrated through a trial and error procedure designed to minimizing the distance between the simulated (Equation 5) and observed flow lines on the calibration period formed by the first 38 ENVISAT passes.

The accuracy of the modeled flow lines is first analyzed in terms of the relative elevation error with respect to the WSE measured by ENVISAT at the five remaining upstream virtual stations (Figure 5). In the left panel of Figure 5, the calibration results are fairly good and present a median error lower than 3.5% and an interquartile range on the order or lower than 10%. Comparable results are obtained for the validation on the remaining 38 passes, which presents few more absolute error values ranging between 10% and 15%. Moreover, reasonable between the modeled WSE and ENVISAT data for simulated water depths with effective cross sections determined using calibration (left) and validation (middle) subsets and the whole dataset (right), that is, 76 satellite overpass between 13/11/2002 and 22/09/2010, mean t (Err) = 0.038, Q 50 = 0.024 roughness values ranging from 9 to 28 (i.e., Manning coefficient ranging from 0.036 to 0.11) were found (Figure 5) compared with the usual ranges (e.g., [START_REF] Chow | Open-channel hydraulics[END_REF].

Retrieving flow line dynamics and rating curves

Flow lines simulated with the above method are presented in Figure 6.

Various flow regimes can be reproduced via the representation of the cross sections and the parameterization of the calibrated roughness varying with the WSE. As shown in the right panel of Figure 6, the consistency between the simulated WSE and the measurements for the 76 satellite overpasses is fairly good. For flow conditions ranging from 423 m 3 /s to 10,574 m 3 /s, the mean and median relative error on the WSE are 3.8% and 2.4%.

We show three modeled flow lines that correspond to the contrasting flow regimes (423 m 3 .s -1 ; 2,504 m 3 .s -1 ; 10,574 m 3 .s -1 ) and are representative of the range of the observed WSE variability for these reaches of the Xingu River, that is,

• low to medium flow (400-740 m 3 .s -1 ) with a strong downstream control because of VS#5 and VS#3,

FIGURE 6
Flow simulated with backwater curve equation (cf., Section 3.2) compared with ENVISAT measurements at five virtual gauging stations

• intermediate flow (740-2,020 m 3 .s -1 ) with a moderate downstream control because of VS#5 and VS#3, and

• high flow (>2,020 m 3 .s -1 ) with apparently no downstream control because of VS#5 and VS#3.

As shown in Figure 6, the model's behavior follows observations, and the variability of the river morphology is more filtered by the water surface for higher flow conditions, which indicates less downstream control, especially for the upstream VS#5 and VS#3. The hydraulic significance of the bathymetry profile Z 0 (x) from [START_REF] Paris | Stage-discharge rating curves based on satellite altimetry and modeled discharge in the Amazon basin[END_REF] for this ungauged study zone is therefore corroborated by the hydrodynamic signature of the flow determined by satellite altimetry.

Simulated rating curves are represented along with the "altimetric rating curves" used as boundary conditions for simulating the flow lines (Figure 7). The values are consistent with differences smaller than the uncertainties from the altimetric measurements of the WSE. Hence, a power law stage-discharge relationship can be reproduced with the effective geometry-friction parameterization . The relative errors of the WSE are explained by the histogram on the right panel of Figure 7, which shows the differences between simulated and observed WSE in meters. The differences in the WSE simulated over the 8-year period rarely exceeded ± 30 cm and are mostly between ± 10 cm, that is a few percent of relative error on water depth, and on the order of the 

DISCUSSION

In this section, we first discuss the impact of the WS measurement accuracy and the related hydraulic visibility as defined above. Then we investigate the impact in terms of simulated water levels of modeling hypothesis on the cross section shape and roughness variability. Following the method used to build the effective hydraulic model proposed in Section 3 and starting from highly simplified cross section shapes and roughness parameterizations, several configurations have been tested, and their limitations are highlighted here. Then, physical interpretations of the flow simulated with the effective model and a calibrated 

Impact of the measurement accuracy on hydraulic visibility

How does the spatial density of WSE measurements may affect hydraulic visibility? A sensitivity analysis of the spatial sampling has been performed, and two situations with lower virtual station densities are reported in Figure 8. In both cases, the observation of the riffle located between VS#11 and VS#5 (cf., Section 4.2) is deteriorated by considering only two virtual stations among four (VS# 11 and 5; VS# 6 and 3). In both cases, the water surface slope signal is more flat, and the highest WS slope value is approximately 22 cm/km in August for the last reach (VS# 5-1 or VS# 3-1), whereas the value was originally 35 cm/km for reach VS#5-3. This finding highlights the importance of depicting certain details, such as a reach with a length of 6 km at a precise location for our study area, to distinguish different flow regimes. The location and appropriate reach length may depend on the geomorphological configuration and hydrological region.

How will slope uncertainty from SWOT data impact hydraulic visibility? From the SWOT science requirement document [START_REF] Rodriguez | SWOT science requirements document[END_REF], the expected slope accuracy after processing elevations over a maxi-mum of 10 km of flow distance should be 1.7 cm/km or better for river widths greater than 100 m. For the studied reach of the Xingu River, this error on water surface slope represents 34% of the lowest water surface slopes (pool) and 4% of the highest slope values calculated from ENVISAT data. Different reach behaviors can still be distinguished.

Slope errors may have a greater impact on studies of river reaches with low slope values such as for low land rivers or for pools. For a given river, the hydraulic visibility may also depend on time periods-even seasons for some hydrological regimes. Indeed, if the slope measurement error is greater than the slope variability for a given time period, there is no hydraulic visibility.

Sensitivity analysis to the effective model complexity

A central question in river modeling is the level of complexity required to incorporate potentially nonlinear behaviors across a large range of flow regimes. However, such a model must remain parsimonious (with respect to the number of parameters) to facilitate or allow for its calibration using a dataset of reasonable size.

Several models are tested on the ENVISAT dataset following the cal/val method presented above, and the results are presented for the whole flow lines dataset in Figure 9. An initial simple model consists FIGURE 9 Sensitivity analysis with respect to the model hypothesis. Relative error between the modeled WSE and ENVISAT data for simulated water depths over the whole dataset, that is, 76 satellite overpass between 13/11/2002 and 22/09/2010. Test of the modeling hypothesis: (left) rectangular cross section with low-low width (cf., Table 1) and constant calibrated roughness K s = [20, 19, 17, 13, 15, 16], (right) effective cross sections with constant calibrated roughness [20,20,18,14,15,16] rectangular river cross sections with constant roughness values for all flow regimes, and it is calibrated for each cross section. Under low-flow width conditions, Figure 9 (left) shows that the relative errors of the WSEs are more important and spread with a minimum interquartile range of 20% compared with the less than 10% relative error for the effective cross-section shape and variable calibrated roughness (denoted as M eff ). Moreover, maximal errors on the order of 40% of the water depth or more are observed. This model cannot simulate a large range of flow regimes. Comparable model errors are obtained if a high flow width is used, although the calibrated roughness values are slightly smaller-results are not presented here. These results demonstrate the coupled influence of roughness and cross-sectional geometry.

Because low-flow and high-flow top widths are available, they are both used to set effective cross section shapes (cf., Figure 3) openings for high water levels. Again as shown in Figure 9 (right), a constant roughness coefficient for each effective cross section does not allow for the correct reproduction of all flow regimes. This finding is particularly true for the last three sections, which have interquartile ranges of approximately 20%, 35%, and 30% compared with a less than 10% relative error with M eff . For all of the VS, the interdecile range has a greater than 20% relative error and a greater than 50% relative error for the last three sections, whereas the VS have a relative error on the order of or lower than 20% relative error with M eff . Thus, the flow behavior appears to be more nonlinear across the range of tested flow regimes for the last three sections.

Globally, for constant roughness values over time, the results with a rectangular cross section are worse than those with an effective cross section, which promotes the use of a low-flow and a high-flow width. Moreover, in both cases, a constant roughness over time appears to be an insufficient modeling hypothesis and cannot account for the nonlinear behavior of the observed flow on real complex geometries. The results provided in Section 4.4 show the benefit of using roughness that varies in time because relative errors are relatively small. Moreover calibrating the 15 roughness values over the entire surface elevation dataset reduces the errors; thus, despite its modest size, the calibration dataset can constrain the model.

Interpretation of the effective hydraulic parameters

As previously stated, river flow dynamics are significantly controlled by basal friction and river morphology, or variations in the river bed slope and/or variations in the channel cross-sectional shape. In this study, a multithread river is modeled under the hypothesis of a single channel with an effective roughness coefficient. Indeed, the wetted perimeter of an effective single-thread section may be lower than the total wetted perimeter of all threads, even for the same wetted surface. Lower values of K s , which indicates higher friction, were determined for VS#5 and VS#3 for low to intermediate flows. Therefore, a higher friction is required to simulate flow lines with our single-thread representation of a braided river reach under low-flow conditions.

For a given spatial scale, a set of effective cross sections, characterized by their roughness K s and geometry (cross-sectional wetted surface and perimeter), is expected to reproduce a similar flow line.

For a specific discharge value, redefining the cross section geometry and roughness produces a velocity (uniform on a cross section by definition of the 1D Saint-Venant equations) that may be different from the observed velocities. The resolution of the observation grid and crossflow and along the flow distance imposes a scale for averaging real physical and hydraulic properties in both directions. Nevertheless, the use of effective roughness-and geometries with a single-thread representation-appears to be feasible for braided rivers. Indeed, for this dataset of 76 ENVISAT overpasses, the flow line elevation is fairly well approximated with an average relative error lower than 2.4% (Figure 6).

CONCLUSIONS AND PERSPECTIVES

We demonstrate that hydraulic information can be retrieved from current altimetric data over a braided reach of a mid-size river. We used six VS located on an ungauged reach of the Xingu River, which is a tributary of the Amazon River. The current accuracy and spatial reso- Only remotely sensed data and a hydrologic model are required to establish rating curves and produce an effective hydraulic model.

Therefore, this method is applicable for ungauged reaches, such as the studied reach on the Xingu River. In addition, this kind of approach for determining a river bathymetry is a necessary first step for assimilating remotely sensed water elevations (or even water extents) into a hydraulic or hydrologic chain.

Moreover, this paper introduces the concept of hydraulic visibility, which describes the potential for observing hydrological responses and hydraulic variabilities, including the hydrodynamic signature of control sections, of a river reach, or network with remote sensing. Water surface slope variability in timeand space reveals to be a powerful proxy for characterizing the hydraulic behavior of river reaches. It is of particular interest for the future satellite mission SWOT, which will offer interesting perspectives in terms of hydraulic visibility for studying flow variability at finer spatiotemporal scales as well as physical scales.

Further analysis may also exploit the complementarity of in situ measurements such as bathymetry and flow velocity measurements. More detailed characterizations of water surface slopes and their spatiotemporal variabilities would help define river reaches and characterize their hydraulic unicity. Such characterization could be of interest for inverse approaches based on SWOT data and used to infer spatially distributed river discharges. Further investigations, especially with regard to water surface slopes, could also exploit the information derived from combinations of remotely sensed data from different satellite missions to provide hydrological predictions at ungauged locations.

  demonstrated that for a specific observation scale, an adequate inverse modeling scale and physical complexity exist for river flows in single-thread natural channels. However, a considerable number of global rivers present a more complex morphology such as braided rivers. O'Loughlin, Trigg, Schumann, and Bates (2013) studied approximately 1,600 km of the middle Congo reach, which is mostly braided, evaluated the possible hydraulic control sections based on water surface width observations using Landsat imagery and associated these observations with water surface slope and backwater effects. The authors produced water surface slope profiles based on Ice, Cloud, and land Elevation Satellite WSEs and found that they were nearly constant over time for the period corresponding to the falling limb (March), low water (June), and the rising limb (November). However, these water surface slope profiles are calculated based on unevenly spatiotemporal data, which included 256 time points/locations for the 1,600-km reach. The minimum spatial gap was approximately 25 km, and the mean spatial gap was graphically estimated as approximately 50 km or more, which prevents a deeper flow behavior analysis and might have caused a lack of hydraulic visibility in terms of water surface curvature as shown in the present paper, which includes a rather dense spatiotemporal sampling of a 80-km reach of the Xingu River. Moreover, the control sections in the present paper are analyzed with regard to cross-sectional and longitudinal variations of river bed elevation and cross-sectional shapes as predicted by the hydrodynamic equations.Most studies that have incorporated remotely sensed WSEs, generally for distant river reaches, are performed for river with several available bathymetry measurements. Water elevations can then be assimilated into a hydraulic model with known bathymetry, such as in models designed (e.g.,[START_REF] Hostache | Assimilation of spatially distributed water levels into a shallow-water flood model. part II: Use of a remote sensing image of Mosel River[END_REF][START_REF] Biancamaria | Assimilation of virtual wide swath altimetry to improve arctic river modeling[END_REF]. Siddique-E-Akbor, Hossain,[START_REF] Lee | Characterization of terrestrial water dynamics in the congo basin using {GRACE} and satellite radar altimetry[END_REF] examined the consistency in the water elevations data for the main rivers of the Bangladesh delta between satellite altimetry data and a 1D calibrated hydraulic model. Even with a hydraulic model calibrated on in situ water depth gauges, the authors observed an average root-mean-square error of 2 m between ENVISAT data and the modeled WSEs for this complex deltaic environment. Different altitude references between altimetry and in situ data could explain a portion of this error budget. To the best of our knowledge, this study introduces one of the first hydraulic modeling of an ungauged river reach based on altimetric data. This work proposes a new effective hydraulic approach for modeling braided river sections, based on the observation scales of current satellite altimetry and in view of the future SWOT mission. For a given hydrologic signal, hydrodynamic laws predict that longitudinal variations in a river bed's elevation and cross-sectional shape will produce spatial variations in the water level and thus in the slope of the water line. Recently, Paris et al. (2016) proposed a set of river bed elevations of the Amazon basin based on a large altimetric dataset first published in Santos da Silva et al. (2012) as well as discharge from the continuous distributed rainfall runoff model MGB-IPH published in Paiva et al. (2013).

FIGURE 1

 1 FIGURE 1 Study site: Xingu River reach within the Amazon watershed, virtual stations SV#12 to SV#1 from south to north

2 1

 2 sion from mid-2002 to mid-2010 with WSE measurements at each VS every 35 days, thereby representing 76 samples of WSE. In-depth descriptions on the processing of the raw ENVISAT data are provided in Santos da[START_REF] Da Silva | Water level dynamics of Amazon wetlands at the watershed scale by satellite altimetry[END_REF]. Cross-sectional water surface width were obtained from tow JERS mosaics 1 : one for the low water period, which uses the images collected between September and December 1995, and one for the high water period, which uses images collected between May and August 1996. In these mosaics, the river channels are characterized by a very low radar echo returns, because of inundated forest on the margins of the river channel are characterized by very high returns due to the double bounce effect on the radar pulse.The magnitude of the retro-diffusion is scaled between 0 and 255 in the products. Based on the work conducted by[START_REF] Hess | Dual-season mapping of wetland inundation and vegetation for the central Amazon basin[END_REF], who classified the retro-diffusion coefficients of the JERS-1 images in the Amazon basin, we used a threshold value of ≤50 to identify the minor bed of the rivers at the low water season and a threshold value of at least 180 at least to characterize the forest flooded at the high water season. These values were used to estimate the major bed of the river at the high water season. For the braided sections, the width included in the effective model hereafter is determined according to the sum of each thread's width. A JERS image at low water season in the study area is shown in the right panel of Figure 1. The effective water surface widths corresponding to the total top width of all threads are represented for low and high flows in Figure Courtesy of GRFM, (c) NASDA/MITI

FIGURE 2

 2 FIGURE 2 Representation of (left) the river bed bathymetry Z 0 from Paris et al. (2016) and (right) the effective water surface top width derived from JERS images between the left and right banks

FIGURE 3

 3 FIGURE 3 Hypothesis of the effective model M eff (geometry, calibrated river roughness distribution K s between brackets for the three defined flow regimes) for the forward backwater curve resolutions. Threshold defined for the downstream cross section VS#1, Z th1 = 198.82 m and Z th2 = 201.77 m

  m -1 ] calculated with Manning-Strickler formula. K is the Strickler roughness coefficient [m 1 3 .s -1 ], A is the cross-sectional wetted area [m 2 ], and R h is the hydraulic radius defined as the ratio between wetted the wetted surface and perimeter, Fr is the Froude number such as Fr 2 = Q 2 w gA 3 , where w is the water surface width [m] and g is the gravity acceleration of the Earth [m.s -2 ]. The water depth h is related to the WSE Z measured by altimetry: h = Z -Z 0 . Note that because Z 0 is obtained by the rating curves from Paris et al. (2016), which is based on the altimetry data, Z and Z 0 are directly referenced to the same datum, which is the EGM2008 global geoid model in our case.

FIGURE 4

 4 FIGURE 4 Analysis of ENVISAT data: (a) monthly average for water surface elevation at each virtual stations (VS); (b) mean, minimum, and maximum (blue envelope) water surface elevation with river bed elevation Z 0 according to[START_REF] Paris | Stage-discharge rating curves based on satellite altimetry and modeled discharge in the Amazon basin[END_REF]; (c) monthly average for the water surface slope for each reach between two VS; and (d) mean, minimum and maximum (green envelope) water surface slope

FIGURE 5

 5 FIGURE 5 Relative error Err = (Z-Zalti) (Zalti-Z0)between the modeled WSE and ENVISAT data for simulated water depths with effective cross sections

  accuracy of the ENVISAT measurements according to Santos da Silva et al. (2012) and Santos da Silva et al. (2010). Thus, our simple modeling hypothesis (discussed in Section 5.2) and calibration procedure are sufficient for reproducing a large range of flow regimes on a braided river with a state-of-the-art remotely sensed dataset.

FIGURE 7 (FIGURE 8

 78 FIGURE 7 (Left) Simulated versus reference rating curves (continuous lines) from Paris et al. (2016). (Right) Histogram of the water surface elevation difference between ENVISAT measurements and simulations

  lution of the current altimetry data are sufficient to detect a potential slope break of bathymetry for different flow regimes. The spatial variability of this river's morphology is more filtered by higher flow conditions, as predicted by hydrodynamic laws. Moreover, different hydraulic behaviors have been depicted from the comparative analysis of the WSE and slope variations over time between VS. Downstream control caused by a constriction in the river width and/or slope break and/or real rugosity variations was identified for two reaches.This study also provides a simple and effective representation of braided river sections/reaches that may be adapted to "state-of-the-art data" from satellite altimetry and imagery. The calibration and validation results of simulated WSEs are consistent with ENVISAT data, and the differences are smaller than measurement uncertainties. Moreover, the hydrodynamical signature of the flow modeled with the effective river representation is consistent with the WSE and slopes derived from satellite altimetry. Interestingly, a roughness coefficient that varies with the water depth and a single channel representation allow for the reproduction of flow lines of braided river reaches of 5 to 35 km in length. The model covers a wide range of flow regimes, including low-flow regimes where higher effective roughness values appeared necessary to account for the higher friction certainly caused by flow partitioning among threads and to high water season where the forest is flooded and most of the threads connected.

TABLE 1

 1 Rating curve parameters a, b, and bathymetry Z 0 are from[START_REF] Paris | Stage-discharge rating curves based on satellite altimetry and modeled discharge in the Amazon basin[END_REF] for the six virtual stations selected in this study along 72 km of the Xingu River

		VS#12	VS#11	VS#6	VS#5	VS#3	VS#1
	Distance to mouth [km]	1,146	1,129	1,124	1,116	1,110	1,075
	Drainage area [km 2 ] (MGB model)	193,255	193,255	194,148	194,148	195,882	197,862
	Z 0 [m] (reference: EGM2008)	209.6	207.1	206.9	206.5	204.3	196.5
	a	162.514	74.631	74.72	143.708	59.184	103.925
	b	2.204	2.543	2.633	2.52	2.715	2.288
	Total low flow width [m] (derived from JERS)	1,090	1,540	1,260	1,590	930	930
	Total high flow width [m] (derived from JERS)	2,610	1,850	1,900	2,240	1,240	1,140
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